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SUMMARY 

An experimental investigation to determine the aerodynamic charac
teristics of a slender cone-cylinder body of revolution was conducted 
in the NACA Lewis 1- by l -foot supersonic wind tunnel. Viscous drag and 
three component forces were measured at a Mach number of 3.12 for a Rey
nolds number range from 2xl06 to 14Xl06 (based on model length) and for 
an angle-of-attack range from zero to gO. 

For zero angle of attack, the total-drag coefficient increased with 
increasing Reynolds number until a Reynolds number of approximately 
5.0Xl06 was reached and then remained pract ically unchanged. A break
down into components of the tot al measured drag for a Reynolds number of 
14Xl06 and for angle of attack showed that the increment in skin-friction 
coefficient due to angle of attack was small compared with that of the 
total-drag coefficient. Theoretical values of the fore-pressure drag, 
lift, and pitching-moment coefficients obtained from combining a second
order axial -flow solution with a first - order cross-flow solution were 
calculated for comparison with the experimental results. 

INTRODUCTION 

As part of a systematic program to ascertain the effects of Reynolds 
number on aerodynamic characteristics, to extend the basic information 
on the aerodynamics of bodies of revolut i on, and to assess the validity 
of several theories for predicting pressures and forces acting on bodies, 
tests are being conducted in t he NACA Lewis 1- by l-foot supersonic wind 
tunnel on a series of bodies of revolution. The first of this series of 
investigations is reported in reference 1, which contains an appraisal 
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of the aerodynamics of a near -parabolic nose body. The results of the 
second investigation are reported in reference 2) which is concerned with 
the aerodynamic load distributions of a series of five bodies having 
conical or slightly blunted noses and cylindrical afterbodies. The sub
ject of the present report is the boundary-layer development and forces 
acting on a typical cone-cylinder body of revolution at a Mach number 
of 3.12. 

The boundary-layer development on the model and the forces acting 
on the model were determined for a range of Reynolds numbers from 2Xl06 

to 14Xl06 (based on body length) and angles of attack from zero to gO. 
These data are compared with the compressible boundary-layer theory for 
cones and with the hybrid theory of reference 3 for the forces. 
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SYMBOLS 

The following symbols are used in this report: 

frontal area 

drag coefficient, D/qaAf 

lift coefficient) L/~Ar 

pitching-moment coefficient about base of model, mp/qoAFl 

pressure coefficient, Cp-PO)/~ 

drag 

maximum body diameter 

lift force 

body length 

Mach number 

pitching moment 

static pressure 

dynamic pressure, (r/2 )pM2 

Reynolds number, pUZ/~ 

Rex Reynolds number based on length x 
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u 

u 

x,r,e 

y 

5* 

e 

p 

free -stream velocity 

velocity in boundary layer 

cylindrical coordinates 

angle of attack 

ratio of specific heats , 1.40 ~ 

displacement thickness, ~J(PlUl-PU)dy 
Plul 

o 

momentum thickness, ~ r;UCUI-U)dy 

PIU1~ 

viscosity 

density 

Subscripts: 

o free-stream conditions 

1 conditions at edge of boundary layer 

b base 

f friction 

p pressure 

APPARATUS AND PROCEDURE 

3 

The investigation was conducted in the Lewis 1- by I-foot variable 
Reynolds number tunnel, which is a continuous-flow, nonreturn-type tunnel 
having a test section Mach number of 3.12 +0 .03. Inlet pressures were 
varied from 7 to 50 pounds per square inch absolute, and a stagnation 
temperature of approximately 600 F was maintained throughout the inves
tigation. The entering air had a specific humidity of approximately 

2XlO-5 pounds of water per pound of dry air, which insured negligible 
condensation effects. 
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A schematic diagram with the pertinent dimensions of the pressure
distribution model used to obtain the boundary-layer data is given 
in figure 1. This model has a nose fineness rati~(l/d) of 6 
and an over-all fineness ratio of 12. The boundary-layer data for 
zero angle of attack were obtained by probing the side (e = 900 ) of 
the body at six axial stations ex = 4) 7). 11.8) 14) 17) and 21 i~.) 
with the probe illustrated in figure 2. The force model was the same 
as the pressure-distribution model except that it was fabricated from 
aluminum instead of steel. A three-component strain-gage balance) which 
was attached to a sting-strut combination) supported the force model. 
Since the strain gage was mounted internally) no aerodynamic tare correc
tions were necessary. The maximum experimental errors in the force 
coefficients are believed to be as follows for the lowest and highest 
Reynolds numbers} respectively: 

Force Maximum probable 
coefficient error at 

Reynolds number) 
Re 

2X106 14X106 

CD ±O.Ol ±0.002 

CL ±.O2 ±.002 

~ ±.OO2 ±.OOl 

Both the pressure-distribution model and the force model were sup 
ported from their bases by a sting extending upstream from a horizontal 
strut mounted to the side wall of the tunnel (fig. 1). In order to 
obtain minimum interference with the base pressures at zero angle of 
attack) the sting was designed with the aid of the data presented in 
reference 4. The model was rotated about a point 4 inches upstream of 
its base for angle of attack. 

