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to a uniform subsonic stream 

By P. J. LAMONT AND B. L. H U N T  
Department of Aeronautical Engineering, University of Bristol, England 
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This paper reports an experimental investigation of pressure and force distribu- 
tions on a sharp-nosed circular cylinder inclined to a uniform low-speed air 
flow under conditions of laminar separation of the boundary layer. The main 
concern is with the out-of-plane force (i.e. the side force if the body is at 
incidence). The experimental model consisted of an extensively pressure-tapped 
cylinder to which four different noses were fitted. The results show that there is 
an oscillatory distribution of out-of-plane force along the cylinder for most of 
the inclination range 0-90". The amplitude of this distribution is strongly 
affected by nose shape in conditions where the out-of-plane force extends onto 
the nose. At very high angles of inclination the oscillatory distribution dis- 
appears and is replaced by a vortex pattern like that found on an infinite 
yawed cylinder. The general nature of the out-of-plane force is found to be con- 
sistent with the impulsively started flow analogy. Unsteadiness in the flow was 
found to cause a serious reduction in many of the time-averaged values. The 
unsteadiness is ascribed to the switching of the flow pattern due to free-stream 
turbulence. Measurements of the time histories of certain pressures enabled 
values of the force in the unswitched state to be calculated. The Reynolds 
number was found to have an important influence at inclinations above 55". 
However, it was also found that the range of Reynolds numbers over which this 
effect occurs can depend on the scale of the model. 

1. Introduction 
When a slender body is inclined to an air stream it experiences components 

of force in the plane in which the inclination occurs and a component perpen- 
dicular to that plane. These forces have received various names in the literature 
arising from whether the inclination has taken place in the horizontal or in the 
vertical plane. For an axisymmetric body there is no aerodynamic significance 
in the orientation of the plane of inclination; we shall therefore follow our 
previous practice (Lamont & Hunt 1973) and refer to the components as in- 
plane and out-of-plane forces respectively. The in-plane force can be con- 
veniently resolved in turn into a component which is perpendicular to the axis 
of the body (called here the in-plane normal force) and a component parallel to 
the axis (called the in-plane axial force in our terminology). 
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The measurement and prediction of these forces has been of interest for a 
number of years. The earlier work was mainly concerned with the in-plane 
normal force because this exists a t  low inclinations and can be large over the 
nose region. Munk (1924) was one of the first to study the problem and he intro- 
duced the cross-flow approach, which has been the basis of all in-plane normal 
force prediction methods. Munk's work was concerned with an ideal fluid and 
only relevant to small angles of inclination. Allen & Perkins (1951) considered 
large angles of inclination where viscous effects are important. They did this by 
modelling the cross-flow development by analogy with the flow over an impul- 
sively started cylinder. This has turned out to be a very fruitful approach and 
has been developed by later workers, for example Sarpkaya (1966) and Bostock 
(1972). 

The out-of-plane force does not exist on bodies of commonly encountered 
fineness ratios until fairly high angles of inclination and it is only quite recently 
that it has received much attention. Even now the experimental data available 
are mostly for overall forces on specific bodies. Examples of such measurements 
may be found in the work by Atraghji (1967), Pick (1971), Coe, Chambers & 
Letko (1972), Lamont & Hunt (1973), Wardlaw (1974) and Jorgensen & Nelson 
(1975). Thomson & Morrison (1971) have contributed important information on 
the flow field by studying the vortex pattern which exists under these conditions 
and Thomson (1972) has employed their results in two prediction methods which 
give upper and lower bounds on the overall out-of-plane force. The only rele- 
vant surface pressure measurements are those of Bostock (1972). His main 
interest was in the in-plane normal force but he also presents out-of-plane force 
distributions at inclination angles of 15" and 30". 

The present state of knowledge of out-of-plane forces is very unsatisfactory. 
Apart from Bostock's two results at small angles, no experimental force dis- 
tributions along the axis have been obtained. Further, the experimental 
measurements of the overall force show alarming differences between the results 
of different workers and strong and unpredictable variations with roll angle. 
There is an urgent need for studies which are more detailed than those which 
have been reported so far. This paper attempts to meet some of this need as far 
as flows with laminar boundary layers are concerned. It reports an experimental 
investigation of surface pressures on a cylindrical body of circular cross-section 
fitted with various nose shapes for angles of inclination up to 90". The main 
concern is with the distribution of out-of-plane force along the body although 
some in-plane normal force distributions are also presented. The results are 
interpreted from the viewpoint of the impulsively started cross-flow analogy ; 
this analogy is therefore briefly discussed in the next section. The flow was found 
t o  be rather unsteady in a manner which casts certain doubts on the time- 
averaged results. Some time-dependent measurements were therefore taken to 
resolve the uncertainties. It was felt that the presentation would be clearest if 
it was basically chronological and explained the reasons for some of the tests. 
The apparatus for the time-averaged tests is therefore described in $ 3  and the 
results obtained with it are presented together with some preliminary discussion 
in $4. Following this, the time-dependent tests are described, the results pre- 
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sented and the reason for the unsteadiness examined. A more complete view is 
then given in 56 of the reliability of the results and of their interpretation. 
Finally, examples are given of circumferential pressure distributions at  various 
points along the cylinder and a comparison made with pressure distributions 
from particular points in a Kbrm&n vortex-shedding cycle. 

2. The impulsively started cross-flow analogy 
According to the analogy originally suggested by Allen & Perkins (1951), 

the flow over an inclined cylinder develops from the nose as a result of a sheet 
of fluid in the cross-flow plane being convected over the cylinder by the axial 
component of velocity. The cross-flow sheet of fluid is considered to experience 
the cylinder as though it were impulsively started. The flow development with 
distance on the inclined cylinder can therefore be related to the flow develop- 
ment with time on the impulsively started cylinder as follows. The non-dimen- 
sional time parameter for the impulsively started cylinder is VtIR, denoted 
here by t, where V is the flow velocity and R the radius of the cylinder. On a 
cylinder at  an angle a to a stream of velocity U, V becomes the cross-flow 
velocity U sin a and the time for flow development is XI( U cos a),  where x is the 
distance from the nose. We therefore find that f = (xjR) tan a. 

Since the flow development on an impulsively started cylinder consists, after 
an initially symmetric flow, of the growth of a sequence of alternating vortices, 
the impulsively started analogy explains immediately how an out-of-plane force 
can arise on a symmetrical body. 

In an earlier paper (Lamont & Hunt 1973) we used the impulsively started 
analogy as the basis of a simple method of estimating the overall out-of-plane 
force and associated moment on a circular cylinder and compared the predicted 
values withexperimental measurements. The quantitative content of our approx- 
imate method used what little information was available but could not be said 
to  be very solidly based. Nonetheless, the results reproduced the complex 
variations of the experimental values well, and even though there were sub- 
stantial discrepancies in the magnitudes of the forces, the comparisons supported 
the impulsively started cross-flow model as a basis for understanding out-of- 
plane forces. It did not seem to us, however, that a straightforward form of the 
analogy could be taken any further since adjustments to the more arbitrary 
values which occurred in our method did not produce a significant improvement 
in quantitative agreement. It therefore seemed more promising to study the 
inclined cylinder directly than to attempt to obtain improved impulsively started 
data.? 

Our early approximate method calculated the overall forces from an assumed 
variation of the out-of-plane force coefficient C, with t. This distribution is 
shown in figure 1 and will be compared with the experimentally determined 
distributions presented later. The force coefficient is based on the cross-flow 
dynamic head and the cylinder diameter. The distribution was constructed from 

t Our ideas on this point were undoubtedly influenced by a discussion with Professor 
W .  A. Mair and Dr B. R. Bostock. 
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FIGURE 1. Force coefficients on an impulsively started cylinder. 

such impulsively started flow information as is available: the vortex shedding 
points and the point of initial asymmetry were found experimentally by 
Sarpkaya (1966) but other information is scanty and unreliable. The impulsively 
started cross-flow prediction of the in-plane normal force distribution Cnf is 
shown on the same figure: it  will also be referred to later. 

3. Experimental system 
The tests were carried out in the University of Bristol's 2.1 m by 1.5 m low- 

speed wind tunnel. The model used was of circular cross-section, consisting of 
interchangeable noses on a constant-diameter pressure-tapped body. The main 
set of tests was concerned with the measurement of the time-averaged pressures 
and the calculation of corresponding time-averaged forces ; the experimental 
equipment used for these tests is described in this section. It became clear while 
carrying out the time-averaged measurements that it would subsequently be 
necessary to measure instantaneous pressures. The equipment used to conduct 
these time-varying tests is described in $5.1. 

