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ABSTRACT 

This study provides a readily solvable correlating equation that 
accurately predicts the pressure distribution over the afterbodies of 
various blunt-nosed cylinders at hypersonic Mach numbers.   The corre- 
lating equation is developed from experimental pressure data on a 
cylinder with three nose shapes (hemisphere, flat-face, and rounded- 
shoulder flat-face) at free-stream Mach numbers of 6,  8, and 10.   For 
blunt-nosed cylinders with nose drag coefficients from 0. 89 to 1.72, 
the correlating equation is applicable over an extended experimental 
range of Mach number from 5.0 to 10. 2 for local pressures greater 
than free-stream pressure.   A good correlation is obtained with the 
method of characteristics solutions for Mach'numbers from 5 to 100 
formten nose diameters along the body, but the applicability of the 
correlating equation beyond the experimental limits has not been demon- 
strated. 
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NOMENCLATURE 

CD      Nose drag coefficient 

d       Cylinder diameter, in. 

K      Correlation constant, K = 0.053 

I Model length, in. 

M      Free-stream Mach number 

m       Exponent of correlating equation, see Eq. 8 

P       Model pressure, psia 

Ps      Model stagnation pressure, psia 

PSH     Model shoulder (tangent point) pressure, psia 

P^      Free-stream pressure, psia 

Re. (j   Free-stream Reynolds number based on cylinder diameter 

R       Correlating parameter, see Eq. 10 

s      Distance along model surface measured from model 

stagnation point, in. 

x       Distance along model axis measured from model stagnation 

point, in. 

x       Distance along cylinder surface measured from the nose- 

cylinder junction (tangent point), in. 

x1      Model axis translation coordinate, in., see Eq. 4 

Y      Ratio of specific heats 

Ax      Model axis shift, in., see Eq. 5 

IX 
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CHAPTER I 
INTRODUCTION 

The flow field around an aerodynamic vehicle in the hypersonic 

Mach number range is very complex. The designer is confronted with 

such problems as structural loading, stability, and extreme heating. 

Since the heating is most severe at the nose and present day cooling 

techniques preclude the use of a sharp nose, blunt-nosed bodies are 

normally used. For such bodies a knowledge of the subsonic, tran- 

sonic and supersonic regions of the flow field is required to com- 

pletely investigate the flow characteristics. Being able to make a 

reasonable prediction of the pressure distribution around the vehicle 

in these flow regimes is of fundamental importance in understanding 

the problems of the design. 

Many methods have been documented for predicting surface 

pressures at hypersonic Mach numbers. Some of these methods require 

electronic computers while others require simple hand calculations. 

Considerable effort has been directed toward obtaining solutions of 

the subsonic and transonic flow field of a blunt body. The following 

represents some of the major contributions in these two flow regimes: 

inverse method suggested by Van Dyke (1,2) , modified Newtonian- 

1Numbers in parentheses refer to similarly numbered references 
in bibliography. 
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Prandtl-Meyer theory of Lees and Kubota (3), Belotserkovskii's method 

as applied by Gold and Holt (.4),  and the method of Vinckur (5). The 

methods of Belotserkovskii and Vinokur have had some success for very 

blunt bodies such as flat-face cylinders. 

The commonly used method of characteristics has proven to be 

very successful in the study of supersonic flow but is sometimes 

hampered by the lack of supersonic "starting conditions" or the 

availability of an electronic computer. This summary is restricted to 

cylindrical bodies of revolution at zero angle of incidence, so that 

cylinder surface pressures may also be predicted by incorporating the 

basic equations of blast analogy and small disturbance theory as pre- 

sented by Lukasiewicz (6) and a modified blast analogy documented by 

Love (7). However, no one method of solution appears to adequately 

predict the surface pressures over the cylinder for different nose 

shapes and hypersonic Mach numbers. This result then dictated the 

origin of the work that is presented. 

The purpose of this thesis is to provide a readily solvable 

correlating equation that will accurately predict the pressure dis- 

tribution over various blunted cylindrical afterbodies at hypersonic 

speeds. The correlating equation is developed from experimental 

pressure data on a cylinder with three nose shapes' (hemisphere, flat- 

face, and rounded-shoulder flat-face) at free-stream Mach numbers of 

6, 8, and 10. 
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CHAPTER II 
APPARATUS 

I. WIND TUNNELS 

The experimental data reported herein for correlating purposes 

were obtained in two of the VKF hypersonic wind tunnels: 

1. Pas Dynamic Wind Tunnel, Hypersonic (B). 

2. Gas Dynamic Wind Tunnel, Hypersonic (C)„ 

These" experimental data were obtained by Matthews (8), and a brief 

description of the data acquisition and procedures is presentedc 

Hypersonic tunnels B and C are continuous, closed circuit, 

variable density wind tunnels with axisymmetric contoured nozzles and 

50-in.-diani. test sections. These wind tunnels use air as a test gas„ 

Tunnel B operates at nominal Mach numbers of 6 and 8 at reservoir 

pressures from 20 to 280 psia and from 50 to 900 psia, respectively, 

at stagnation temperatures up to 1350°R. Tunnel C operates at a 

nominal Mach number of 10 at reservoir conditions from 200 to 2000 

psia and up to 1900°R„ The above operating conditions result in 

free-stream unit Reynolds numbers from 0.30 x 10° to 5.00 x 10° per 

foot in Tunnel C.  Tunnel B and its associated equipment are shown 

in Figure 1„ Details of Tunnel C are similar to those of Tunnel B, 

By utilizing the test section tank and safety doors the model may be 

injected into the tunnels for a test run and then retracted for model 
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Screen Section-7 Nozzle Section —J Test Section 
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Windows for 
Shadowgraph /Schlieren 
Photography 

b.   Tunnel Test Section 

Fig. 1   Tunnel B 

Model Injection and 
Pitch Mechanism 
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cooling or model changes without interrupting the tunnel flow. 

