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BASE PRESSURE OF SPHERES AT SUPERSONIC SPEEDS 

Prepared by: 

Richard Lehner^ 

ABSTRACT: Base-pressure me asur ementa on spheres with 
various diameters were carried out at Mach numbers 
between 1.57 and 5.0 in the NOL 40 x 40 cm AeroballIstics 
Vind Tunnels No. 1 and No. 2 to study Mach number and 
Reynolds number effects in a Reynolds numbor region 
between approximately 105 and 10°. 

The base-drag coefficient was determined £x*om measured 
base-pressure data and coordinated flow separation 
locations taken from schlieren photographs . The 
behavior of the base-drag coefficient is discussed in 
comparison with the calculated wave—drag coefficient 
and existing data of the total-drag coefficient. 

Flow-separation phenomena found to be departing from 
those at subsonic speeds are briefly analyzed. 

The failure in detecting Reynolds number effects by 
previous total-drag measurements can be explained by 
the small contribution of the base—drag component 
to the total-drag at supersonic speeds. 

U. S. NAVAL ORDNANCE LABORATORY 
WHITE OAK, MARYLAND 

i 
UNCLASSIFIED 



UNCLASSIFIED 
NAVORD Report 2774 

NAVORD Report. 2774 4 February 1953 

The Material presented here represents additional basic 
inforaation on the general subject of base pressure of 
bodies at supersonic speeds. 

Experimental data were obtained during the* calendar years 
of 1950, 1951, and 1952 at the U. S. Naval Ordnance 
Laboratory. This work was sponsored by the Navy Bureau 
of Ordnance under task number N0L-Re9a—108. 

The author is indebted to H. H. Kurzweg and G. R. Eber 
for their comments on the problem and S. M. Hastings, 
M. O'Brien, E. Redman, R. Lee, and Martha Jennison for 
their help on the experiments in the wind tunnel, the 
evaluation of wind-tunnel tests and the computation ^ 
the wave drag. Thanks are due A. May and W. R. Witt, Jr. 
for the use of shadowgraphs taken in the NOL Pressurized 

Ballistics Range. 

EDWARD L. WOODYARD 
Captain, USN 
Commander 

H. H. KURZWEG 
Aeroballistic Research Department 
By direction 
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SYMBOLS 

M = 

Re a 

Mach number 

Free-stream Reynolds number referred to 
sphere diameter 

Angle of attack of support sting 

Sphere diameter 

Sting diameter 

Base pressure 

Ambient static pressure 

Base-pressure ratio 

}t 
a A 
ID* 
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q A 
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Total-drag coefficient; 

Wave-drag coefficient; 

Base-<lrag coefficient; 

Dynamic pressure 

Frontal area 

4 
Density 

Velocity 

Dt = Total drag 

Dw = Wave drag 

Djj = Base drag 
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BASE PRESSURE OF SPHERES AT SUPERSONIC SPEEDS 

INTRODUCTION 

1. The simplicity of its shape helped the sphere 
to become a classical model for aerodynamic and 
ballistic investigations. Since the famous invest¬ 
igations carried out by Eiffel at Paris and Prandtl 
at Goettingen (1910 - 1912) (a) the sphere has been 
a standard model for very conclusive studies of aero¬ 
dynamic problems. The sphere was also frequently used 
for studies of measuring techniques in wind tunnels 
and firing ranges. Last, but not least, the sphere 
became an indicator of the degree of turbulence of 
subsonic wind tunnels due to its critical behavior 
at a Reynolds number of about 250000. 

2. The early development of supersonic wind-tunnel 
techniques tried to take advantage of the characteristic 
features of the sphere found at subsonic speeds. The 
most striking yroblem, of course, was the study of 
Reynolds number effects in general and specifically the 
possible detection of a critical Reynolds number at 
supersonic speeds. The oldest known attempt to study 
Reynolds number effects on spheres at supersonic 
speeds was made by A. Eula at Guidonia, Italy (b). 
It was shown at Mach numbers of M = 1.85 and M = 2.13 
that the total-drag coefficient is invariant with 
Reynolds number in a Reynolds number region between 
105 and 8 x 10^. Later investigations carried out 
almost simultaneously by 0. Walchner at Goettingen, 
Germany (c) at Mach numbers between 1.2 and 3.2, and 
by the author at Peenemuende, Germany (d) at Mach 
numbers between 1.2 and 4.3, confirmed A. Eula's 
results. Even more recent investigations of the drag 
and the flow pattern of spheres by A. C. Charters and 
R. N. Thomas (e) failed to detect a critical Reynolds 
number or a systematic Reynolds number effect at 
supersonic speeds, in general, within a considered 
Reynolds number region between about 0.4 x 106 and 
1.3 x 106. 