3.1. Pressure-tupped body 

The scale of the body was principally determined by the need to maintain 
laminar flow down to an acceptable minimum angle of inclination. The work of 
Bursnal & Loftin (1951) on yawed cylinders shows that, if the characteristic 
length used to define the Reynolds number is taken as 2Rlsin a, then the critical 
Reynolds number for transition to turbulent flow is approximately independent 
of inclination. Thus the critical Reynolds number can be determined from tests 
conducted at 90" inclination. Such tests in the tunnel used in this work gave 
a value of the crit,ical Reynolds number of approximately 3 x 105. In  order to 
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ensure that the boundary layer would remain laminar at separation and not 
reattach, it was desired to work at  Reynolds numbers significantly below the 
critical value. This requirement, together with the need to maintain the cross- 
flow velocity above about 8 m s -l in order to achieve reliable pressure measure- 
ments, fixed the model diameter at 51 mm. At the main Reynolds number used 
in these tests of 1-1 x lo5 (based on 2R cosec a), adequacy of pressure measure- 
ment could be achieved with this model down to an inclination angle of 30". 

The extent and resolution of the pressure tappings on the model were chosen 
with reference to the approximate force distribution shown in figure 1. An axial 
coverage of nine diameters was chosen in order to cover a t  least the first half- 
cycle of the out-of-plane force distribution for inclination angles down to about 
30". At higher inclinations, more cycles could be covered but the rapidity of the 
axial variation increases and greater resolution was required. An axial spacing of 
half a diameter was chosen to give adequate definition up to about 70". A 
minimum angular spacing of 10" was required. This or better could be achieved 
by rotating the model. However, this was not considered advisable in view of the 
work by Atraghji (1967) and by Lamont & Hunt (1973), which showed that the 
measured value of the out-of-plane force can depend on the roll setting of the 
model about its axis; if such a variation with roll angle were to occur while 
rotating the model to collect pressure data, the results would not be self- 
consistent. A complete angular distribution of pressure tappings with 10" 
spacing was therefore used at each station. It was not possible to  fik all the pressure 
tubing from 19 stations each with 36 holes within the model without adopting a 
tubing diameter which was too small for a reasonable response time. Instead, 
a measuring section containing ten stations (covering 4i diameters) was used 
and a separate test conducted on each of two configurations. In  one test, the 
measuring section was mounted directly behind the nose, while in the second 

x/R 
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test a dummy section was included between the nose and the measuring 
section. The arrangement is shown in figure 2. The dummy section was four 
diameters in length, hence producing an overlap of two stations between the 
two tests. The problem of fitting the pressure tubing to the tappings was over- 
come by constructing the measuring section of five subsections which could be 
screwed together. Each subsection contained two stations, which were therefore 
easily accessible before assembly. 

Four nose shapes were used in the main series of tests. Three were circular- 
arc ogives whose lengths were 2, 4 and 6 times the cross-sectional radius of the 
model. The fourth nose was a cone of length 4 times the radius. A limited number 
of tests were conducted using a 5R ogive nose: only brief mention is made of 
these in the paper. 

The cylindrical model was completed by the addition of a constant-diameter 
support section 0.965 m in length. The support section was firmly clamped in a 
vertical pylon running between the tunnel walls. The pylon allowed the model 
to be set a t  any angular inclination within a horizontal plane. The pylon was 
51 mm in diameter and situated some six diameters aft of the most rearward 
measuring station. 

The 360 pressure tubes were passed rearward inside the support section and 
out of the tunnel through a flexible shield to the pressure recording equipment. 

3.2. Data recording and reduction 

Outside the tunnel the 36 pressure tubes from each of the ten stations were 
connected to separate Scanivalve connector rings. During a test, each connector 
ring was fitted in turn to a Scanivalve; in this way, the difference between the 
pressure at  each tapping and the tunnel static pressure was measured by a 
variable-inductance transducer which had a maximum range of f 0.01 bar. The 
analog signal from the transducer was amplified and filtered by a low-pass filter 
which gave a time average of the signal. The output of the filter was then 
sampled, digitized and recorded on paper tape. The tunnel dynamic pressure 
was recorded through the same system. 

The data were processed in two stages. First, pressure coefficients based on 
the cross-flow dynamic pressure were calculated and plotted against the angular 
distribution for each station. These plots were then inspected for erroneous 
values due to leaks or blockages. (The number of incorrect values was generally 
only about 2 or 3 out of the 360 readings taken in a test.) Estimates were made 
of the correct values at  such points and the corrected set of pressure coefficients 
was then used to calculate local force coefficients. 

4. The time-averaged results 
This section presents and describes the distributions of out-of-plane force 

which were obtained using the extensively pressure-tapped model described in 
the previous section. Some discussion of these distributions is included here. 
However, significant unsteadiness was experienced in the A ow, which necessi- 
tated a study of the fluctuations in the pressures. This study is reported in $ 5  
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and a discussion taking account of both sets of results is given in $ 6 .  The 
definition of the Reynolds number used throughout the paper is U ( 2 R  cosec a)/., 
where U is the free-stream velocity and 2 R  cosec 01. the characteristic length. 
All the force and pressure coefficients which are presented are based on the cross- 
flow dynamic pressure. 

4.1. The 4R ogive nose 
In  the set of tests described here, the Reynolds number (defined above) was 
maintained constant at 1.1 x lo5. The inclination range 30-75" was covered; 
two tests were carried out at each inclination, one with and one without the 
dummy section. In  order to confirm that the boundary layer remained laminar 
up to separation and did not reattach, the pressure distributions were inspected: 
there was no evidence of reattachment at  the Reynolds numbers of the tests 
reported here. Exploratory tests at higher Reynolds numbers were conducted ; 
at a value of 2 x lo5, the pressure distributions still indicated the existence of 
laminar separation without reattachment but the infl uence of turbulent re- 
attachment could be seen in the results of a test carried out a t  a value of 3.0 x lo5. 
Several examples of experimental pressure distributions may be found in figures 
23-26 (which will be discussed in more detail in $7) .  In  particular, figure 26 
contains three examples of pressure distributions obtained for a Reynolds 
number of 1-1 x lo5 at points where the flow is symmetric. It can be seen that 
these distributions are similar to  those found on a 'two-dimensional' cylinder 
under conditions of laminar separation. Figure 3 shows values of the local 
out-of-plane force coefficient Cof and of the local in-plane normal force coeffi- 
cient C,, plotted against the equivalent impulsively started time parameter 
t = x tan a/R. Both coefficients are made non-dimensional by means of the 
cross-fl ow dynamic head and the cylinder diameter. In  most cases throughout 
the entire experimental programme , the first half-cycles of the out-of-plan 
force distributions were in the same sense. When results of opposite sense 
were recorded, they were reversed for clarity. The two stations where an overlap 
occurs can be identified on each curve of figure 3 ; it  can be seen that the values 
are in reasonable but not exact agreement. Results were also obtained at inter- 
mediate values of the inclination angle, a, but are omitted from the figure for 
clarity. 

According to the impulsively started analogy, all the results for each coeE- 
cient should fall on zt single curve as on figure 1, the in-plane normal force 
should show a maximum value at  the onset of asymmetry and then fall to a 
constant value while the out-of-plane force should vary periodically with t: 
The curves in figure 3 do show these variations but they also depend on the angle 
of inclination. 

The in-plane force Cnf rises to a maximum value which is in the neighbourhood 
of the impulsively started value of 1.6. It then falls to a constant vaIue, which is 
approximately 1.0, compared with the value of 1-2 found in impulsively 
started flow. Some oscillation of Cnf appears to be present, the period increasing 
with the value of a. 

The out-of-plane force coefficient Cof shows a much more marked periodicity 
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tan a 

FIGURE 4. Variation of first node point with angle of inclination for the 4R ogive 
nose at a Reynolds number of 1.1 x 105. ---. tc = I1 +4.7 tan a. 

although only for about three half-cycles, suggesting that only three vortices 
are shed. Further, the spacing between node points (i.e. the distances equiva- 
lent to AC and CX on figure I) increases with a ;  on the other hand, the onset of 
asymmetry does not vary detectably from the point F = 5 (compared with 
F = 8 in the simple form of the analogy). The value i& of F at the first node point 
C was obtained from figure 3 and plotted against tan a in figure 4. The values are 
found to lie remarkably well on a straight line with intercept 11 and slope 4.7. 