Additional information pertaining to these tunnels may be found in 

References 9 through 11. 

II. MODELS, INSTRUMENTATION, AND PRECISION 

A description of the model geometry and basic model dimensions 

is shown in Figure 2. The experimental model was a circular cylinder 

approximately 36 inches long with interchangeable nose configurations. 

The three nose configurations used to develop the correlation were 

the. hemisphere, flat-face, and rounded-shoulder flat-face. Model sur- 

face' pressures were measured in Tunnel B with 15-psid transducers 

and in Tunnel C with 1- and 15-psid transducers, switched in and out 

of the system automatically to allow measuring to the best precision. 

Prom repeated calibrations, the estimated Tunnel B pressure measure- 

2 
ment precision was *0.003 psia.  The estimated Tunnel C measurement 

precision was ±0.001 psia for pressures less than 1 psia and *0.008 

psia for pressures greater than 1 psia. Additional information per- 

taining to the instrumentation system of Tunnels B and C may be found 

in References 10 and 11. 

*The abbreviation psid denotes pounds per square inch differ- 

ential . 

2The abbreviation psia denotes pounds per square inch absolute. 
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CHAPTER III 
TEST CONDITIONS AND PROCEDURES 

The test conditions of all experimental data reported herein 

are summarized in Table I. 

Free-stream pitot pressure distributions obtained from tunnel 

calibrations were used to determine the tunnel axial location at 

which to position the model. In addition, the symmetry of the model 

pressure data was usually checked by obtaining data on both the upper 

and lower model surfaces. The pressure data presented are non- 

dimensional ized by the model stagnation point value (Ps).  Pressure 

drag coefficients (CD) of the correlating data were obtained by 

integrating the pressure data around the nose of the body. 

The free-stream conditions were calculated by assuming an 

isentropic expansion from the stilling chamber to the test section. 

The ideal gas relationships of Reference 12 were used for Tunnel B 

(M^ ■ 6 and 8), and to correct for real gas effects, the Beattie- 

Bridgeman equation of state and the procedures of Reference 13 were 

used for Tunnel C (M = 10). 
09 



Model 

Hemisphere 
Cylinder 

CO 

Rlat-Face 
Cylinder 

Rounded-Shoulder 
Flat-Face Cylinder 

TABLE I 

SUMMARY OF TEST CONDITIONS AND DATA SOURCES 

d, in. M, 'oo Re^xlO ,-6 Test Gas Source Reference 

> 
m 
O 
n • 
H 
TO 
i 

5.8 
5.8 

8 
0 
0 
8 

0 
75 

5.8 
5.8 
5.8 

5.8 
5.8 
5.8 

6 
8 

10 
5 19.2 
U8.9 

4-8 

6.87 
7.7 
6.83 
9.6 

6 
8 

10 

6 
8 

10 

1.0-2.16 
0.57-1.11 
0.34-1.15 
= 0.032 
= 0.013 
1.28-2.96 

1.0 
0.13 

0.27 -0.36 
0.06-0.11 

0.97-2.12 
0.58-1.13 
0.34-1.16 

1.0-2.16 
0.58-1.13 
0.34-1.16 

0.89 
0.89* 
0.90 

0.91 
0.87-0. 

0.91+ 

0.91+ 

0.91+ 

0.91+ 

1.68* 
1.70* 
1.72* 

1.33* 
1.35 
1.37 

90* 

Air 
Air 
Air 

Nitrogen 
Nitrogen 

Air 

Air 
Air 
Air 
Air 

Air 
Air 
Air 

Air 
Air 
Air 

Matthews, AEDC-VKF(B) 
Matthews, AEDC-VKF(B) 
Matthews, AEOC-VKF(C) 
Matthews, AEDC-VKF(F) 
Matthews, AEDC-VKF(H) 
Baer, AEDC-VKF 

Crawford and McCauley, Langley 11-in. 
Lees and Kubota, Galcit Tunnel 
Bertram and Henderson, Langley 11-in. 
Bertram and Henderson, Langley 11-in. 

