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TABLE OF SYMBOLS 

COMPUTER LISTING SYMBOLS 

ETA 

VR 

VN 

V 

THETA 

P 

RHO 

MU 

independent variable, ray angle measured from x-axis, de¬ 
grees 

V, /Wœ, non-dimensional velocity component along ray 

Vt/W , non-dimensional velocity component normal to ray 

Vvr3 + vt3 V VR3 + VNa , non-dimensional resultant 
velocity 

flow angle measured from x-axis, radians 

non-dimensional pressure, p/p^ 

non-dimensional density, p/p 

tan -i , Mach angle in radians 
vM3-! 

temperature, degrees Kelvin (K) 

GENERAL SYMBOLS 

a local velocity of sound, fps 

H geometric altitude, ft 

h enthalpy, ft2/sec2 

K 2 (stagnation enthalpy), ft2/sec2 

W M Mach number, — 
a 

p pressure, psf 

R gas constant, 1716 ft2/sec2R 

S entropy, ft2/sec3R 

S/R non-dimensional entropy 

T temperature, degrees Kelvin (K), or degress Rankine (R) 
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U 

V 

Vr 

Vt 

W 

X 

y 

y 

ç 

V 

ß 

P 

0 

velocity component in x direction, fps 

velocity component in y direction, fps 

velocity component along ray, fps 

velocity component normal to ray, fps 

resultant velocity, fps 

Cartesian coordinate along cone axis of symmetry 

Cartesian coordinate normal to cone axis of symmetry 
3 

isentropic exponent 
P 

7)s, shock angle measured from x-axis, radians 

ray angle measured from x-axis, radians 

tan-1 1 — , Mach angle in radians 

density, slug/ft3 

flow angle measured from x-axis, radians 

SUBSCRIPTS 

oo free stream 

8 immediately behind shock 

; at cone surface 



SUMMARY 

Part I of this report is an analysis of the inviscid flow fields for air 

in chemical equilibrium about right circular cones at zero yaw. Parts n 

and m present, in tabular form, the results of the calculation of real gas 

supersonic flow fields about right circular cones at zero angle of yaw 

upon which the correlation analysis in Part I is based. The calculations 

were performed by a numerical integration of the conical flow equations 

written in terms of a single geometric parameter, the ray angle 77; thus, 

the results are independent of body size. Flow properties are given along 

rays which are defined by 10 equal angular increments between the shock 

and cone surface. Numerical calculations were performed utilizing the 

Picatinny Arsenal IBM 709/90/94 Conical Flow Field Program. 

Results are obtained for cone semi-angles from 2.5° to 50°, altitudes 

from 0 to 200,000 ft, and Mach numbers from 3 to 40, excluding those 

which result in a detached shock or are well within the ideal gas regime. 



IRLSRi. AiJflMRÍ WÜST 

INTRODUCTION 

To evaluate real gas flow fields about bodies in hypersonic flight, an 

axisymmetric flow field computer program has been established at Picatinny 

Arsenal (Reference 7). This computation program is subdivided into sev¬ 

eral parts, one of which is the MSupersonic Flow Program. " One sub¬ 

routine of this program computes conical flow properties. 

With this subroutine available, it appeared desirable to prepare a 

set of cone tables for air in chemical equilibrium at zero angle of yaw. 

Accordingly, the conical flow subroutine was modified to permit the cal¬ 

culation of attached shock, real gas cone tables. These tables are pre¬ 

sented in this report. 



DISCUSSION 

(a) General 

The data contained in these tables constitute Parts II and HT of a 

three volume report on real gas, air in chemical equilibrium, flow about 

right circular cones at zero angle of attack. Parts II and III have been 

published first in order to make the real gas cone tables available as 

quickly as possible. Part I will consist of a more extensive flow field 

analysis and presentation of correlation graphs based on the data in 

Parts II and HI. 

These tables do not attempt to duplicate the several ideal gas cone 

tables available. They cover those ranges and combinations of Mach 

number, altitude, and cone angle which exhibit real gas effects while pro¬ 

viding sufficient overlap with the ideal gas regime to satisfy various cri¬ 

teria for the boundary of this regime. The tables were calculated using a 

modification of the conical flow subroutine of the Flow Field Program 

available at Picatinny Arsenal and described in Reference 7. The free- 

stream conditions at a given geometric altitude are those of the U. S. 