The amplitudes of the out-of-plane force variations also show a variation from 
one curve to another although not in a completely consistent manner. The peak 
value of C,, at the shedding of the first vortex is in the range 0.4-0.6 for a < 70°, 
except at a = 30" and 35", where the values are only about 0.2. An examina- 
tion of some of the instantaneously sampled values at  these two lowest inclina- 
tions indicated that the flow was very unsteady, so that, although the values 
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FIGURE 5. Reduction of out-of-plane force a t  high angles of inclination for the 
4R ogive nose a t  a Reynolds number of 1.1 x 105. 
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plotted may be true time-averaged quantities, they are unlikely to be equal to  
the maximum instantaneous values. Flow unsteadiness in one form or another 
made the interpretation of all the time-averaged results considerably more 
difficult and a number of points (including this question of the maximum value 
of the force coefficient) could not be finally resolved without the time-varying 
measurements described in $5. 

A number of tests were performed to check on the repeatability of the experi- 
mental results. Some variation in the peak values of Cot was found but the 
repeatability of the positions of the node points on the distributions was very 
good. The rapid disappearance of the out-of-plane force between inclinations 
of 70" and 75" was confirmed. This behaviour was investigated in more detail 
by a series of tests carried out a t  1' intervals from 70' to 75". The results are 
presented in figure 5 and show a progressive reduction to zero of the out-of- 
plane force. 

4.2 .  Other nose shapes 

The effect of nose shape was investigated in a series of tests a t  a Reynolds 
number of 1-1  x lo5. Ogive noses of lengths 6R and 2R and a 4R conical nose 
were used. 

Figure 6 shows the results obtained for the 6R nose. A number of differences 
can be seen from the curves for the 4R nose plotted in figure 3. The most striking 
difference is in the magnitudes of the out-of-plane force. The peak value of 
Cof is now about 1.5, compared with 0.6 for the 4R nose. As far as the spacing is 
concerned, the onset of asymmetry appears to  occur slightly earlier than on the 
4R nose : the value of 5 at this point is approximately 4, compared with 5 for the 
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4 R  nose. Also, the movement of the first node point fc follows the straight line 
of figure 4 for values of a! up to 50", thereafter appearing to fall slightly. It should 
be pointed out that the result for u = 65" is dificult to interpret since SO much 
of the flow development occurs on the nose. In  particular, it is not clear whether 
the peak in Cof a t  f = 15 is due to the shedding of the second vortex or to the 
shedding of a first vortex with opposite sense to those normally encountered. 
The larger values of Cof seen on figure 6 are accompanied by increased values of 
the normal force coefficient C,,. 

Some additional tests, involving only some stations, were performed with 
the 6R nose at values of a! of 30", 55" and 67.5". These suggest that the greatest 
value of e,,, which denotes the first peak value on the distribution of Cof for a 
fixed inclination, is 1-7 and occurs at an inclination of 55". They also show that 
the out-of-plane force has virtually disappeared at an inclination of 67.5" 
(compared with a value of 75" with the 4 R  ogive nose). 

The results for the 2R ogive nose are presented in figure 7. The distributions 
of Cot are similar to those obtained for the 4 R  ogive nose. Thus the maximum 
value obtained for d,, is again 0.6, the out-of-plane force drops to virtually 
zero by an inclination of 74", the onset of asymmetry is approximately at  the 
point f = 5 and the point lc follows the straight line of figure 4 .  A difference is 
that  the position of the maximum normal force coefficient varies quite markedly 
with the angle of inclination. 

Finally, the results for the 4 R  conical nose are presented in figure 8. They are 
similar to those obtained for the 6 R  ogive nose, presented in figure 6. The out- 
of-plane force coefficients are large: the maximum recorded value is over two 
and even the second shedding point produces magnitudes up to 1.2. The out- 
of-plane force disappears between inclinations of 60" and 70". Asymmetry 
occurs early, at a value of f of about 3. The lowest inclination at  which fC can 
be determined from these results is 45". The value is then 14, which puts it 
slightly below the straight line of figure 4.  Above 45" inclination, Zc falls with 
increasing angle. The normal force coefficient is generally larger than those 
found on the ogive noses. 

4.3.  Discussion of the injluence of the nose on C, 
Although the reliability of the results presented so far is open to doubt because 
of the unsteadiness observed, nonetheless the striking effect of nose shape on 
the values of C,, will be shown later to be significant and is given a preliminary 
consideration here. 

In  the tests reported so far, much larger out-of-plane forces were experienced 
on the 6 R  ogive and 4 R  cone noses than on the 4 R  and 2R ogive noses. Now, 
the main difference in the flows over these noses is that much more asymmetric 
flow occurs on the 6 R  ogive and 4 R  cone noses than on the 4 R  and 2 R  ogive 
noses. In  the case of the 4 R  cone, this is due to the early onset of asymmetry 
while on the 6R nose a slightly earlier occurrence of asymmetry is coupled with 
the greater nose length. A more detailed study of figures 6 and 8 suggests that 
the peak coefficient e,, on the afterbody increases as the proportion of 
asymmetric flow development on the nose increases, up to a maximum which 
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corresponds to the occurrence of the peak force (and hence, presumably, the 
first vortex shedding) in the vicinity of the junction of the nose with the after- 
body. It thus seems that larger asymmetries are produced when the vortex 
growth takes place in the pressure field of the expanding nose region than are 
produced when the growth occurs along the constant-area body. It may also be 
that the differences which have been noted in the point of onset of asymmetry 
are due to a similar effect. 

Now above 51" inclination, asymmetric flow occurs on the 4R ogive nose and 
the hypothesis just presented implies that increased values of COD should then 
occur with a maximum a t  about 65". Some confirmation of this is provided by the 
earlier overall force tests reported by Lamont & Hunt (1973) and summarized 
in $2. These tests used a model with a 4 R  ogive nose which produced a maxi- 
mum overall force at an inclination of about 65". Furthermore, the recorded 
maximum value would require the first vortex to give a peak value of Cof of 
about 1.8. Yet no value greater than 0.65 was recorded in the tests reported in 
this section. An attempt was therefore made to find larger values of eOfl by 
varying the roll angle and Reynolds number. These studies are reported in the 
next two subsections. 

4.4. Effect of varying roll angle 

Roll-angle tests were first conducted with the 4 R  nose a t  50" inclination and 
at the main test Reynolds number of 1.1 x lo5. The roll angle was varied in 
steps of 30" from 0 to 180", the datum being the roll angle used in all the pre- 
ceding tests. The resulting force coefficients are presented in figure 9. It can be 
seen that the values of C,, are only slightly affected by the roll angle but that 
C, is greatly influenced, the peak values varying from 0.23 to 0.81. The tests 
in which the lower values were recorded showed evidence of unsteadiness. 

Although the magnitude of Cof is influenced by the roll angle, it is important 
to note that the shape of the curves is not. In  particular, the positions of the peak 
and of the node point fc are virtually independent of the roll angle. Because of 
this, it is possible to investigate the influence of the roll angle one,,by studying 
only one or two carefully selected stations. Taking advantage of this possibility, 
further tests were conducted a t  various roll angles at  inclinations of 60" and 65". 
The results for 65" are presented in figure 10. The maximum value recorded 
was again only 0-8. On the basis of this evidence, then, it seems unlikely that 
time-averaged coefficients as high as 1.8 can be obtained under these conditions 
by varying the roll angle alone. 

4.5. Eflect of varying Reynolds number 

Tests on the model with the 4R ogive nose in the range of inclination angles 
60-65" were conducted for Reynolds numbers between 4 x lo4 and 1.1 x 105. 
The results at  60" inclination are shown on figure 11 (a) .  It can be seen that there 
is a distinct and consistent increase in the peak out-of-plane force coefficient 
con as the Reynolds number is reduced. There is also a simultaneous movement 
of the node point C towards the nose. The single point obtained for a Reynolds 
number of 4 x lo4 suggests that a modest further reduction below this value 
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will not produce any further increase in co,l. However, it  was not possible to  
check this since the accuracy of the experiments was not sufficient at such low 
velocities. For a Reynolds number of 1.5 x lo5, the value of e,, was 0.51 and 
the point C coincided with its position at a Reynolds number of 1-1  x 105, 
suggesting that no further change occurs until the influence of turbulent re- 
attachment is felt. Similar behaviour was observed in tests involving the 5R and 
6R ogive noses. 

A number of tests were conducted on all the ogive noses a t  lower inclinations. 
The positions of the point C and the values of 6,, were found to be independent 
of Reynolds number over the range 4 x lo4 < Re < 1.5 x lo5 for angles of 
inclination below 60". 