OBJECTIVE 

3. The immediate objective was the determination of 
the base pressure in connection with a systematic 
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investigation of the relationship between boundary 
layer and base-pressure behavior carried out at the 
Naval Ordnance Laboratory, White Oak, Maryland. 
Among other axially-symmetrical models the sphere 
was chosen as a basic representative of a blunt 
test model. 

4. Since particular information regarding the 
Reynolds number effect on the overall aerodynamic 
performance of spheres at supersonic speeds was 
considered desirable it was decided not to concentrate 
on the base pressure only but also to take into con¬ 
sideration the wake flow study and a comparison 
between base drag-, wave drag- and total—drag coefficient. 

EQUIPMENT AND PROCEDURE 

5. The investigations were carried out in the 
40 X 40 cm Aeroballistics Tunnels No. 1 and No. 2 of 
the Naval Ordnance Laboratory which are described in 
reference (f). Eight smooth steel spheres with the 
diameters of 0.7925, 0.9515, 1.977, 3.170, 3.959, 
5.048, 5.972, and 10.146 cm and a laminated mahogany 
sphere with a diameter of 19.99 cm were used as models 
in order to coyer a Reynolds number region between about 
Re = 0.06 X 10” and Re = 1.4 x 106 at Mach numbers 
between 1.57 and 5.0. The deviation of the sphere 
diameters from the given mean values was within 0.01% 
for the steel spheres and within 0.06% for the wooden 
sphere . 

6. Since the investigation was originally connected 
with a dynamic test of a three-component external wind- 
tunnel balance, a split-sting model support was used 
during part of the investigation. A schematic sketch 
of the support is shown in Figure 1. For this 
investigation the length of the split-sting support 
was arranged so that che sphere center coincided with 
the center of rotation of the angle of attack mechanism. 
A one-millimeter gap was left between the front of the 
tare sting and the model as well as between the tare 
sting and the model sting. The ratio between the 
frontal areas of the spheres and their individual 
supporting split-stings was kept constant at D =10 
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for all cases. This ratio resulted as a safe minimum 
from the author's previous investigations reported in 
reference (d). Smaller ratios caused sting interference. 
The base pressure was taken at a tap located at the flat 
front of the tare sting as shown in Figure 1. 

7. Butyl-Phthalate manometers were used to measure the 
base pressure with an accuracy of i 0.1 mm Hg. In general, 
the investigation was carried out with the support sting 
at an angle of attack of 0^-0. In some selected cases 
the angle of attack of the sting was varied between 
oc - -6° and c*. =+9°. 

8. The effect of mechanical boundary-layer disturbances 
(tripping ring at 25 per cent sphere depth) was studied 
at one Mach number in order to have a supersonic com¬ 
parison to Prandtl's classical test at suosonic speeds (a). 
During one of the early test series the support effect was 
investigated by replacing the tare sting by a thin copper 
pipe for the base-pressure measurement. Results of the 
support effect study are discussed in the appendix. They 
led to the conclusion to carry out the whole investigation 
without a tare sting. Schlieren pictures were taken 
simultaneously with the base-pressure measurements through¬ 
out the entire investigation to enable flow structure 
observation. 