Matthews, AEDC-VKF(B) 
Matthews, AEDC-VKF(B) 
Matthews, AEDC-VKF(C) 

Matthews, AEDC-VKF(B) 
Matthews, AEDC-VKF(B) 
Matthews, AEDC-VKF(C) 

30 

32 
3 

31 
31 

Sphere-Cone-Arc 
Cylinder 

Cut-Sphere 
Cylinder 

4.0 8.08 0.5-1.0 0.5„            Air Gray, AEDC-VKF(B) 
4.0 «19.3 =0.076 0.5„ Nitrogen Gray, AEDC-VKF(H) 
6.27 =17.9 =0.38 0.5 Nitrogen Edenfield, AEDC-VKF(F) 

5.8 8 0.47-1.74 1.51*           Air Matthews, AEDC-VKF(B) 

28 
28 
29 

33 

® 
Integrated Pressure Drag 
Integrated Pressure Drag from M^ 19.2 Data 

B  Integrated Pressure Drag from Mm=  8.08 Data 
Integrated Pressure Drag (see Figure 22) 
Modified Newtonian 
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CHAPTER IV 
THEORIES FOR PREDICTING CYLINDER PRESSURES 

Several theories are investigated to determine if the results 

are in good agreement with all the experimental surface pressures of 

the blunt, stream aligned cylinders considered herein. The theories 

considered are blast analogy by Lukasiewicz (6), modified blast 

analogy by Love (7), and characteristics theory as applied by Van 

Hise (14) for sharp-nosed bodies and by Inouye, Rakich, and Lomax 

(15) for spherically blunt bodies. These methods are briefly dis- 

cussed before the results are compared with experiment. The theories 

used herein are based on a ratio of specific heats of 1.4 and nominal 

free-stream Mach numbers unless otherwise noted. 

I. BLAST ANALOGY 

Approximate solutions based on blast analogy have been a common 

approach to the study of hypersonic flows by many workers. Taylor's 

original solution (16) (first approximation) of a spherical blast was 
t 

extended by Lin (17) to the case of a cylindrical blast. At approx- 

imately the same time, Sakurai (18,19) published first and second 

approximation solutions of plane, cylindrical, and spherical blasts. 
1, r 

Lukasiewicz (6) then derived approximate solutions for predicting the 

pressure distributions and shock shapes for two-dimensional and axi- 

symmetric flow and compared the results with theoretical calculations 
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and experimental results. The basic premise of blast analogy is that 

a sudden, concentrated energy addition to the flow by a blunt-nosed 

body at hypersonic speeds may be regarded as analogous to an explosive 

release of energy. By utilizing this analogy and hypersonic small 

disturbance theory, Lukasiewicz (6) developed a second approximation 

equation for the pressure distribution which is 

M 2 rn0.5 
P/P„. = 0.067 "»x^

D  + 0.44. (1) 

For the work reported herein the blast analogy is presented in terms 

of P/Ps by multiplying Equation 1 by P^/Pg at the appropriate free- 

stream Mach number. The deficiencies of blast analogy in predicting 

the pressure on cylindrical afterbodies are in the region of the nose- 

cylinder junction and far downstream (P/P < 1.0). As noted by 

Lukasiewicz (6), blast analogy should not apply in these two regions 

because the assumptions of the small disturbance theory are violated. 

Blast analogy results are compared with the basic experimental data 

of the hemisphere, flat-face, and rounded-shoulder flat-face cylinders 

reported herein. 

II. MODIFIED BLAST ANALOGY 

Many different attempts and suggestions have been made to modify 

the blast analogy theory to correct the previously mentioned problem 

areas. This thesis will refer to the work documented by Love (7) as 

"modified blast analogy". Love adopted the blast wave pressure decay 

10 
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laws (20) and matched the decay equations with the shoulder pressure 

(PSH) at the junction of the nose and cylinder (x, =0). To cope with 

the .downstream problem, the value of P/Ps at Xj/d = » was taken to be . 

Pa/P which agrees with characteristics solutions. Love notes that 

his method is intended primarily for rounded blunting but may be 

suited for other forms of bluntness. Love's equation is 

P/P. 
1 + 

PSH/p. 

(2) 

The pressure decreases from a known value of Pgn/ps towartI t^e free- 

stream static pressure ratio, P„/Pst  as the axial distance (xj) in- 

creases. 

An obvious drawback in applying Equation 2 is obtaining satis- 

factory values of the shoulder pressure ratio CPSH^PS^ ^or different 

geometry shapes and Mach numbers. Love (7) examined the hemisphere 

cylinder and suggested PSH/PS equal 0.045 for hypersonic Mach numbers, 

which is in agreement with most of the present experimental data and 

will be used in this thesis. Clark (21) developed an empirical 

equation from hemisphere cylinder data for predicting the shoulder 

pressure over a Mach number range of 2-19 at various Reynolds numbers 

which differs IS per cent at Mach 6 from Love's suggested value. 

Therefore, Clark's predicted value is difficult to use in Love's 

equation because the cylinder junction pressure is highly sensitive 

to Reynolds number. 

11 
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The application of Love's equation to a flat-face cylinder is 

not feasible, since the overexpanded pressure may vary by two orders 

of magnitude around the sharp corner. Therefore, since the shoulder 

pressure cannot be predicted, Love's equation is not used for flat- 

face cylinder predictions« 

Although the rounded-shoulder flat-face cylinder is highly 

blunted, a well defined experimental shoulder pressure at the junction 

of the nose and cylinder does exist. From the present rounded- 

shoulder flat-face data a value of Ps^/P. = 0.045 is obtained for Mach 

numbers 6, 8, and 10 and is used in conjunction with Love's equation 

for afterbody pressure predictions. 