At inclinations of 60" and above, where the variation with Reynolds number 
was observed, a substantial amount of the development of the first vortex 
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FIGURE 10. Out-of-plane force coefficient a t  various roll angles for the 4R 0,' wve now ; 
a = 65', Re = 1.1 x lo5. 

occurs on the nose for the 4R, 5R and 6R ogives. For the 2R nose, however, 
relatively little asymmetry occurs on the nose at 60". Figure 11 (b)  shows that, 
even so, a substantial Reynolds number dependence exists. It seems, therefore, 
that this Reynolds number effect is not associated with the development of 
asymmetric flow over the nose; more probably, it is due to the close spacing of 
the vortices and high axial gradients which arise a t  high angles of inclination. 

4.6. The inJtuence of unsteadiness on the time-averaged results 
The evidence obtained from the time-averaged results has shown that unsteadi- 
ness exists in the flow which influences the time-averaged measurements, 
particularly the measurements of the out-of-plane force. The results of the roll- 
angle tests and of a considerable number of checks on repeatability show that 
the spacings of the distributions are little affected by different levels of unsteadi- 
ness although the magnitudes of the force can be strongly affected. It is also 
noteworthy that there is relatively little sign of scatter between different 
stations on the body in any one test. These observations suggest that the 
unsteadiness takes the form of wholesale switching of the flow pattern between 
its two possible configurations, of which one is preferred. (The time-dependent 
tests described in the next section show that this is a substantially correct 
although over-simplified view.) 

Of the variations in the amplitude of the out-of-plane force distributions 
which were discovered in the time-averaged tests, the evidence suggests that 
the following are due to flow switching: (i) the lack of complete repeatability, 
(ii) the discrepancies between values measured at  the overlap stations in each 
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pair of tests conducted with and without the dummy section and (iii) the large 
variations with roll angle. On the other hand, the increase in the out-of-plane 
force when asymmetry occurs on the nose and the variation with Reynolds 
number seem to be real effects and not due to flow switching. 

The next section describes an investigation into the unsteadiness. 

5. The time-dependent measurements 

5.1. Experimental method 

In  order to conduct a complete study of the fluctuating nature of the flow, it 
would be necessary to monitor the pressures at a number of points around the 
cylinder by means of a multiple-channel measuring system. This technique 
has been used by Gerrard (1961) and Drescher (1956) to study the fluctuating 
lift force on a cylinder normal to the stream. Such a method was beyond the 
resources of time and equipment available in this work. 

Instead, a simpler method was employed which could still provide useful 
information about the behaviour of the flow. This method is based on the 
notion of flow switching which was outlined in $4.6. Now if the flow switches 
between two mirror-image states, then the maximum possible steady value of 
the out-of-plane force at any station is that which occurs in either of the two 
alternative states and it is this quantity which must be determined if we are 
to describe the ideal, unswitched flow and force distribution. Suppose, therefore, 
that we continuously monitor the pressure difference between a hole on the up- 
per surface of the cylinder and the corresponding hole on the lower surface; 
then i t  should be possible from the output to identify the maximum magnitude 
of the pressure difference and the extent of switching. If this is repeated for 
each pair of holes, the distribution of the pressure difference in the unswitched 
state can be obtained and the maximum sustainable force evaluated. 

This process requires only one channel of equipment. Furthermore, if the 
variations of pressure with circumferential position and the distributions of 
force with axial position have the same forms in the time-averaged tests as they 
do in the unswitched state, then we can reduce the time-dependent measure- 
ments to a few pairs of holes at each of a small number of stations. Note that 
the similarity of distributions of pressure and force which is assumed in this 
technique will hold if wholesale switching of the flow patterns is occurring. 

Following this approach, a new measurement section was constructed con- 
taining four stations equivalent to stations 2, 4, 6 and 8 of the original (see 
figure 2).  These stations were chosen since they are in the vicinity of the peak 
force a t  the angles of greatest interest. The pressure tappings were located a t  
8 = i 45", 75", F 105" and 5 135". These positions are symmetrical about 
6' = 90" and enable tests to be performed at roll angles of both 0 and 180"; 
they also provide enough points for some comparison to be made between the 
shapes of the inferred unswitched pressure distributions and the corresponding 
time-averaged distributions. The pressure transducer was housed within the 
model and connected to the surface tappings by short (approximately 70 mm) 
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FIGURE 13. Time-dependent behaviour of the pressure difference at t 75" from the 
front of the cylinder a t  x / R  = 14 for the 4R ogive nose; a = 30°, Re = 1.1 x lo5. 

lengths of polythene tube. The amplified signal from the transducer was re- 
corded on a U ,  V recorder. 

The experimental system was first tested with the model at 90" inclination 
a t  a Reynolds number of 1.1 x lo5. At each of the four pressure-differencing 
positions the U ,  V traces were sinusoidal and corresponded to a Strouhal num- 
ber of 0.2. The amplitude of the traces varied in the manner reported by 
Gerrard (1961) and by Drescher (1956) but corresponded to a range of peak lift 
coefficients of 0.3-0.6 rather than the range 0-6-1.3 quoted by Drescher. This 
may have been due to the fact that the experimental body did not span the 
tunnel. 

5.2. Experimental results 

5.2.1. The 4R ogive nose at 30"-50" inclination. Figure 12 shows a typical 
trace obtained from the station xlR = 14 at 30" inclination (note the nonlinear 
pressure scale). This station is near the point of maximum out-of-plane force 
coefficient. The trace may be interpreted as follows. Between Aand B,  a con- 
stant general level of pressure difference is maintained but with substantial 
disturbances occurring. Then between B and C the level becomes very disturbed, 
changes in sign occurring although no complete switch occurs. From C to E ,  
the general level returns to that maintained between A and B except for a brief 
disturbance at time D. Finally, at E,  the pressure switches to an equal and 
opposite level before switching back again. Clearly, the time average of these 
values is less than the average value sustained between A and B but is not zero. 

This trace suggests that the flow has a preferred state which produces a 
particular pressure difference at a particular station on the body. But, at  this 
inclination and in this air stream, the flow pattern and accompanying level 
of pressure difference are frequently disturbed, occasionally to the extent of 
switching sign to a mirror-image state. However, the transient behaviour of 
the pressure difference is not simply a steady level intermittently switching 
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FIGURE 13. Comparison of circumferential pressure distributions a t  x/R = 14 for the 
4R ogive nose; u = 30", Re = 1.1 x lo5. x , time-dependent test; 0, time-averaged 
test. 

over to the opposite state as suggested in $ 4.6. Instead it is further complicated 
by the frequent occurrence of reductions in the pressure difference to values 
which lie between the two mirror-image states. A possible explanation for this 
form of behaviour is offered in $5.3. 

A maximum sustainable force coefficient was estimated as follows. A maxi- 
mum sustainable pressure difference AC, was estimated from each of the traces 
and a ratio formed with the equivalent time-averaged value. The four ratios 
were approximately equal. The average value was then used to scale up the 
peak lift coefficient eofl t o  give a value of the maximum sustainable peak lift 
coefficient of 0.92, compared with the time-averaged value of 0.55. A similar 
test conducted a t  a roll angle of 180" again produced a value of about 0.92 for 
cofl. The values of AC, sin 8 obtained from the continuous-recording test at zero 
roll angle and an equivalent time-averaged test are plot'ted in figure 13. Al- 
though the six points (including the zeros) from the continuous-recording tests 
do not define a curve in detail, it  can be seen that they are consistent with the 
shape of the time-averaged curve. 

The traces obtained in tests a t  40" and 50" inclination are similar to those at  
30" inclination, but there is a decreasing amount of flow disturbance as the angle 
of inclination increases. The test at  40" inclination indicates a maximum sustain- 
able value of earl of 0.91, which should be compared with the maximum value 
of eofl obtained in the time-averaged tests of 0.70. The figures for 50" inclina- 
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FIGURE 14. Time-dependent behaviour of the pressure difference a t  75" from the 
front of the cylinder at z/R = 6 for the 4R ogive nose; a = 60°, Re = 6 x 10". 

tion are 1.00 and 0.83 respectively. Tests at  roll angles of both 0 and 180" were 
performed at  50" inclination. As a t  30" inclination, both tests produced the same 
estimate of 60,1. This suggests that the variations with roll angle of the ampli- 
tude of the distribution which were discovered during the time-averaged tests 
(see $4.4) are a result of differences in the amount of flow disturbance occurring 
at the various roll angles. Both sets of traces are very disturbed at  30" inclina- 
tion and it is not possible to detect differences between the two roll orienta- 
tions tested. However, a t  50" inclination the traces from one test do appear less 
disturbed than those obtained at  the other roll angle. 