REDUCTION OF DATA AND METHODS OF COMPUTATION 

The boundary-layer-survey data were evaluated by the Rankine
Hugoniot equation with the assumption that the total temperature was 
constant in the flow field and that the static pressure was constant 
along lines normal to the body surface . With these assumptions) veloc 
ity profiles were calculated from the known Mach number profiles with 
the use of the following identity : 

u + y-l 2 
-ZMl 
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From the velocity profiles at the various axial stations, the boundary
layer-displacement and momentum thickne sses may be obtained from 

(2 ) 

5 

where y-l 2 
1 + -2- Ml 

and y is measured normal to the body surface. 

With the displacement and momentum thicknesses known, the mean skin
friction-drag coeffic i ents wer e then calculated by using the following 
equation: 

where s represents the distance measured along the body surface. Equa
tion (4) may be derived f r om the boundary-layer momentum equation for 
axially symmetric flow with the assumption that the boundary-layer thick
ness 5 is very much less than the body radius (see, for example, 
ref. 5, pp. 19 and 20) . The second term of equation (4) may be neglected 
since it has been shown that the contribution of the pressure-gradient 
term to CD f is very small ( see ref. 6). , 

Theoretical force coefficients for the body at angle of attack were 
calculated by first obtaining the pressure distributions for the body 
by the hybrid theory of reference 3 and integrating these numerically 
to obtain the forces. The hybrid theory of reference 3 is founded on 
the assumption that the first -order theory of reference 7 yields an 
adequate cross-flow solution because of the smaller disturbances involved, 
but a second-order or more exact solution is needed for the axial flow. 
With the two solutions combined and with the exact isentropic pressure 
relation used, the pressure coefficient at any point is 

(5) 
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Vx __ 

U cos CL - <P sin CL cos e + <P2 cos CL l)x )x 

vr 
lJ = - sin CL cos e - <PI, r sin CL cos e + <P 2,r cos CL 

sin CL sin e + <PI e/r sin CL sin e , 
<P I = first - order perturbation potential for cross flow 

<P2 = second-order perturbation potential for axial flow 

First-order cross-flow terms were calculated by the method of refer
ence 7 and second-order terms were obtained by the method of reference 3, 
Theoretical force coefficients for the body at angle of attack were also 
calculated by adding the viscous cross - flow effect to the hybrid theory 
of reference 3 (see, for example) ref . 3). 

RESULTS AND DISCUSSION 

Pressure Distributions 

For completeness, the pressure distribution at zero angle of attack 
for Reynolds numbers of 2Xl06 , 8XI06 , and l4Xl06 obtained from refer
ence 2 are presented in figure 3 .1 Also given in figure 3 are the theo 
retical curves computed from the second- order theory of reference 3. 
Agreement between experiment and the second-order theory is very good 
for the Reynolds number range investigated. Figure 4 shows the variation 
of base -pressure coefficient with angle of attack for three Reynolds num
bers . Detailed pressure-distribution results for this cone - cylinder model 
at angle of attack and for a range of Reynolds numbers from 2Xl06 to 
l 4Xl06 may be found in reference 2 . 

IBecause of diffusion of atmospheric air through the flexible plastic 
tubing used in the manometer system (see ref. 2)) pressure distributions 
presented in reference 2 for the lowest Reynolds number of 2Xl06 were 
slightly in error. The measurements presented herein were repeated with 
new model instrumentation and with the diffusion of air into the manometer 
system practically eliminated . 

" 
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Boundary Layer 

For an experimental correlation of the component drag forces which 
make up the total drag of the model at zero angle of attack, the move
ment of transition and total friction-drag coefficients were determined 
for a range of Reynolds numbers. 