RESULTS AND DISCUSSION 

9. The results of the base-pressure measurements are 
presented in Figure 2 as base-pressure ratio Pb/pa 
vs. Reynolds number with Mach number as parameter. In 
the Mach number region from M = 1.57 to M s 3.26 a 
common tendency is obvious, i.e., the decrease of the 
base-pressure ratio with increasing Reynolds number. 
The average pressure ratio PK/pa drops from 0.65 at 
Re = 0.06 X 106 to almost 0.4 at Re = 1.4 x 10“ and 
shows a tendency which is characteristic for the base- 
pressure behavior of axialiy-symmetrical bodies at 
supersonic speeds in the investigated region of Reynolds 
numbers. A comparison with base-pressure data of cone- 
cylinder models is given in Figure 3. The curves 
presented are based on experimental findings as reported 
by H. H. Kurzweg (NOL) in reference (g), Dean R. Chapman 
(NACA) in reference (h), and S. M. Bogdonoff (Princeton) 
in reference (i). The referenced data in the Reynolds 
number region covered by the sphere investigation could 
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be correlated with the existence of laminar boundary 
layer over the entire model length. Schlieren 
photographs of the spheres indicate that laminar boundary 
layer and laminar flow separation existed at all phases 
of the investigation. One set of schlieren photographs 
at a Mach number of M = 3.26 is given in Figures 4a and 
4b as an example demonstrating the behavior of the wake 
flow shape as a function of Reynolds number. The 
dimensionless wake length decreases with decreasing base 
pressure in accordance with findings on cone-cylinder 
models. The wake length variation with Reynolds number 
was determined by measuring the distance between trailing 
shock and sphere base in sphere diameters. The trailing 
shock location was defined as the intersection between the 
average slopes of the wake and of the trailing shock. 
The results are given in Figure 5. It appears that the 
emanation region of the trailing shock moves from about 
1.7 sphere diameters behind the rear stagnation point 
to about 0.7 sphere diameters in a Reynolds number 
region between 0.05 x 106 and 1 x 106. This tendency 
is common to all Mach numbers between M - 2.48 and M s 3.26 
where schlieren pictures could be properly evaluated. 
Evaluation of photographs at lower and higher Mach numbers 
was either obstructed by the strong Mach line pattern or 
rather low density, respectively. The variation of the 
dimensionless wake length with Reynolds number shows a 
tendency that agrees completely with the tendency of 
the base-pressure ratio variation with Reynolds number in 
the considered Reynolds number region. This relationship 
between wake length and base pressure still holds in the 
case of artificially-disturbed boundary layer as 
demonstrated by the results from trigger-ring-fitted 
spheres at M = 2.86 denoted by flagged symbols in 
Figures 2 and 5. The results show that artificial boundary- 
layer disturbances can reduce laminar base pressures to 
values that correspond to a naturally-developed boundary 
layer at higher Reynolds numbers. Such boundary-layer 
disturbances do not necessarily cause a base-pressure 
reduction to the turbulent value if, for instance, the 
disturbance is applied in a Reynolds number region where 
the laminar boundary layer is stable enough to prevent 
immediate transition. However, a change in the profile 
takes place and, consequently, the base pressure and 
the wake shape will be affected. 

10. The schlieren photographs were not clear enough to 
obtain numerical data on transition in the mixing zone of 
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the wake. Fortunately, some useful shadowgraphs 
from free-flight determinations of the drag coefficient 
of spheres in the NOL Pressurized Ballistics Range 
were made available to the author by the courtesy 
of A. May and ff. R. Witt, Jr. (j). For the purpose 
of comparison with wind-tunnel data the dimensionless 
wake length was determined from eleven rounds of 
1/2 inch and 3/4 inch smooth, steel spheres at Mach 
numbers between 1.78 and 4.44 covering a Reynolds 
number region from 0.2 x 10b to 1 x 106. The Reynolds 
number variation in the firing range was achieved by 
ambient pressure variation from 184 mm Hg to 760 mm Hg. 
The dimensionless wake lengths are plotted in terms 
of distance between trailing shock and sphere base 
(in sphere diameters) vs. Reynolds number in Figure 3. 
The data are independent of Mach number and agree well 
with the wind-tunnel results. Therefore, it can be 
concluded that the base-pressure behavior at comparable 
Mach numbers (2.48 to 3.26) is the same for both the 
wind-tunnel and the firing-range sphere tests in the 
considered Reynolds number region. Two representative 
pictures of the various shadowgraphs used for the 
comparative wake length determination are shown in 
Figure 6. The long wake length at a lower Reynolds 
number is clearly distinguished from the short wake 
length at the maximum Reynolds number observed. 