5.2.2. The 4R ogive nose at inclinations of 60" and above. Tests at  these in- 
clinations were performed at Reynolds numbers of 1.1 x lo5 and 4 x lo4. The 
traces obtained at  60" inclination and the higher Reynolds number were similar 
to those obtained at  the lower inclinations, but somewhat less disturbed. The 
inferred maximum sustainable value of 0, was 1.04, compared with a value 
of 0.65 obtained in the time-averaged tests. At 60" inclination the traces for the 
lower Reynolds number show a much smaller band of variation and provide 
the first example of a clear switch from one state to the other; this is shown in 
figure 14. The corresponding estimate of the maximum sustainable value of 
cOfl is 1-42, compared with a time-averaged value of 1.32. These tests therefore 
confirm that the Reynolds number has a substantial influence at this inclination. 

At inclinations of 65' and 70", clean switching from one state to another 
occurred more often: the dependence of on Reynolds number was again 
confirmed. At 75" inclination, the switching was even more frequent with 
neither state preferred, so that the time average of the out-of-plane force was 
zero, as measured in the previous tests. It might be expected that the flow pat- 
tern was now of a vortex-shedding type. However, the trace was not sinusoidal 
and the frequency was much lower than that given by Surry & Surry's (1967) 
expression for an infinite yawed cylinder. It may be that the flow pattern is 
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in some sense transitional to conventional vortex shedding since at 80", al- 
though the fluctuations remained rather irregular, it  was possible to identify 
a dominant frequency close to the vortex-shedding frequency. Furthermore, 
results obtained further aft along the body a t  higher inclinations were sinu- 
soidal at the vortex-shedding frequency. 

Finally, tests were performed with the 4R nose at 50" and 60' inclination to 
find values for the ratio of the magnitude of the second peak in the distribution 
to the magnitude of the first peak. These ratios were 0.65 and 0-6 respectively. 

5.2.3. 6R and 2R noses. The effect of nose shape was investigated at a Rey- 
nolds number of 1-1 x lo5 using the 6R and the 2R noses at inclinations of 30" 
and 50". The nature of the disturbances observed was very similar to that seen 
with the 4R nose. The maximum sustainable level of d,, at 30" inclinationwas 
1.0 for the 6R nose and 0.8 for the 2R nose, compared with 0.92 for the 4R nose. 
Corresponding values at 50" inclination were 1.92, 1.0 and 1.04. Thus it appears 
that, when there is no asymmetry on the nose, the value of eof1 is approximately 
1.0 for all ogive noses, but when asymmetric flow begins on the nose, the value 
of I?,, is greatly increased with the value reached depending on the nose shape. 

5.3. An explanation of the transient behaviour 
At large values of f, the transient behaviour is of a regular, vortex-shedding 
type. At smaller values off,  however, the most striking behaviour consists of 
rapid departures from a preferred state towards and sometimes into a mirror- 
image state. This irregular behaviour suggests that some form of disturbance is 
responsible for switching the flow pattern from its preferred state. The most 
likely source of such disturbances is turbulence in the free stream ; turbulent 
eddies will be convected over the cylinder and the circulation associated with 
each eddy will influence the local value of the circulation about the body a t  any 
instant. In  this subsection, this basic notion is developed to give semi-quantita- 
tive explanations for the main features of the unsteady behaviour. First, an 
estimate is made of the frequency of occurrence of eddies which are strong 
enough to  produce significant disturbances to the flow pattern. A similar ap- 
proach has been used by Tunstall & Harvey (1968) to  explain the switching 
of secondary circulation in the flow around pipe bends. 

Suppose, first, that the local value of the out-of-plane force Fof is related to 
the local value of the circulation by the conventional relationship Fof = pUK,  
where U is the full free-stream velocity and K is the circulation around a path in a 
plane which is perpendicular to  the plane of inclination and which contains the 
free-stream direction. Then, since C, is based on the cross-flow velocity, we get 

K = sin2 aURCof. (1)  

Now the mean-square circulation around a circular path in a field of isotropic 
turbulence is given by Townsend (1956, p. 121) as 

K& = .QTR,L,~ ,  (2) 

where L, is the scale of the turbulence in the stream direction, 2 is the mean- 
square component of the tubulent velocity in the stream direction and R, is the 
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radius of the circular path. We choose R, = R/sin a, so as to enclose the body. 
L, and 3 can be measured and, hence, although the turbulence will not be 
perfectly isotropic we can obtain a reasonable estimate of the root-mean-square 
circulation of eddies of the required scale by taking the square root of (2). This 
can now be compared with (1) .  Suppose that a turbulent eddy with circulation 
equal to one half the local value given by (1) is required to produce a significant 
disturbance. Denote this value by KD; then we have from ( 1 )  and (2) 

K ,  1 sin3 a Cof 
K, 
- = -  

4 n(L, sin a/nR)* (21")*/ 77' (3) 

Turbulence measurements were made in the undisturbed flow in the wind 
tunnel a t  velocities equivalent to a Reynolds number of 1.1 x 105 a t  inclina- 
tions of 30" and 50". At 30") (3) gives KD,lKm = 2.53COf. Thus, at the station 
where the trace in figure 12 was obtained, we get KDlK, = 1.9. Assuming a 
Gaussian distribution and remembering that only eddies of opposite sense to 
that of the established circulation will produce a switch, we get a probability P 
of occurrence of eddies of this strength or greater of 0.0287. The frequency of 
occurrence is given by n = PU sin a/2R, which gives a frequency of occurrence 
of serious disturbances of about 4-7 s-l. 

This figure is distinctly lower than that to be seen on the experimental trace 
on figure 12. However, the reason for this is that the flow pattern at any station 
will be influenced by events nearer the nose, where the flow is developing. In 
particular, the flow will be particularly sensitive to disturbances in the region 
where the asymmetry between the two vortices has just begun to develop. 
Such disturbances will be more frequent as well as more effective since the cir- 
culation about the body is small. For example, if we consider a point near the 
start of asymmetry where Cof = 0.1, the frequency of substantial disturbances 
is 25.3 s-l. If we suppose that these disturbances are transmitted aft along the 
body then they, together with the locally occurring disturbances, will give an 
overall frequency of disturbances of about 30 s-l, which is approximately 
correct. (Note, however, that the precise strength of circulation chosen to 
represent the region of developing asymmetry was arbitrary.) Furthermore, 
the eddy transport time is 6.2 x lov3 s, which is of the order of the duration of 
the major disturbances of figure 12. 

So far we have only considered the influence of disturbances which are op- 
posed to the vortices bound to the body. However, if the behaviour described 
above is generally correct, it  is clear that, whereas an opposing eddy passing 
over the sensitive, developing region is capable of producing a switch towards 
the mirror-image state, an eddy having the same sense as the predominant 
bound vortex will cause a local increase in vortex strength, which will be trans- 
mitted either as a general small increase in the strength of the first vortex or as 
an earlier development with a forward movement of the whole vortex pattern; 
Thomson & Morrison (1969) have previously observed such axial movements. 
Whichever happens, the effective increase in the ou t-of-plane force at stations 
further aft will be relatively small, thus explaining the absence of major 
positive fluctuations on figure 12. While we believe that the description just 
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given of the influence of free-stream vortices is generally correct, it  is of course 
oversimplified: for example, it should be realized that the real eddies will not 
produce discontinuous changes in circulation and that the surrounding flow will 
tend to  restore the existing flow pattern as the effect of the eddy is convected 
along the body. This behaviour accounts for the cases to be seen on figure 13 
where the pressure drops rapidly towards the mirror-image value but recovers 
without reaching it. 

It can be seen from (3) that the ratio KD/Km is very sensitive to inclination. 
At  50" inclination, for example, the frequency of significant local disturbances 
at a point where Cof = 0.75 is very low indeed, only approximately 2 x 10-9 s-l. 
The frequency of disturbances transmitted from the region of developing 
asymmetry has also dropped, to 0.3 s-l. This is consistent with the experimental 
observation of a reduced level of disturbance a t  higher inclinations. 

The other major characteristic of the fluctuations at higher inclinations is 
the existence of complete switches in flow pattern, rather than temporary ex- 
cursions out of the preferred state. This can be explained by the greater propor- 
tion of the out-of-plane force distribution which can be covered by a single 
eddy at  the higher angles, where the axial length of the flow develpoment is 
compressed. It seems reasonable to suppose that an eddy which affects a sub- 
stantial part of the development region will be capable of producing a complete 
switch of the whole flow pattern. The traces suggest that, once switched, the 
flow does not return to its original state immediately after the disturbing eddy 
has passed. At low angles, on the other hand, the axial extent of the eddies is 
too small to produce complete switches and so the original state is restored by 
the action of the neighbouring flow. 

At very high inclinations (above 70"), switching is even more frequent. In 
addition to the further reduction in the spacing of the flow pattern, additional 
disturbances appear to be transmitted forwards along the body from the region 
of alternate vortex shedding which occurs at the rear of the body a t  these 
inclinations. 