7 

The movement of transition was determined with the aid of the 
schlieren system by taking many microsecond schlieren pictures at the 
same condition and by averaging the top (8 = 1800 ) and bottom (8 = 00 ) 

location of the beginning of transition. Figure 5ea) shows the variation 
of the beginning of transition with free-stream Reynolds number. This 
curve is very similar to that presented in reference 1 except that it is 
displaced slightly towards the tip of the model. Figure Seb) illustrates 
the behavior of the tranSition Reynolds number with inlet pressure. 
Originally this behavior had been attributed to a change in turbulence 
level or a change in tunnel wall boundary-layer development; however, 
recently the Naval Ordnance laboratory has obtained similar data in 
their Pressurized Ballistics Range (ref. 8). Since the turbulence level 
is small and there is no tunnel boundary layer in this facility, the 
change in transition Reynolds number with inlet pressure cannot be 
attributed solely to either of these factors. 

The experimental skin-friction-drag coefficients for the six axial 
stations probed are presented in figure 6 for the range of Reynolds num
bers investigated. A comparison of the experimental skin-friction coef
ficients with the theoretical coefficients obtained from the two
dimensional boundary-layer theories and with those obtained from the 
transformation presented in reference 9 is also given in figure 5. The 
basic two-dimensional boundary-layer theories used to make the calcula
tions were the Chapman and Rubesin theory for laminar flows (ref. 10), 
the extended Frankl and Voishel theory (ref. 11), and the Van Driest 
theory for turbulent flows (ref. 12). All the above-mentioned theories 
as used are for flat plates with zero pressure gradients and zero heat 
transfer. Mangler's derivation (ref. 8) transforms laminar skin-friction 
coefficients for two-dimensional bodies to those for bodies of revolution 
with analogous pressure distributions. Since it is shown in reference 6 
that the pressure -gradient contribution to the mean skin-friction coef
ficient is small, the conical transformation is used for comparison; 
that is, 

2 
CD,f = wf3 CD,f(flat plate) (8) 

The transition data presented in figure 5(a) indicate that the total 
skin-friction coefficients for the first axial station at each of the 
free-stream Reynolds numbers investigated should be laminar; yet the 
three coefficients do not agree with theory. These discrepancies might 
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be attributed to either (1) errors in measured skin-friction coefficients 
due to the fact that the ratio of probe height to boundary-layer thick
ness is not small (ref. 13) or (2 ) the extreme sensitivity of the velocity 
profiles on cones to slight misalinements with respect to the stream 
direction (see, for example, ref. 14 ). The two points farthest downstream 
for a free - stream Reynolds number of 4Xl06 are lower than anticipated 
(fig. 6) in view of the fact that the transition data of figure 5(a) 
obtained at the top and bottom of the body indicate that these should be 
in the transition region or beyond. A possible explanation of this 
behavior may be that the trans i tion point on the side of the body (e ~ 900 ) 

where the boundary layer was probed does not coincide with the transition 
point obtained from the top and bottom surfaces of the body . The fact 
that the axial location of transition may vary around a cone - cylinder 
body of revolution is illustrated in reference 9, in which this distri 
but i on was obtained utilizing the luminescent lacquer technique . 

After passing through tranSition, the experimental skin- friction 
coefficients tend to approach a maximum and then decrease at a rate much 
greater than that predicted by either the theory of reference 11 or of 
reference 12. Except for the possibility of the t r ansition point moving 
with t ime, no reason for this behavior can be given; however, this same 
behavior pattern was noted in reference 1 for a body of revolution having 
a near-parabolic forebody and a cylindrical afterbody . In view of the 
preceding discussion, and since the turbulent boundary-layer theory has 
not been corrected either for the initial laminar boundary layer or for 
the difference between two-dimensional and axially symmetric flow, no 
definite conclusions can be made regarding the comparison between experi
mental and theoret ical turbulent skin-friction coefficients. The dis 
placement and momentum thicknesses from which the mean skin -friction 
coefficients presented in figure 6 were obtained are given in figure 7. 

Forces 

The experimental variation of total -drag coefficient with Reynolds 
number for zero angle of attack is presented in figure 8. The drag 
coefficient inc-reased with increasing Reynolds number until a Reynolds 
number of approximately 5 .0Xl06 was reached and then remained relatively 
constant. The contributions to the total -drag coefficient of fore 
pressure, base -pressure, and skin-friction-drag coefficients as measured 
on the pressure -distribution model are also presented. As seen, the 
summation of the drag components closely approximates the total measured 
by a strain- gage balance. A similar variation of total -drag coefficient 
with Reynol ds number is observed in reference 1. None of the variation 
of the total - drag coefficients with Reynolds number is due to a change in 
the fore -pressure -drag coefficient. 
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The effect of angle of attack on the total-drag coeffic~ent is given 
in figure 9 for three Reynolds numbers . For the lower angles of attack, 
the drag coefficient increased with increasing Reynolds number up to a 
Reynolds number of approximately 8Xl06 and then remained relatively con
stant. At angles of attack greater than 60 , the drag coefficient 
increased continuously with Reynolds number for the Reynolds number 
range investigated . 