Standard Atmosphere, 1962, as given in Reference 10. The boundary 

altitudes of isothermal layers have been tabulated to eliminate interpola¬ 

ting across temperature discontinuités. 

The tables were printed directly from the computer print-out and 

are largely self-explanatory when used in conjunction with the Table of 

Symbols. The quantities labeled ’’entropy” are non-dimensional entropy, 

S/R. 

The conical flow program utilizes the actual value of y for the cal¬ 

culation of flow properties which depend upon y. However, only an aver¬ 

age value of y between the shock and the body is printed as output. This 

procedure was based on trial runs which showed that the variation in y 

between the shock and body was small with respect to the probable error 

in y (this error in y is discussed later in the report) and upon the shortage 

of space in the output format. It may be helpful to note that in the tables 

the Mach number was specified and the corresponding flight velocity cal¬ 

culated. Ambient density and pressure are input conditions, while am¬ 

bient temperature and ’’entropy” are calculated. The altitude is for ref- 
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erence only and does not enter the calculations. 

It is emphasized that the tabulated properties are independent of 

body size since the angle r? is the only geometric variable. 

Sufficient data is provided to initiate a method of characteristics 

solution to be extended downstream for nonconical afterbodies. 

(b) Solution of the Flow Problem 

Supersonic inviscid flow about right circular cones with an attached 

shock at zero angle of attack is an example of axisymmetric conical flow. 

As such, the flow properties are constant along conical surfaces origin¬ 

ating at the vertex of the cone body and making an angle rj with its axis of 

symmetry. Because of axial symmetry, only one plane need be considered 

The lines in which this plane intersects the conical surfaces are called 

Mrays" and are also identified by the angle 77. 

The solution to the flow field as rj varies from the shock to the body 

is obtained by matching the flow behind the shock to the isentropic conical 

flow field. The derivation of the basic conical flow equations in terms of 

the single geometric variable V from the general three-dimensional isen¬ 

tropic equations will not be given here. However, from Figure 1 and the 

material in Reference 5, the continuity and momentum equations may be 

expressed as 

2pvP sin T? + dri (pvt sin 77) = 0 

dvt , _ 1 dp 
Vt drj 

+ VP Vt 
dr? 

(la) 

(lb) 

d Vr 

dr? 
= Vt (lc) 

The numerical integration of the equations is performed using a 

modification of the conical flow subroutine in the Flow Field Program. It 

is accomplished by placing the differential equations into a standard dif¬ 

ference form based upon a Taylor series and iterating upon the shock 

8 



angle e until the boundary conditions are satisfied by the integrated solu¬ 

tion. The boundary conditions for the integration of the flow equations 

are provided by the iteration upon the jump conditions across a shock 

described in Reference 7, and vt = 0 at the body. 

The conical flow field is solved for air in chemical equilibrium. 

The program determines the thermodynamic properties of air either from 

the vibrational excitation analysis of Reference 7 or from the AEDC 

numerical fits to the properties of air in thermodynamic equilibrium of 

Reference 6, as appropriate. As indicated in Reference 6, the fits are 

generally good to within 1%, but for a few isolated points the maximum 

error may be as great as 3%. The tabulated parameters most affected 

are y and p (Mach angle), which have a usual variation of 2% and a maxi¬ 

mum of 6%. The greatest portion of this error is due to the value of a, 

the velocity of sound. The transition from the vibrational excitation 

analysis to the numerical fits of the thermodynamic properties of air 

results in noticeable discontinuities in y and This is especially true 

at altitudes above 100,000 feet since the transition then coincides with 

points of greater error in the fits. Thus, the reported values of y and ß 

are in greatest error in this region. As expected, the other flow pro¬ 

perties are much smoother and accurate during this transition. 

The flow properties are printed out at ten equal increments in 

(Vs - he ), including the shock and body points. 

9 



FIGURE 1 CONE CO-ORDINATE SYSTEM 
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APPENDIX A 

Computation Procedure 

1. General Approach 

The procedure is to guess the shock angle ¢, integrate through 

the conical flow field from this shock to the body at r? = tj, and test whether 

the boundary condition at the body, (vt)0 = 0, is satisfied. If not, e is ad¬ 

justed accordingly, and this iteration continues until the correct value of e 

is obtained. 