Equation (3) enables some comment to be made on the different time-aver- 
aged results likely to be encountered in different wind tunnels. The main vari- 
able will be turbulence intensity. NOW the probability density function is highly 
nonlinear and a reduction in the turbulence intensity can have a strong effect 
on the frequency of occurrence of serious disturbances. For example, in the case 
at 30" incidence which was considered earlier, a reduction of the turbulence 
intensity by one half results in a drop in the estimated frequency of transmitted 
disturbancesfrom 25-3 s-1 to  3.5 s-l. Now many wind tunnels will have turbulence 
intensities much lower than the value of 0.7 % of the tunnel used in these tests. It 
seems therefore that other experimenters are less likely to be troubled by 
unsteadiness than we were. Some corroboration of this may be found in the 
only comparable tests, which were carried out by Bostock (1972) on a 127 mm 
diameter cylinder with a 2.5R ellipsoidal nose. The turbulence intensity of 
Bostock's tunnel was 0.01 %, for which we would anticipate very little un- 
steadiness and therefore a higher time-averaged out-of-plane force coefficient. 
This is the case since Bostock reports a value of 0.8 for eOfl at 30" inclination, 
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which is identical with our predicted maximum sustainable level on the most 
closely comparable nose, the 2R ogive, and higher than our time-averaged 
value of 0.4 with that nose. 

One aspect of the unsteadiness which is difficult to explain satisfactorily is 
its variability with roll angle (see $5.2.1).  It is not difficult to see that small 
differences in geometry can determine which of the two possible states is 
preferred and that, since the geometry will vary with roll angle, so will the pre- 
ferred state. Such geometric effects may also result in differences in the asym- 
metric flow development and hence in differences in susceptibility to switching 
by free-stream vorticity. These differences will in turn result in differing levels 
of unsteadiness and hence cause the time-averaged force to become dependent 
on the roll angle. However, it  is difficult to understand how this mechanism can 
result in differences in the time-averaged force as large as those which were 
reported in $ 4  and which can be seen in figures 9 and 10. A more detailed study 
of the time-dependent behaviour may clear up this point. 

6. Further discussion of the results 
In  $4 the time-averaged results were described and interpreted as far as was 

possible without knowledge of the nature of the unsteadiness. In  $ 5, the fluctu- 
ating nature of the flow was studied and some estimates of the maximum 
sustainable out-of-plane force were made. This maximum sustainable force 
corresponds to the flow pattern remaining in one of its two possible states and 
therefore is the time-averaged force which would be measured in the absence 
of free-stream disturbances. In  this section, the results of all the tests described 
previously are used in order to deduce the behaviour of the maximum sustain- 
able out-of-plane force; the reasons for this behaviour are discussed with the 
aid of the impulsively started analogy. 

6.1. Force distribution 

The evidence of the previous two sections shows that the distributions of 
out-of-plane force with distance along the axis which were obtained in the 
time-averaged tests are of the same form as those of the maximum sustainabIe 
force; it also shows that the time-averaged tests give the correct spacings in 
the distribution but underestimate the amplitudes by an amount which depends 
on the unsteadiness. 

6.1.1. Varialion of spacing. It was pointed out in $ 4  that the positions fc of 
the first node point for a Reynolds number of 1.1 x lo5 and angles of inclination 
up to 70' vary linearly with tan a (see figure 4). The values of iC from all the 
experiments performed with the 4R ogive nose are shown in figure 15. It can be 
seen that, at each Reynolds number, the values follow the same straight line 
up to an angle which depends on the Reynolds number and are constant there- 
after or fall slightly. The results for the other ogive nose shapes show the same 
behaviour: they follow the same straight line at low angles with only slightly 
less accuracy than the 4R results and again reach a roughly constant value 
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tan a 

FIGURE 15. Variation of first node point with angle of inclination for the 4R 
ogive nose a t  various Reynolds numbers. 

fc const. The values of lc const are plotted aginst the nose fineness ratio FN (the 
ratio of nose length to body radius) in figure 16 for two values of the Rey- 
nolds number. It can be seen that fcconst decreases linearly with increasing 
fineness ratio at  both Reynolds numbers. It can also be seen that the linear 
variation of lc const at the lower Reynolds number extrapolates back to the im- 
pulsively started value a t  zero fineness ratio. This agreement with the impul- 
sively started value at zero fineness ratio is physically reasonable because, 
strictly, the simple flow analogy applies only to a cylinder with no nose. 

The decrease in fcconst with increasing F N  can be interpreted as being caused 
by an acceleration in the development of the flow on the expanding nose. 
The precise influence of the nose is not clear, however, since while the change 
in the behaviour of fc from being linear in tan CI to being roughly constant always 
occurs after asymmetry has moved onto the nose, the amount of development 
of asymmetry when the change occurs varies considerably from one case to 
another. At the lower angles, the linear increase in fQ with tan a has the effect 
of moderating the increase in axial gradients with increasing 01. which is implied 
by the simple form of the analogy. This moderation could in turn be due to a 
transmission of information forwards along the cylinder axis which can occur 
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FIGURE 16. Variation of t ~ ~ ~ ~ ~ t  with nose fineness ratio. 0, Re = 4 x lo4; 
x , Re = 1.1 x lo5; 17, impulsively started value. 

in the real flow but not in the analogy (where it implies a transmission of in- 
formation backwards in time). 

Another feature of the spacing is the onset of asymmetric flow, at  point A of 
figure I : we denote the value o f t  where this occurs as tA. In  impulsively started 
Aow, Sarpkaya (1966) found that the point A corresponds to the position of 
maximum drag. The results of our tests show the corresponding connexion 
between onset of asymmetry and maximum normal force coefficient to hold in 
all cases except for the 2R ogive nose at high angles of inclination, where the 
onset of asymmetry occurs slightly forward of the point of maximum normal 
force. The value of fA cannot be determined from the force distributions as 
accurately as can tc because of the nature of the curves in the vicinity of point A .  
It is difficult to discern a clear influence of inclination for a particular nose 
shape but it does seem that tA decreases as the nose fineness ratio increases, 
particularly a t  the higher angles of inclination. In  this respect, the behaviour is 
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FIGURE 17. Variation of Z C E  with inclination. 0, 2R ogive; a, 4R ogive; 

x , 5R, ogive; +, BR ogive. -, ~ C E  = 4+ 2.6 tan a. 

similar to that of fc and may also be due to an increased rate of development of 
the flow pattern produced by the nose. 

The spacing between the node points of the second vortex shedding will be 
denoted by f c E  (see figure 1). The results from all the ogive noses are presented 
in figure 17; they are again roughly linear in tan a, the line shown being 

fcCE = 4+2 .6  tan a. 

This may be compared to the constant value of 5 suggested by the impulsively 
started flow analogy. The half-period of the third vortex shedding is more 
difficult to estimate but appears to be roughly equal to f cE .  The behaviour of 
tcCE is consistent with the tentative explanation given earlier for the variation 
of tc. Thus it shows the same increase with tan a, consistent with the modera- 
tion of the axial gradients, but does not show any significant dependence on 
the nose fineness ratio since this part of the flow is always on the afterbody. 

6.1.2. Peak lift coeficients. Figures 18(a)  and ( b )  show values of 6,,, the 
maximum out-of-plane force coefficient associated with the first vortex shed- 
ding, plotted against a for the 4R and 6R ogive noses respectively. The values 
shown are the largest values measured at  each angle and therefore correspond 
to  a Reynolds number of 4 x lo4 at the higher angles. The results from the time- 
dependent tests should give the most reliable estimates of the maximum sus- 
tainable force but values are also included from the time-averaged tests because 
the wider range of inclinations covered in these tests provides a more complete 

35-2 
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FIGURE 18. Variation of Go,, with inclination for (a) the 4R and ( b )  the 6R ogive nose. 
-, estimated maximum sustainable value; 0, time-dependent test; x , time-averaged 
test; , implied from overall force measurements. 

picture of the variation with inclination. Also shown are simple estimates of 
the variation of the maximum sustainable GOfl. These may be thought to be 
rather bold considering the points shown. However, they also take account of 
ideas about the influence of the nose which are described in the next paragraph. 

At low angles of inclination, the onset of asymmetry occurs on the constant- 
diameter afterbody and the results from all the nose shapes indicate a common 
value for Gofl of approximately unity. Once asymmetry moves onto the 
nose, 6,, starts to rise. The value of a where this increase begins is given by 
FN tan a = iA and differs from one nose to another since both FN and fA differ. 
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FIGURE 19. Potential-flow normal force distributions on the 6R ogive nose. 