III. CHARACTERISTICS THEORY 

When using characteristics solution results to predict the 

pressure on any geometric body, supersonic "starting conditions" are 

required to initiate the calculation. The method of obtaining these 

starting conditions is usually dictated by the nose geometry of the 

body under consideration. Two specific cases are considered for the 

work reported herein, namely, a pointed nose cylinder and a spherical 

nose cylinder. 

For the first case, a pointed nose cylinder. Van Hise (14) 

obtained characteristics solutions for a large number of sharp nosed 

bodies over a wide range of Mach numbers and drag coefficients. Most 

of the nose configurations have a small, sharp, tangent cone for 

initiating the supersonic starting conditions. The calculations of 

12 
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Van Hise are included to study body shape, drag, and Mach number 

effects on the final correlating equation. Van Hise correlated his 

characteristics solutions with the blast wave correlation parameter, 

» P , and determined the following equation 
x/d 

M„2 Cn0-5 
P/P = 0.060 '——S  + 0.55. (3) 

Equation 3 will not be included for comparison, because the results 

are similar to the blast wave prediction of Equation 1 with the same 

previously mentioned deficiencies. 

The second case, a spherical nose cylinder, is any body with a 

spherical nose or a spherical nose with additional nose sections 

attached to a circular cylinder. Calculations of the subsonic and 

transonic flow around a blunt body may sometimes be obtained by the 

inverse method suggested by Van Dyke (1,2) and matched with the 

characteristics solution at some low supersonic Mach number. The 

blunt body calculations for the inverse method of Van Dyke are initi- 

ated by assuming a shock shape with given free-stream conditions and 

numerically integrating by a marching technique the flow equations 

from the shock to the body. An iteration is made on the shock shape 

until the body shape producing the assumed shock is determined. 

As noted by Vaglio-Laurin and Ferri (22), a basic weakness of 

the inverse method seems to be that shock shapes which are barely 

distinguishable from each other can lead to radically different body 

shapes. 

13 
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The inverse method of Van Dyke and characteristics theory will 

be referred to collectively in this thesis as the "method of charac- 

teristics". The calculations were performed on an electronic com- 

puter with a computer program similar to the one of Inouye, Rakich, 

and Lomax (15). 

14 
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CHAPTER V 
RESULTS AND DISCUSSION 

This chapter contains the need and procedure of the present 

correlation and compares the correlation over a wide range of Mach 

numbers and nose drag coefficients with additional available exper- 

imental data and characteristics theory. 

Afterbody pressure distributions of hemisphere, flat-face, and 

rounded-shoulder flat-face cylinders are correlated for nominal free- 

stream Mach numbers of 6, 8, and 10. It should be noted here that 

all the data used for the correlation are at a very high free-stream 

Reynolds number, 0.34 - Re» d x 10"
6 * 2.16, where viscous effects are 

shown to be negligible. 

I. NEED FOR AN EXPERIMENTAL CORRELATING EQUATION 

The need of a readily solvable equation to predict the after- 

body pressure distribution on blunt cylinders at hypersonic Mach num- 

bers will be demonstrated. This will be done by comparing the results 

of blast analogy, modified blast analogy, and characteristics theory 

with experimental pressure data on hemisphere, flat-face, and rounded- 

shoulder flat-face cylinders. 

Hemisphere cylinder. If one has an electronic computer and a 

computer program such as that presented in Reference 15, the results 

obtained from a characteristics solution are in good agreement with 

15 



AEDC-TR-68-82 

the hemisphere cylinder pressure distribution at Mach numbers 6, 8, 

and 10 as illustrated in Figures 3 through 5. This procedure has not 

been proven for other blunt-nosed cylinders with nose drag coeffi- 

cients greater than 0.9. 

The results of blast analogy (Equation 1) and modified blast 

analogy (Equation 2) are also compared with the hemisphere cylinder 

data. Note the obvious inadequate regions of the blast analogy as 

previously mentioned in Chapter IV. For s/d < 3.0 and far downstream 

(P/P,, <  1.0) the blast analogy is in poor agreement since the small 

disturbance theory assumptions are violated as pointed out by 

Lukasiewicz (6). 

The results of Love's modified blast analogy (Equation 2), 

empirically matched at the shoulder and far downstream are as much as 

25 per cent below the hemisphere cylinder data in some regions 

(Figure 5, page 19, s/d % 4.0). According to Love (7), the hemisphere 

cylinder should be the best suited geometry for Equation 2. Figure 

3 at Mach number 6 illustrates how critical the choice of PSH^S *s 

when applying Equation 2. Two shoulder pressure ratios are assumed, 

namely, Love's value of 0.045 and Clark's value of 0.053. Although 

Clark's value of 0.053 will give better agreement with the measured 

cylinder pressures, it is 7 per cent higher than the present exper- 

imental shoulder pressure ratio. Also presented, as with all the 

experimental data reported herein, are free-stream static pressure 

ratios (P/PM) at each Mach number, determined from the normal shock 

relations of Reference 12. These ratios represent another reference 

16 
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level for the experimental pressures presented. 

Flat-face cylinder. The flat-face cylinder experimental data 

at Mach numbers 6, 8, and 10 are presented in Figures 6 through 8. 

Only blast analogy results are compared here, since it is difficult 

to apply another theory to this type of geometry (see discussion in 

Chapter IV). 

As previously mentioned, the overexpansion of the pressure 

around the sharp corner prevents one from determining an appropriate 

shoulder pressure ratio (PSH/PS) *n applying Love's equation. 