In evaluating performance characteristics of supersonic missiles, 
the variation of total drag with angle of attack is quite important and, 
consequently, the variation of friction drag with angle of attack becomes 
significant since it can contribute as much as 50 percent to the total 
drag. Therefore, in order to give an insight into this behavior, the 
fore-pressure- and base-pressure-drag coefficients for a Reynolds number 
of 14xl06 have been subtracted from the total-drag coefficient to give 
the variation of skin-friction coefficient with angle of attack (fig. 10). 
This has been done for a Reynolds number of 14Xl06 since the higher 
Reynolds numbers are of more practical concern. It must be pointed out, 
however, that the variation of skin- friction coefficient with angle of 
attack is only qualitative since this calculation involved a numerical 
integration to obtain the fore-pressure-drag coefficient and, conse
quently, may be in error. Figure 10 does indicate, however) that the 
variation of the increment in skin friction due to angle of attack is 
small compared with the total-drag increment. 

Also presented in figure 10(a) is a comparison between the pressure
drag increment due to angle of attack and the theory of reference 3. This 
comparison shows that the theory of reference 3 is in good agreement with 
experiment up to an angle of attack of 60 ) but from 60 to gO the theory 
predicts values much too low. The lack of agreement at the high angles 
of attack appears to be due to effects not considered in the potential 
equation, namely) the viscous cross-flow effects. By adding the viscous 
cross-flow effects as suggested in reference 3 to the potential theory 
of reference 3, the increment in experimental fore-pressure drag due to 
angle of attack is predicted closely (fig. lOeb)). 

Experimental results showing the variation of lift coefficient with 
angle of attack are compared with the hybrid theory of reference 3 in 
figure 11. Agreement between experiment ~nd theory is fair up to a 30 

angle of attack, but the predictions of the theory for the higher angles 
of attack are quite low. Again, adding the viscous effect to the theory 
of reference 3 brings the theoretical lift variation into fair agree
ment with experiment. 

The experimental variation of the pitching-moment coefficient about 
the base of the model and the center of pressure are given in figures 12 
and 13, respectively . The trends of the experimental pitching moment and 
center of pressure with angle of attack are predicted by the theory of 
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reference 3 with the addition of the viscous cross-flow effect. The 
magnitude of the experimental values of the pitching moment and the 
center of pressure is, however, higher than would be predicted by theory. 
As in the case of the lift coefficient, the effect of Reynolds number is 
small . 

SUMMARY OF RESULTS 

The aerodynamic characteristics of a slender cone-cylinder body of 
revolution were investigated in the NACA Lewis 1- by l-foot variable 
Reynolds number tunnel at a Mach number of 3.12. The results may be 
summarized as follows: 

1. The total-drag coefficient for zero angle of attack increased 
with increasing Reynolds number until a Reynolds number of approximately 
5.0Xl06 was reached and then remained relatively constant. 

2. A breakdown of tge total measured drag into c-omponents for a 
Reynolds number of l4XlO and for angle of attack showed that the incre
ment in skin-friction-drag coefficient due to angle of attack was small 
compared with that of the total-drag coefficient. 

3. Experimentally measured drag and lift were in good agreement 
with Van Dykes' hybrid theory at small angles of attack. By adding the 
viscous cross-flow effect to the hybrid theory, much better agreement 
between experiment and theory was obtained for all angles of attack. 

4 . The trends of the experimental pitching moment and center of 
pressure with angle of attack are predicted by Van Dykes' hybrid theory 
with the addition of the viscous cross-flow effect; however, the magni 
tude of the experimental values was higher than the theory would predict. 

Lewis Flight Propulsion Laboratory 
National Advisory Commit tee for Aeronautics 

Cleveland, Ohio 
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(a ) Photograph of model installed i n Lewis 1- by I -f oot supersonic wind t unnel. 
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Figure 1 . - Mo de l used i n invest i gation. 
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Figure 2 . - Pr obe used to obtain boundar y- Layer data at zero angle of attack . 
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Figure 5. - Variation of boundary- layer transition with inlet pressure and free
stream Reynolds number. 
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Figure 11. - Variation of lift coefficient with angle of attack for 
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