2. Numerical Integration 

Utilizing the isentropic conical flow condition. 

dp 
drj 

1 _dp_ 
2 dv 

(A-l) 

and substituting in eq. la, lb, and 1c, of the Discussion, we have 

2pvr sin i? + 4r vt sin r¡ + p sin tj 4^- + Pvt cos p = 0 (A-2a) 
a dî? drj 

and 

dvt 1 dp 
dv P dr? 

(A-2b) 

In order to obtain dp/drjand dvt/dr), eq. A-2a and A-2b are solved. 

Proceeding, 

dvt = a' 
dv vf - a2 

[2vr + Vt cot V 
Vr V? (A-3) 

14 



Hïmiwnjsjwui 

and 

= - PVt \-j-^—— 1 [vr + Vt cot T?] (A-4) 
dti L Vt - a 

Equations A-3 and A-4 are used in the finite difference forms 

of the Taylor series expansions, or 

Pn = Pn-l + G5-) AT> (A-5) V dT? "n — 1 

(Vt)n = (Vt)n-1 „ , ATJ (A_6) 
dr? ^-1 

(V,), • (V,).-, + (V.).-, ¿1 + i- ( jf) (i”)5 <A-7> 
C17J n " 1 

Iteration Procedure 

(°) To obtain an accurate initial estimate of the shock angle, e , 

a table look-up is performed on data extracted from ideal gas results 

of conical flow. The integration is then performed to yield [v£^]e- Then 

e^issettorjc + Íí—Lík!; the subsequent integration yields 
A • 

Eventually, using the Newton-Raphson technique, that value of e which 

corresponds to a value of [vt j = 0 is obtained. 

The numerical integration utilizes 100 steps from shock to 

cone surface. 

15 



Gas Properties 

During the final sweep, after converging upon the correct shock 

angle, c, the thermodynamic properties of the gas are evaluated at every 

tenth integration step. With the values of p and S/R known, the program 

either enters the AEDC numerical fits (Ref 7) or, if these properties lie 

outside the domain of the fits, vibrational excitation analysis is executed, 

see reference (7). In either case, the values of p, h, and a are cal¬ 

culated, and the remaining properties are found by the relations, 

y = —, W = V K - 2h, M = — 
P 1 a 

and 
-1 1 

ß = tan 
Vm2 - 1 

To obtain 6, use 6 = tan-1X 
u 

where, 



TABLE 1 

Flow Properties For Cone Angles From 2. 5° to 50° 
At Various Mach Numbers For An Altitude of Sea Level 
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TABLE 2 

Flow Properties For Cone Angles From 2.5° to 50° 
At Various Mach Numbers For an Altitude of 25,000 Feet. 
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TABLE 3 

Flow Properties For Cone Angles From 2. 5° to 50° 
At Various Mach Numbers For An Altitude of 36,100 Feet. 
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TABLE 4 

Flow Properties For Cone Angles From 2.5° to 50° 
At Various Mach Numbers For An Altitude of 65,900 Feet. 
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TABLE 5 

Flow Properties For Cone Angles From 2.5° to 50° 
At Various Mach Numbers For An Altitude of 80,000 Feet. 
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NOTE 

This tabulated data continues in Part ni of this report. Part III 

includes the following material: 

a. TABLE 6 - Flow Properties For Cone Angles From 2.5° to 

50° At Various Mach Numbers For An Altitude of 100,000 Feet. 

b. TABLE 7 - Flow Properties For Cone Angles From 2.5° to 

50° At Various Mach Numbers For An Altitude of 125,000 Feet. 

c. TABLE 8 - Flow Properties For Cone Angles From 2. 5° to 

50° At Various Mach Numbers For An Altitude of 155,500 Feet. 

d. TABLE 9 - Flow Properties For Cone Angles From 2.5° to 

50° At Various Mach Numbers For An Altitude of 172,500 Feet. 

e. TABLE 10 - Flow Properties For Cone Angles From 2. 5° to 

50° At Various Mach Numbers For An Altitude of 200,000 Feet. 
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