A maximum value of dofl is attained and its value then falls to zero when 
sufficiently high angles are reached. The maximum value of eOfl depends on the 
nose shape ; it can also depend on the Reynolds number if the maximum occurs 
at an angle of inclination greater than 55". 

The influence of the Reynolds number on the values of d,, will be discussed 
in $6.2. Here we consider further the influence of the nose. Now, the evidence 
from the force distributions is that the level of the out-of-plane force increases 
when asymmetric flow occurs on the nose. This suggests that the strength of 
a vortex is increased when it develops on the nose. Some idea of how this can 
occur can be obtained from the impulsively started cross-flow analogy. Accord- 
ing to the analogy, the nose will appear in the cross-flow plane as an expanding 
circular cylinder, the pressure on the windward side of the cylinder will be 
higher than the cross-flow total pressure and the flow will accelerate more 
rapidly than on a constant-diameter cylinder with the result that the amount 
of vorticity in the boundary layer at separation will be greater. This vorticity 
will in turn be fed into the developing, trapped vortex and provides a mechanism 
by which the increase in vortex strength can be achieved. This explanation is, 
of course, merely an outline and more details are needed before any serious 
attempt to quantify the effect directly can be made. It does, however, suggest 
the following simple motion. The features of the flow over the expanding cylin- 
der which give rise to this increased vorticity are also responsible for an in- 
plane normal force in potential AOW. The corresponding local normal force 
coefficient C,,, is therefore likely to be related to the local effect of the nose 
on the out-of-plane force. Similarly, the integral of Cmfp (which we will call C) 
over the length of the first vortex is likely to be an approximate measure of the 
total effect of the nose on the out-of-plane force. 
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FIGURE 20. Potential-flow normal force distributions on the 6R ogivo nose and 
on the 4R cone nose for a = 55'. 

The variation of C,,, over the 6 R  nose at  three inclinations was calculated by 
the method described by Bostock (1972) and is shown in figure 19. Also shown is 
the nose shape and estimates of the position of initial asymmetry (point A )  a t  
various angles of inclination. The integral quantity C at 50" inclination is the 
cross-hatched area on figure 19. Evaluating the integral shows that the varia- 
tion of C on the 6 R  nose is similar to the variation of GOfl. It is constant (at 
a value of zero) until asymmetric flow starts on the nose a t  33". Thereafter, the 
point of initial asymmetry advances towards the apex and C rises until the 
shedding point of the first vortex reaches the junction of the nose with the 
cylinder. This occurs at an inclination of 55". After this point, C decreases. 
The accompanying fall in out-of-plane force coefficients which is observed 
at high angles is due not only to the effects which reduce C but also to a rapid 
increase in axial gradients which results in a breakdown of the flow pattern and 
the eventual disappearance of the out-of-plane force (this is discussed in more 
detail in the next sub-section). 

In  the case of the 4 R  nose, C again behaves in a manner consistent with the 
out-of-plane force coefficients. C is zero until a reaches approximately 51", 
when asymmetric flow starts to occur on the nose. C then rises with a to a 
maximum when cx is 65" and subsequently falls. Furthermore, the maximum 
value of C turns out to be 0.45 for the 4 R  ogive nose compared with 1.0 for the 
6 R  ogive; in keeping with these values, the maximum value of cof1 is 1-8 on the 
4 R  ogive compared with 2.2 on the 6R ogive. Finally, a comparison can be made 
between the results for the 6 R  ogive nose at  55" inclination and those for the 
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4R conical nose at  the same inclination. In  both of these cases, this inclination 
corresponds approximately to the angle where the maximum value of eofl 
occurs and where the whole of the growth of the first vortex occurs on the nose. 
The distributions of C,,, are compared on figure 20. The values of C are given 
by the shaded areas under the curves, which are 1.4 for the conical nose and 
1.0 for the 6R ogive. Hence the value of eon should be greater for the 4R cone 
nose than for the 6R ogive. Comparable time-averaged results are 2.03 and 1.75 
respectively. 

The evidence which has just been presented demonstrates the importance 
of nose shape and suggests that it may be possible to develop a simple, approxi- 
mate method of prediction. However, before this can be pursued further, 
pressure measurements taken directly on the nose are needed. It is also worth 
noting that the observed changes in peak force coefficient do not necessarily 
represent a breakdown in the impulsively started flow analogy: it seems quite 
likely that, if the effect of the expanding nose could be included in the analogy, 
then the increased forces would be predicted. At present this cannot be done 
since no data exist for the lift on an expanding cylinder in impulsively started 
flow. 

6.1.3. Decay of out-of-plane force. A significant difference between the out-of- 
plane force distribution predicted by the impulsively started flow analogy (see 
figure 1) and the one found in practice is that the amplitude of the real force 
decays to zero after only three or four half-cycles. Now, the time-dependent 
measurements in the region of zero average force showed a vortex-shedding 
region comparable to that on a yawed cylinder spanning the tunnel. The decay 
therefore represents the transition between the developing flow over the nose 
and near afterbody and the fully developed flow over an infinite cylinder. For 
this transitional behaviour to  occur, information must be transmitted from the 
fully developed vortex-shedding region to regions nearer the nose. In the im- 
pulsively started analogy, this would require the transmission of information 
backwards in the time and is therefore not possible, thus explaining why the 
decay is not predicted by the analogy. Further, according to this idea, it might 
be expected that if the inviscid axial velocity component were supersonic then 
the real Aow would follow the impulsively started analogy over a greater number 
of cycles. This is confirmed by the work of Thomson & Morrison (1969)) who have 
shown by schlieren photography that as many as eight vortices may be shed, 
rather than the three or four implied in our tests. They also demonstrated that 
the spacing of the later vortices corresponds closely to the vortex-shedding 
frequency of an established K&rm&n vortex street. 

6.3. T h e  effect of Reynolds number 

Evidence was presented in 334 and 5 that a reduction in Reynolds number at  
angles of inclination above 55" produces a change in spacing and an increase in 
the out-of-plane force for all nose shapes. The effect of the Reynolds number 
on the peak coefficient 6,, is illustrated at  60" inclination for the 4R ogive nose 
in figure 21. These results were obtained in the time-averaged tests and are 
therefore subject to uncertainty concerning transient effects in the Aow. How- 
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number for transition. Lower limits of random variation of amplitude for an infinite per- 
pendicular cylinder according to Gerrard (1961); @, 6 mm diameter; @, 25 mm diameter; 
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ever, the general validity of the trend was demonstrated by the time-dependent 
tests reported in 95. 

This appears to suggest a straightforward Reynolds number effect occurring 
at  these relatively high angles. However, the results of Lamont & Hunt (1973) 
for the overall force on a cylinder with a 4R ogive nose imply that the high 
value of cof1 of 1-8 is achieved at a Reynolds number of lo5. The only obvious 
difference between the overall-force model and the pressure-plotted model is 
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their diameters, which are 76 and 51 mm respectively. Two checks were made on 
this curious discrepancy. Pirst the pressure distributions obtained at  a Rey- 
nolds number of 4 x lo4 on the smaller model at  inclinations of 60" and 65" were 
integrated to give overall-force coefficients. Both gave values of about 2.5, in 
agreement with the upper limit of those measured in the overall-force tests and 
suggesting that the pressure distribution on the larger model at a Reynolds 
number of lo5 is similar to that on the smaller model at  a Reynolds number of 
4 x lo4. Second, and more conclusive, a scaled-up version of the time-depen- 
dent measuring section described in 3 5 was made and fitted to the 76 mm dia- 
meter model. Time-dependent tests using this measuring section confirmed that 
large values of dofl and an associated reduced value of fc could be measured up 
to a Reynolds number of 1-2 x lo5. The difference between the results with the 
two cylinders can be illustrated by the values obtained from the time-dependent 
tests on both models at 65" inclination. These results are presented in figure 2 2 ;  
the values of Cof were recorded at  station 1 (x /R  = 5) in all cases. Note that the 
flow was subcritical in all these tests since the critical Reynolds number was 
found to be approximately 2 x lo5 ; see § 3. Lines representing the probable varia- 
tions are drawn in. Before commenting further, it should be pointed out that 
the comparison of levels of the lift coefficient shown in figure 22 is a little mis- 
leading since the difference in the spacing between the results for the higher and 
lower Reynolds number means that the lower level of Cof corresponds to the 
peak value d,,, whereas the upper level is a value of Cof below the maximum 
value. Making use of time-averaged values, the values of eOfl can be inferred 
at the upper level and are shown dashed on figure 22. It can be seen that the 
estimated upper level is consistent with the value of dofl implied by the overall- 
force tests conducted earlier. 