11. The negatives of most of the available shadow¬ 
graphs permitted the determination of the location of 
transition in the mixing zone of the wake. The results 
are presented in Figure 7 as wake transition distance 
from the sphere base (rear "stagnation point") in sphere 
diameters as a function of Reynolds number. The Mach 
number varied from M = 2.08 to M = 4.44. However, the 
Mach number variation does not seem to have any effect 
on the transition location. Transition in the mixing 
zone travels from abouj 1.2 diameters behind the sphere 
base at Rc = 0.07 x 106 to a distance of 0.14 diameters 
at Re = 1.013 x 10 . The rapid forward motion of 
transition with increasing Reynolds number in the lower 
part of the considered Reynolds number region (0.07 x 106 = 
Re = 0.4 x 10b) is accompanied by an appreciable decrease 
of the base-pressure ratio (see Figure 2). The rate of 
travel of transition with increasing Reynolds number 
decreases considerably more as transition approaches 
the sphere (Figure 7), and the base-pressure ratio 
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decreases correspondingly slower (Figure 2). This 
observation is in good agreement with the tendency of 
transition motion in the mixing zone of the wake as 
theoretically predicted by L. Crocco and L. Lees for the 
qualitatively similar case of a two-dimensional airfoil 
with a blunt trailing edge (reference k). According to 
Crocco and Lees the laminar mixing rate and the 
transition location in the wake depend upon the model 
Reynolds number. In the considered Reynolds number region 
Crocco and Lees explain the decrease of base pressure with 
increasing Re by the large increase in local mixing rate 
due to the upstream motion of transition in the wake. The 
turbulent mixing coefficient is 5 to 10 times large* than 
the laminar coefficient. The mixing coefficient k has been 
defined by the relation 

where 

d m _ 
d X 
m = 

# ■ 
ue = 

J = 

KPeu{ 
¿ 

Jçu dy 
density 

velocity 

the mass flux 

thickness of the dissipative 
flow region, in this case the 
mixing zone of the wake. 

and 

From this explanation it can be concluded that the rate 
of change in base pressure depends upon the rate of travel 
of transition in the wake with Re variation - which is 
experimentally shown by the results in Figures 2 and 7. 

12. The base-pressure ratio at Mach numbers of M = 4.24 
and M = 5.0 does not follow the tendency which was found 
to be common for Mach numbers between 1.57 and 3.26 
with respect to Reynolds number variation. It is known 
from former base-pressure investigations on cone-cylinder 
models that the velocity profile as well as the temperature 
profile in the boundary layer is a determining parameter 
for the base pressure. The temperature profile is 
dependent upon the direction of heat flow (body to boundary 
layer or boundary layer to body) and the magnitude of 
heat flow. The desirable condition of zero heat transfer 
for the elimination of heat-transfer effects could not be 
achieved due to the relatively short running periods of 
the blowdown tunnel with atmospheric supply conditions. 
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Since the Reynolds number per unit length decreased with 

wasrallonnecesLnUmter-(atmOSPherlC suPP1y conditions) it 
lequentlv the .° ln?feaSJ the sPhere size and con- 
w i_ ^ heat capacity of the sphere with increosinír 

(reïe?^deÎ Ín establish » certain Reynolds n^ber 
ranä A ILÎÏÎÏJ dlamete^ for ‘he whole Mach numbêr 
conltant r2v^Íh eKSUrV?y showed that at a considered 
canacitv STÎÎ ¿. Knumbvr the variation of sphere heat 
capacity with Mach number at Mach numbers from 1 57 to 

increase in^efÍ^6 as^ornPared to the considerable 
increase in heat capacity at Mach numbers of 4.24 and 
5.00. It was therefore concluded that there was a 
unique approach - even though not complete - to equilibrium 

rer^Uî%î0nditl°nS and consequently no relative heat- 
at Mníh influence at Mach numbers up to M » 3.26 However 
at Mach numbers of 4.24 and 5.00 - still considering a ’ 
certain Reynolds number - the higher heat cauacitief 

rftIÍraÍ hrd+r?i0f magnitude) °f the spheresPmust have 
retained heat-flow conditions from the wall into the 