Ninety-five per cent of the data is within *10 per cent of the 

blast analogy results for s/d greater than 2.5. Observed again is 

the poor agreement in the nose region similar to the results of the 

hemisphere cylinder comparison. 

Rounded-shoulder flat-face cylinder. The results of Equation 

1 (blast analogy) and Equation 2 (modified blast analogy) are com- 

pared with the rounded-shoulder flat-face cylinder pressure data and 

are shown in Figures 9 through 11, pages 24 through 26. Again 95 

per cent of the data for s/d greater than 2.5 is within ±10 per cent 

of the blast analogy results. For s/d less than 2.5 the blast analogy 

results compare poorly as the previously presented configurations 

(hemisphere and flat-face cylinders). 

Even though a well defined shoulder pressure ratio exists« it 

exists in an overexpanded pressure region for Mach numbers 6, 8, and 

10. Consequently, Love's prediction (Equation 2) underpredicts the 

pressure level as much as 45 per cent while the experimental pressure 
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increases immediately downstream of the tangent point. When applying 

the modified blast analogy, the selection of the shoulder pressure 

ratio (PSH/PS) again appears not to be the ideal pressure ratio to 

use for the best agreement with experiment. 

The comparisons indicate that the characteristics solution 

results are in good agreement with hemisphere cylinder data; however, 

a proven method of obtaining starting conditions to generate a 

characteristics solution for the flat-face and rounded-shoulder flat- 

face cylinder is not known at the present time. Blast analogy results 

(Equation 1) compare favorably with all three models presented but 

only over a limited range (s/d > 2.5 and P/P^ > 1.0). The results of 

modified blast analogy (Equation 2), incorporating the pressure decay 

laws of Reference 20, indicate similar decay characteristics as the 

experimental data; however, extreme difficulty was encountered in 

selecting a shoulder pressure ratio that would predict the cylinder 

pressures. 

In conclusion, a need has been shown for a readily solvable 

equation to predict the pressure distribution on blunt-nosed cylin- 

drical afterbodies at hypersonic Mach numbers. 

II. PROCEDURE FOR OBTAINING THE CORRELATING EQUATION 

To simplify the procedure, the afterbody pressure data at each 

nominal Mach number at different Reynolds numbers have been averaged 

and are given in Figures 12 through 14. As previously mentioned, the 

high Reynolds number data presented in Figures 3 through 11, pages 17 
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through 26, show no significant decrease in pressure by increasing the 

Reynolds number; therefore, viscous effects are considered negligible. 

However, viscous effects are discernible in the overexpanded regions 

of the flat-face and rounded-shoulder flat-face cylinder. For obvious 

reasons, these overexpanded regions are not considered for correlation 

purposes. 

For a constant Mach number over the approximate same Reynolds 

number range, the obvious differences in the three bodies considered 

are the nose geometry and nose pressure drag. By assuming that blunt 

nose shapes do not influence the afterbody pressure, the nose drag 

coefficient (CD) should be the parameter to correlate the pressure 

distributions at each Mach number. From the work of various authors, 

an insight for correlating these afterbody pressures with nose drag 

is obtained. Casaccio (23) in 1958 noted that a shift or axial 

translation upstream of the nose would improve the agreement of a 

Mn = 20 hemisphere cylinder characteristics solution with blast 

analogy results. Vaglio-Laurin and Trella (24) suggested an upstream 

shift of one nose diameter from the nose apex for better agreement 

with blast analogy. The theoretical pressure data of Van Hise (14) 

and various experimental hemisphere cylinder data were correlated by 

Lukasiewicz (25) with Equation 1 by shifting the origin upstream 

one diameter for all nose shapes considered. Lukasiewicz's results 

were in good agreement with the Van Hise calculations but under- 

predicted the experimental pressure data. Lukasiewicz (25) also 
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demonstrated that the shift or displacement required to correlate 

shock shapes of blunt-nosed cylinders with blast analogy is a linear 

function of the drag coefficient only. Since the magnitude of such a 

shift cannot at present be determined theoretically, Kuehn (26) 

suggested the proper amount to shift the origin can be determined 

only by examining many cases. The present experimental data of three 

nose shapes and three Mach numbers afforded an opportunity to deter- 

mine the axial shift required for correlating these data. 

Since the drag coefficient of the flat-face cylinder may be 

considered as an upper limit« the flat-face cylinder is an obvious 

selection as the reference nose geometry for zero shift, At a con- 

stant Mach number, for example M = 6, the origin of the flat-face 

cylinder data (Figure 13a, page 29) is held stationary and the 

hemisphere cylinder data of Figure 12a, page 28, are translated 

along the same axial coordinate until the pressure distributions 

of the two bodies coincide. The same procedure is then followed for 

the rounded-shoulder flat-face cylinder. The translation required 

to match the pressure distribution for each case is then the axial 

shift (Ax/d) or origin displacement needed to correlate the cylinder 

data at M„ ■ 6. The same method is then used at M^ = 8 and 10, 

The results of the above mentioned shifting procedure are 

given in Figures 15 through 17. Only values of x/d - 0.5 are shifted 

due to the overexpanded region of the flat-face and rounded-shoulder 

flat-face cylinder and since x/d = 0.5 represents the tangent point 

of the hemisphere cylinder. Each figure illustrates the shift 
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required for the three geometry configurations considered at MM * 6, 8, 

and 10, respectively. 