These differences in amplitude and spacing between tests with models of 
different diameter at the same Reynolds number appear to codict  with the 
principle of flow similarity. However, a similar situation occurs in the two- 
dimensional flow over a cylinder normal to the stream. Gerrard (1961) found 
that, at high laminar Reynolds numbers, the peak value of the fluctuating lift on 
the cylinder changed from a steady level to vary randomly between two ex- 
treme values. This behaviour has also been reported by Drescher (1956). In  
addition, Gerrard found that this behaviour occurred at a progressively lower 
Reynolds number as the cylinder diameter was reduced from 3 to 0.25 in. The 
Reynolds numbers a t  which this behaviour began are shown on figure 22 for 
three model sizes. Note the similarity of the critical model scales. Gerrard 
offered no explanation for this behaviour. However, it  is presumably due to  a 
change in the ratio of model scale to free-stream turbulence scale or to changes 
in turbulence intensity arising from changes in velocity a t  a constant model 
Reynolds number. 

6.3. Prediction of overall forces 

The results presented here were used to develop a method for predicting the 
maximum sustainable values of the overall out-of-plane force on ogive-nosed 
circular cylinders in laminar A ow. Empirical representations of the distributions 
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of local out-of-plane force were generated, taking account of variations in in- 
clination, nose fineness ratio and Reynolds number. The agreement between the 
predictions of this method and such relevant data as are available is good and 
adds confidence to the general validity of the results presented here. The details 
of the method may be found in Lamont (1973) and will be the subject of a future 
paper. 

7. Pressure distributions 
The results presented in this paper for the out-of-plane force and for the in- 

plane normal force have shown that each is distributed along the cylinder in a 
characteristic manner. The forms of these distributions are similar to those 
shown in figure 1. A study of the measured pressures shows that each point on 
the characteristic force distribution is associated with a particular shape of 
circumferential pressure distribution. This section presents the experimentally 
determined pressure distributions which occur at various points on the charac- 
teristic force curve: the points chosen are shown in figure 1. The pressure 
distributions are compared with distributions which occur at corresponding 
instants during KArm An vortex shedding. These comparisons illustrate further 
the relation between the variation with time in the Aow over a perpendicular 
cylinder and the variation with distance along an inclined cylinder. 

The first distribution to be examined is that at point X of figure 1, where the 
flow about the cylinder is such that two symmetrical vortices have formed 
on the lee side of the cylinder. The pressure distribution at  point X obtained 
in a test at 20" inclination with the 4R ogive nose is plotted in figure 23. The 
pressure coefficient C, is based on cross-flow dynamic head. On this figure, 
the distribution is compared with the inviscid distribution from which it has 
developed by the action of viscosity. It can be seen that the pressure distribu- 
tion is still quite close to that of the inviscid flow The pressure distribution at  
the onset of asymmetry, point A ,  which is in addition the position of the maxi- 
mum normal force, is also shown on this figure. Two examples are presented 
from tests at  the same inclination (30") but with different nose shapes (4R and 
6R ogives). 

The next position on the characteristic out-of-plane distribution to be 
considered is point B. This point corresponds to the first peak value eOfl, which 
occurs at the position where the fist vortex is shed. Two figures, 24 and 25, 
are presented to show pressure distributions a t  point B. The former presents 
results for inclinations at which there is symmetric Aow on the nose. The 
latter shows distributions for cases where the values of eOf1 have been increased 
because the asymmetric flow has developed in the presence of the expanding 
nose pressure distribution. The other points shown on the figures are taken from 
Drescher's (1956) experimental results for a cylinder at  90" to the flow. They 
correspond to two values of the peak lift coefficient, 0.6 and 1.3, which occur 
a t  the time when a vortex is shed in the alternate vortex-shedding flow. The 
results from our experiments are very similar in form to those of Drescher. 
If they had been plotted in terms of the pressure difference between the upper 
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C 

FIGURE 23. Circumferential pressure distributions. - - -, potential flow; - - - -, point X, 
4R ogive, a = 20'; __ , point A ,  4R ogive, a = 30'; - - - , point A ,  6R ogive, OL = 30". 

and lower surface, the similarity would be even more pronounced. However, 
even with identical values of the out-of-plane force coefficient the distributions 
cannot be the same since the corresponding normal force coefficients differ. The 
normal force coefficient a t  point B is greater than the corresponding two- 
dimensional value, which accounts for the downward displacement of the dis- 
tributions over the leeward half of the inclined cylinder. A similar situation 
occurs at  point D, where the second vortex is shed. 

Finally, three pressure distributions at  points where the time-averaged out- 
of-plane force is zero are shown in figure 26. Two of the cases shown correspond 
to the point C of figure 1 while the third (called Y )  is from a point where 
f is large and the time-averaged out-of-plane force has decayed to zero; see 
8 6.1.3. ,Also shown for comparison is the time-averaged pressure distribution 
around a cylinder normal to the flow, as given by the Engineering Sciences Data, 
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-2.0 
F I Q n E  24. Circumferential pressure distributions at point B. -, 4R ogive, a = 50° 

(co,, = 0.71); -- --, GR o g h  a = 30' (COT, = 0.69); 0, Drescher (1956) (&fl Z 0.6). 
A 

FIGURE 25. Circumferential pressure distributions a t  point B with asymmetric flow on 

the nose. ~ , 6R ogive. CL = 55" (c,,, = 1-75, C,,, = 1.7); --- , 4R ogive, a = 60" 

(Go,, = 1.3, C,, = 1-33); 0, Drescher (1956) (C,,, = 1-3, C,, g 1.25). 

A 

A A 
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FIUURE 26. Circumferential pressure distributions. - - - point C, 4R ogive, a = 40" 
(C,,, = 1-14); - - - -, point C, 6R ogive, a = 30" (Caf = 1.17); - , point Y ,  4R ogive, 
a = 65" (Cn, = 1.04); --, perpendicular cylinder, C,, = 1.2. 

Sheet no. 70013 for the case of laminar separation, where the drag coefficient 
C, (equivalent to Cnr) is 1.2. In  these cases, the normal force coeEcients on the 
inclined cylinder are less than the two-dimensional equivalent, which is con- 
sistent with the higher base pressures. The general shapes of the curves are 
remarkably similar however. 

8. Conclusions 
The extensive pressure-plotting experiments performed in this work show 

that there is an oscillatory distribution of out-of-plane force along an inclined 
cylinder. This distribution is similar to that predicted by the impulsively started 
cross-flow analogy. However, there are a number of significant differences, which 
may be summarized as follows. 

(i) The real distribution decays to zero amplitude after three or four half- 
cycles, whereas the flow analogy suggests that the oscillatory distribution will 
continue undiminished. It is thought that this decay is a result of information 
being transmitted through the A ow towards the nose of the body. 

(ii) The spacing of the out-of-plane force distribution when plotted against 
the equivalent impulsively started time parameter f shows some variation with 
angle of inclination. This has been ascribed to the transmission of information 
parallel to the axis and to  the effect of the expanding nose. 

(iii) At very high angles of inclination, the oscillatory distribution of the out- 
of-plane force disappears and is replaced by a vortex-shedding pattern like that 
on an infinite yawed cylinder at the same inclination. 
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(iv) At moderately high angles of inclination large increases in the out-of- 
plane force occur, particularly for the 6R ogive and 4R cone nose. This effect 
may not represent a failure of the impulsively started approach since the 
increases are due to the flow developing on the nose, which at present cannot 
be accounted for in prediction methods based on the impulsively started 
analogy. 

Even though these differences exist, the analogy remains a very useful means 
of approaching this complex three-dimensional A ow field. Indeed, the results 
presented here show that the analogy between development with time in one 
flow and development with length in the other is remarkably close. 

The Reynolds number can have a major influence at inclinations above 55". 
The peak out-of-plane force coefficient was reduced by as much as a half by 
increasing the Reynolds number by a factor of about three while maintaining 
laminar separation. It was also found that the range of Reynolds numbers 
over which this effect occurs varies with the scale of the model. 

It has been shown that serious unsteadiness can occur in the flow. This 
unsteadiness involves a switching of the flow pattern from one of its two possible 
states towards and sometimes into the other state. Unsteadiness can greatly 
reduce the time-averaged value of the out-of-plane force. A fairly detailed 
explanation of how free-stream turbulence can be responsible for the main 
features of the unsteady behaviour has been given. The level of unsteadiness 
was found to vary with roll angle, thus accounting for the roll-angle dependence 
of time-averaged forces which was found in these and other tests. This depen- 
dence on roll angle must be due to the unsteady behaviour of the flow being 
very sensitive to small departures from axial symmetry. 

P. J. Lamont gratefully acknowledges the financial support of the Science 
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