Jay®r ,and mixing zones which are comparable with 
î.nH« ? ?eated cone-cylinder models. Heating of models 
ends to increase the base pressure as reported by 

H. H. Kurzweg in reference (1). y 

¿ressííeWãi^rÍhS?ary í° °btain ^f^mation on the base- 
P essure distribution in order to calculate the magnitude 

coefficient rit wa^J^^V8 compared to the total-drag eiricient. It was already known from pressure distrihutHr,r, 
measurements on a 4 cm sphere carried ouíat seveíaí ¿ací 
numbers by S. Erdmann at Peenemuende, Germany (m) thafï£e 

point for the calcuUUon^^hrbfsetdrãrcoeH^cilnr^The 

Photographs 'ligu^s^a^ndlb'show íõ^^a^l.^f*'“^ 
schlieren photographs at M : 3.26. The base-d?ag coefficient 
C,u is plotted in Figure 8 vs. Reynolds number with Íh¡ 
paPameter of the Mach number. Correspond^ ío ííe decrease 
õL îiV !SSUre in the Reynolds number region considÍ%d 
one finds here an increase of the base-drag coefficient u¿ 
to a region of constant behavior. I„ this conÍecÜÍn ît P 
should be remarked that the supersonic flow separation 
iofs naii aePa*ation) was generally observed at an'Tev >90° 
referred to the stagnation point. This observation Is 

wlth resulta from firing tests carried out 
a .Abardeen by A' C' charters and R. N. Thomas (e) A 
siight increase of the separation angle by a few dérees 
(max. 4 ) with increasing Reynolds number could be ' 
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detected as a general tendency at all Mach numbers. 
However, the Mach number effect is predominant up to 
M - 3.26. Observed extreme data of the separation angle 
were 92° at M = 1.57 and 101° at M = 3.26 and M = 4.24. 
The measured separation angle of about 100° at M = 1.88 
and Re ■ 5.5 X 105 is in good agreement with the separation 
location taken from Erdmann's pressure distribution (m). It 
might be recalled that subcritical (laminar) and supercritical 
(turbulent) separation angles at incompressible subsonic 
speeds were found to be 80° and 110°, respectively (a). This 
obvious difference between subsonic and supersonic behavior 
is certainly due to the effect of pressure gradients. Only 
subcritical (laminar) separation could be compared since 
supercritical (turbulent) separation has not been produced 
as yet at supersonic speeds. 

14. For the purpose of comparison of the drag components 
the wave-drag coefficient of the sphere was calculated at 
Mach numbers of 1.88, 2.48, 3.24 and 4.24. A method 
developed by M. M. Munk and J. C. Crown at NOL was used 
for this calculation (n). The method assumes the 
knowledge of the shape of the head shock wave over a 
sufficient length in flow direction. The results are 
plotted vs. Mach number in Figure 9 together with a 
region of variation of the base-drag coefficient determined 
by the Reynolds number effect (0.06 x 106 Í Re a 1.4 x 10 ) 
and an average curve of Goettingen (c) and Peenemuende (d) 
total-drag coefficients. The increase of the wave-drag 
coefficient with increasing Mach number is compensated by 
the decrease of the base-drag coefficient. This fact 
explains the nearly constant behavior of the total-drag 
coefficient. The maximum base-drag coefficient amounts to 
32 per cent of the total-drag coefficient at M = 1.57 and 
3 per cent at M - 4.24. It is not surprising that previous 
investigations in wind tunnels could not detect any Reynolds 
effect at supersonic speeds in the considered Reynolds 
number region since only total force measurements were used 
to determine the total-drag coefficient whose variation due 
to the Reynolds effect on the base-drag coefficient ranged 
within the measuring accuracy. In the case of measuring 
equipment available to the author at that time, this 
accuracy was ±5 per cent. Absolute measuring accuracies 
from 0.015 to 1.5 grams would be necessary to detect this 
effect by total-drag measurements in the NOL wind tvnnels 
with atmospheric supply conditions in the considered xegion 
of Mach and Reynolds numbers. In this connection it must 
be mentioned that A. May and W. R. Witt, Jr. could uetect 
a slight increase of the total-drag coefficient with 
increasing Reynolds number in the Reynolds number region 
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5 r 
10 5 Re 2 X 10b at all Mach numbers from 
Ms 2 to Ms 3.4 during their recent free-flight 
determinations of the drag coefficient of spheres in 
the NOL Pressurized Ballistics Range (reference j). 