The translated parameter is then written as follows: 

x'/d = x/d ♦ Ax/d, (4) 

where x is measured along the model axis from the stagnation point and 

Ax is the upstream axial shift measured from the stagnation point. 

Since the nose drag is essentially constant for a particular nose 

shape for the M^ » 6, 8, and 10 data presented herein and the shift 

is assumed a function of the drag coefficient (CD) only, the axial 

shift is assumed independent of Mach number for Mach numbers equal to 

and greater than 6. Cox and Crabtree (27) present sphere and cone 

cylinder drag data that are independent of Mach number for Mw • 5.0. 

Mach number independence on blunt nose bodies has been discussed by 

several authors (see Reference 27, for example) and is referred to 

as the "independence principle". 

As mentioned above, the nondimensionalized axial shift (Ax/d) 

is assumed to be a function of the nose drag coefficient. The axial 

shift results are given as a function of the drag coefficient in 

Figure 18. An approximate representation is 

Ax/d - - 1.08 CD ♦ 1.836. (5) 

As pointed out above the nose drag coefficient for the bodies con- 

sidered herein is considered to be independent of Mach number, con- 

sequently, the drag values in Figure 18 are average values for each 
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cylinder nose. 

With the different body pressures in good agreement at each 

Mach number (Figures 15 through 17, pages 33 through 35) and the axial 

shift equation determined (Equation 5), the next task is arriving at a 

Mach number dependence relation to completely correlate the data. 

Figure 19 illustrates the good correlation obtained by plotting the 

translated afterbody pressure data of Figures 15 through 17 on log- 

log coordinates. Pressure data are presented only for P/P^, - 1.0. 

A straight line correlates the data with good accuracy at all three 

Mach numbers. The pressure of the flat-face and rounded-shoulder 

flat-face cylinder apparently remains overexpanded until x'/d is 

approximately equal to 1.37. The hemisphere cylinder data at x'/d - 

1.4 (the highly sensitive tangent point) are approximately 12 per 

cent high but in excellent agreement immediately downstream. Note 

in Figure 19a the apparent increase in the pressure as x'/d = 5 is 

approached (P/P«, = 1.0 when P/Ps = 0.0214 at M^, = 6).  As mentioned 

above, pressure data are not presented here for P/P^ less than 1,0 

since the decay rate of the pressure distribution changes and the 

correlating equation becomes more involved. The character of the 

pressure decay will be discussed in more detail later in this chapter. 

The pressure distribution is then correlated by an equation of 

the form 

P/P. = K(xVd)m . (6) 

38 



00 
CO 

P/Pc 

Sym. Cylinder Nose 
D       Flat-Face 
A       Rounded-Shoulder Flat-Face 
°       Hemisphere 

(See Figures 15, 16, and 17) 

x'/d=x/d+Ax/d(Eq. 4) 

b.  M^-8 

2       3     4    5 678 

x'/d 
C.  MJJO-IO 

Fig. 19   Correlation of Translated Afterbody Pressure Distributions at Mach Numbers 6, 8, and 10 
> 
m 
o 
n 

o- 
OS 
I 

CD 
M 



AEDC-TR-68-82 

At x'/d of 1.0, the value of K equals 0.053 at M^ = 6, 8, and 10. The 

fact that K has the same value for all three Mach numbers is felt to 

be fortuitous and not necessarily indicative of the K value at other 

Mach numbers. The parameter (K) will be discussed further in this 

chapter. By combining Equations 4 and 5 with Equation 6, the result- 

ing expression may be written 

P/Ps » 0.053 [x/d - 1.08 CD + 1.836]
m. (7) 

The exponent (m) of Equation 7 is shown versus 1/M in Figure 

20. The resulting linear relation obtained for determining the 

exponent Cm) is as follows; 

m = 3.51 (1/MJ - 1.139. (8) 

Substituting Equation 8 into Equation 7 the final correlating equa- 

tion is 

P/Ps = 0.053 [x/d - 1,08 CD ♦ 1.836]3"51 (1/M.)-1.139 m ^ 

III. COMPARISONS OF VARIOUS DATA WITH THE CORRELATING EQUATION 

Comparisons of the correlating equation results with experi- 

mental and theoretical data are presented to establish the agreement 

with other data and to investigate the limits of applicability of the 

correlation. A simplifying parameter, I", is defined as 
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IT- [x/d - 1.08 CD + i.836]3.51(l/M»)-1.139 % (10) 
i 

so that Equation 9 may now be written as 

P/Ps « 0.053 R. (11) 

The final correlating equation (Equation 11) is compared with 

the experimental correlating data in Figure 21, Once the pressure 

continues to decrease aft of the cylinder junction (1/R £ 1.3), an 

excellent correlation is evident. The increase in the pressure at 

1/R % 2.5 is the Mw « 6 data that is approaching P/P«, = 1.0 and should 

not be expected to correlate. Excluding the far downstream M = 6 

data (2.3 - 1/R - 2.7), 95 per cent of the data are within *5 per cent 

for the 1/R range from 1.3 to 4.8. 

Additional data from various aerodynamic testing facilities are 

compared with Equation 11 in Figure 22, page 44 (note the x/d range 

presented). Unfortunately, in this case, the majority of available 

experimental models have a hemisphere nose resulting in a limited 

range of drag coefficients for comparison. However, many interesting 

observations are still presented. For the moment, excluding the 

sphere-cone-arc cylinder data (CQ » 0.5) of Pray (28) and Edenfield 

i 

(29), an excellent correlation is obtained with the hemisphere and 

cut-sphere cylinder data for 1.3 - 1/R - 6.0. The 1/R* value of 1.3 

as previously discussed is again taken as a minimum limit. Although 

The M,,, - 4 data of Baer (30) is for 1/R* less than 1.3, the disagree- 

ment with the correlation is felt to be because of the parameter (K). 
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.JS   ,.rii   , «,,.      , „il3.51U«l(DH.D9 1/R-1/[x/d-1.08 CD+1.836] w 

Fig. 22   Correlation of Additional Experimental Data 
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As previously discussed, page 40, a constant value of K (K = 0.053) was 

obtained from the experimental data at Mach numbers 6, 8, and 10. Then 

for a Mach number less than 5, these data indicate that K should be 

larger. This conclusion is verified later with characteristics solu- 

tions' at various Mach numbers.  Therefore, for 5 - M,,, - 19.2, 

0.89 * CD S 1.51, and 1.3 S 1/R - 6.0, 95 per cent of these additional 

data are within *10 per cent of the correlating equation. The 

majority of these data are presented either from the cylinder junction 

or immediately downstream. The low drag data (CD = 0.5) of the 

sphere-cone-arc cylinder are presented to illustrate an apparent 

deficiency of the correlation. The axial shift (Ax/d) being a linear 

function of the drag apparently is not valid for a nose drag coef- 

ficient of 0.5. The axial shift relation (Equation 5) predicts a 

shift of 1.29 for the CD « 0.5 results which is not satisfactory for 

correlating the pressure data. An axial shift, Ax/d, of approxi- 

mately 3.0 is required for a good correlation with these data. The 

disagreement of Equation 11 with low drag (CD £ 0.5) pressure data 

will be further illustrated with characteristics solutions. 

To further investigate the limits of the correlating parameter 

(1/R), results from characteristics solutions, predominately for 

hemisphere cylinders, are presented in Figure 23. Since the corre- 

lation is limited to P/Pa  greater than 1.0, free-stream Mach numbers 

from 4 to 100 are presented to extend the value of 1/R" and to 

investigate the validity of using a linear function of m (Equation 
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Ref. (15). 
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*Sphere-Cone Cylinder 
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All CQ« 0.9 Solutions Are 
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I   hll I I 
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1/R - l/[x/d -1.08 CD + 1.836] 
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Fig. 23   Correlation of Method of Characteristics Solutions for Spherically 

Blunt Cylinders at Mach Numbers 4 to 100 
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8). Ninety-five per cent of the hemisphere cylinder solutions are 

within *10 per cent of Equation 10 for 1.3 S I/R" £ 15.0 and free- 

stream Mach numbers from 5 to 100. From these data it is concluded 

that the poor correlation for 1/R greater than 15 is because the 

M a 14 18, and 24 data extend to P/P = 1.0, and the decay char- 
00 w m OO 

acteristics for Mach numbers greater than 14 have changed. This 

will be discussed further with Figure 24. Note, the values of 

P/P » 1.0 are indicated with a solid symbol for each appropriate 

Mach number. These solutions for 1/R greater than 15 indicate the 

decay of the pressure distribution no longer varies linearly with 

x'/d for M^ > 14 as depicted in Figure 19, page 39. A linear varia- 

tion is evident, however, for all Mach numbers over a limited range 

(1.3 - 1/R 2 15.0). 

Also presented in Figure 23 are the results for three low drag 

bodies to substantiate the findings of the previously mentioned low 

drag experimental data of Figure 22, page 44, The M^ = 8 and 18 

(CQ ■ 0.5) method of characteristics solutions are for the experi- 

mental data of the sphere-cone-arc cylinder presented in Figure 22. 

Again, a total axial shift, fix/d, of approximately 3.0 is required 

for the CQ = 0.5 solutions to agree with Equation 11. Also included 

is a calculation for a sphere-cone cylinder (CQ = 0.437) at Mach 

number 20 showing that the lower drag body requires an axial shift 

even greater than 3.0 for good agreement. 

To further illustrate the previously mentioned difficulty of 

extending the range of the correlating parameter (1/R), characteristics 
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solutions at various Mach numbers are presented for hemisphere 

cylinders in Figure 24. First, note how the cylinder length (x/d) 

for P/Pg. - 1.0 varies with Mach number. The lower correlating pres- 

sure limit (P/P«, = 1-0) is obtained at M,,, = 4.0 when x/d % 1.8 and at 

M,; » 18 when x/d % 45. One can observe from the solutions presented 

that the decay characteristics are different at the higher Mach num- 

bers for x/d values greater than approximately 12. Since a larger 
•J 
r 

x/d range is available at higher Mach numbers, the pressure gradient 

is more apt to change. 

Also note as P^ is approached, the pressure gradient rapidly 

decreases and the pressure subsequently overexpands and recompresses. 