CONCLUSIONS 

15. It was shown from base-pressure measurements on 
spheres at supersonic speeds that the base-pressure 
component of the total-drag coefficient is a function 
of the Reynolds number and that it can be affected by 
boundary-layer disturbances. The estimated Reynolds 
number effect on the total-drag coefficient in the 
considered Reynolds number region (10^ ? Re ? 10^) 
is very small (max. 10 per cent at M . 1.57, min. 1 per 
cent at M ■ 4.24). Therefore; high accuracy is required for 
the determination of Reynolds number effect on the total- 
drag coefficient by total force measurements. The effects 
of Mach number on wave- and base-drag coefficients cancel 
each other. Consequently, the total-drag coefficient is 
almost independent of Mach number. The good agreement 
between wake configurations determined from wind-tunnel 
schlieren photographs and firing-range shadowgraphs at 
corresponding Mach numbers and Reynolds numbers encourages 
the extension of comparative tests with spheres to higher 
Reynolds numbers in both, the wind tunnel and the firing 
range. The desirable condition to be established will be 
the case of turbulent separation in order to have a 
complete comparison between subsonic and supersonic flow 
separation phenomena. The failure to detect a critical 
Reynolds number for spheres at supersonic speeds might 
be explained by the fact that turbulent separation 
could not be obtained if one assumes that supersonic, 
turbulent separation causes a similar effect as known 
from subsonic investigations. Pressure and temperature 
probe surveys in the wake would help to obtain experimentally 
a more complete picture of the wake and mixing flow mechanism. 
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APPENDIX 

Support effect investigations 

(1) Effect of sting inclination. 

Some base-pressure measurements at M « 2.48 were carried 
out with variation of the angle of attack of the sting 
support (-6 ^^§+9°). The center of rotation of the 
öt - mechanism coincided with the sphere center in all 
cases tested. (Figure 1) The results presented as base 
pressure ratio vs. sting inclination in Figure 10 show that 
small deviations from«*. 0 do not cause any measurable 
defects in general. However, larger sting inclination of 
larger spheres affects the base pressure. The increase of 
the base-pressure ratio with increasing sting inclination 
is accompanied by an upstream travel of the trailing shock 
emanating from the intersection of wake boundary and 
inclined sting. 

(2) Effect of relative frontal sting area. 

At the beginning of the base-pressure measurements it was 
thought to be worthwhile to study the effect of relative 
sting thickness. This was done simply by replacing the 
tare-sting (Figure 1) by a thin copper tubing for picking 
up the base pressure at Mach number M a 1.88. The results 
of the comparison tests with and without tare-sting are 
plotted as base-pressure ratio vs. Reynolds number (Figure 11). 
The absence of the tare sting did not change considerably 
the base-pressure tendency as found with the split-sting 
support. However, since the small effect found was a 
systematic one and since it was felt that the reduced 
sting frontal area represented an experimental condition 
closer to the no sting condition it was decided to use 
only the data obtained without tare-sting at M a 1.88 and 
to carry out the whole investigation without tare-sting 
at the other Mach numbers also. 

In general, the conclusion can be drawn that caution must 
be exercised if force measurements are carried out with a 
split-sting support system unless the base pressure is 
properly measured and deducted. 
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f^/^VO/^P

0.7925 cu Diaaeter 0.9515 cm Dianeter

1.977 on Dlaneter 3.170 CM Dlaneter

Figure 4a - Schlleren photographs of spheres at M - 3.26



Z77^

3.959 cm Dlaaeter 5.048 ca Dlaaeter

■f ."

5.972 ca Dlaaatar 10.146 ca Dlaaater

Plgura 4b - Schliaran photographs of spbsrss at M ■ 3.26
(coatinusd)
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Re . 0.437 X 10®
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Figure 6 - Shadowgraphs of spheres at M'^4
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