This is the reason no attempt is made to correlate pressures less 

than P . 

Since m was determined from experimental data for x/d < 7.0 at 

Mach numbers 6, 8, and 10, data beyond these limits help to determine 

the validity of the expression for m. The equation derived for the 

exponent (m), Equation 8, was shown to be valid in the range of 1.3 - 

j/R - 15 for any Mach number in the range from 5 to 100. 

The study of two bodies of equal nose drag but different nose 
"i 

shapes has received the attention of many workers. Mueller, Close, 

and Henderson (34) modified a hemispherical nose with a 90 degree 

conical tip so that the nose drag coefficient of the two models 

remained essentially constant. From this work it was found that the 

afterbody pressure distribution was essentially invariant with respect 
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to the two nose shapes. Additional studies by Witcofski and Henderson 

(35) found that for' two models with the same nose drag coefficients 

(0.2 - CD - 1.2) but different nose shapes, the pressure distribution 

was a function of nose drag only and independent of nose shape for 

x/d > 2.0. The characteristics solutions of Van Hise (14) for a group 

of pointed-nosed cylinders over a wide range of Mach numbers and nose 

drag coefficients are presented in Figure 25. These results are 

included to study nose shape independence, and to compare the results 

with the correlation, Equation 11. 

First, note that there are two pointed-nosed cylinders with the 

same nose drag as the cylinders previously used for correlating, 

namely, the hemisphere (CQ = 0.87) and rounded-shoulder flat-face 

(CQ « 1.37) cylinder. The pointed hemispherical nose (CD = 0.87) 

agrees with the correlating equation at all Mach numbers presented. 

The pressure data of the conical nose (CQ = 1.37) agree well with the 

correlating equation at M^, •> 10 but are 15 and 20 per cent high for 

M,, = 20 and 40, respectively. Again this is for a range of 1.3 - 

1/R - 15.0. The pressure data of the low drag ogival nose (CQ = 

0.47) indicate that a larger axial shift (&x/d % 2.5) is required just 

as the previously mentioned low drag data. 

These characteristics solutions of Van Hise (14) exhibit more 

scatter than the previous characteristics solutions of the hemisphere 

cylinder but represent a larger drag coefficient range (0.47 * CQ * 
I 

1.37). An overexpansion of the pressure distribution diminishes at 
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1/R £2.0 where 95 per cent of the data is observed to be within ±10 

per cent of the correlating equation for 2.0 * 1/R * 15.0, 0.79 - Cß 

5 1.37, and 6.9 * M«, * 40 except the Ma = 20 and 40 data for the 

CD = 1.37 solutions. The reasons of disagreement beyond 1/R > 15.0 

as previously discussed with the characteristics solutions of Figure 

23, page 46, are still considered valid for these solutions. 

52 



AEDC-TR-68-82 

CHAPTER VI 
CONCLUDING REMARKS 

■ Afterbody pressure distributions over hemisphere, flat-face, 

and rounded-shoulder flat-face cylinders have been correlated at Mach 

numbers of 6, 8, and 10 for 0.34 * Re«, ^ x 10~6 * 2.16. The final 

correlating equation was compared with additional experimental data 

and results of characteristics solutions over a wide range of Mach 

numbers and nose drag coefficients. These comparisons provided a 

means of analyzing the correlation's validity and limitations. As a 

result of these comparisons and other considerations, the following 

conclusions are drawn: 

1. An equation (Equation 11) was developed that predicted 

the afterbody pressure distribution within ±10 per 

cent for 95 per cent of all available experimental 

data presented on blunt-nosed cylinders (C[) = 0.89 - 

1.72) for 5 ^ Mw 2 19.2 and 1.3 * i/R <  6.0. These 

data were ail correlated approximately from the nose- 

cylinder junction when appropriate. 

2. For CQ % 0.5, it was shown with experimental data and 

results of characteristics solutions for blunt and 

pointed noses that a larger axial shift (Ax/d) than 

predicted is required for good agreement. Therefore, 

the axial shift apparently was not a linear function of 
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the nose drag coefficient. 

3. For CD % 0.9, the hemisphere cylinder characteristics 

solutions presented indicate good agreement for all 

Mach numbers (5 - M«, - 100) for 1.3 * 1/R * 15.0. 

The disagreement for 1/R > 15.0 was attributed to the 

decay characteristics changing with x/d and the pres- 

sure approaching free-stream. 

4. The pressure distribution of the pointed-nosed cylinders 

indicated geometry shape independence for the range of 

nose drag coefficients correlated successfully 

(0.79 - CD - 1.37), although there was some disagreement 

with the correlating results for the high Mach number 

(M - 20) and high drag coefficient (CD = 1.37) solutions. 

The solutions of Van Hise essentially agreed with the 

hemisphere cylinder results by the method of character- 

istics for the same Mach number and 1/R range considered. 

5. For blunt-nosed cylinders (CD = 0.89 - 1.72), the correlating 

equation (Equation 11) is considered applicable over the 

experimental range of Mach number from 5.0 to 19.2 and the 

correlating parameter (1/R) from 1.3 to 6.0. Although a 

good correlation is obtained with the method of character- 

istics solutions over an extended range of Mach number 

and 1/R, the applicability of the correlating equation ■; 

beyond the experimental limits has not been demonstrated. 
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