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NOMENCLATURE FOR SECTIONS A AND B:
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Velocity of sound, ft/s

Constants

Area, in?, ft?

Thermal accommodation coefficient (defined by Equation 257)
Measure of the eccentricity of the conic section, dimensionless
Constant of integration, dimensionless

Concentration, mol/g

Nose drag coefficient, dimensionless

Drag coefficient, dimensionless

Skin friction coefficient, dimensionless

Specific heat capacity of gas, Btu/lb-°R

Heat transfer coefficient, Ib/ft>-s

Lift coefficient, dimensionless

Specific heat capacity, constant pressure, Btu/lb-°R
Pressure coefficient, dimensionless

Specific heat capacity, constant volume, Btu/Ib-°R

Diameter, ft, in

Drag, Ib

Protuberance width or diameter, ft

Section thickness, ft

Arrhenius constant activation energy, Btu/lb-mole, Kcal/mole
Energy, Btu/ft’-s

Re-emitted energy of incident molecules, if they had a Maxwellian velocity

distribution, Btu/ft*-s

Incident energy, Btu/ft*-s

Reflected or re-emitted energy, Btu/ft’-s
Radiation intensity of shock layer, watts/cm?®
Defined in Figure 75

Centrifugal force, Ib

Gravitational constant at sea level (32.17), ft/s?
Specific weight (density), Ib/ft>

(NOTE: gp and pg are used interchangeably)
Altitude, ft

Heat transfer coefficient, Btu/ft*>-s-°R

Specific enthalpy, Btu/lb

Altitude ratio, dimensionless

Latent heat of melting, Btu/lb

Heat of gas formation, Btu/lb

Heat of cracking, Btu/lb

Specific enthalpy, Btu/lb

Orbit inclination angle, deg

Mechanical equivalent of heat, 778 ft-lb/Btu
Thermal conductivity, Btu-ft/ft>-h-°F, Btu-ft/ft>-s-°R
Reaction rate or collision frequency, 1/s

Hypersonic similarity parameter or shock wave parameter (K = M tan 6)

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/sae-air1168-11a
http://www.avadocuments.com/doc/sae-air1168-11a

SAE

AIR1168/11A Page 16 of 290

NOMENCLATURE FOR SECTIONS A AND B (Continued):
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Nose drag term, dimensionless

0, one-dimensional body

1, axisymmetric body

Shock shape constants, dimensionless
Effective collision frequency, 1/s
Characteristic body length, ft

Latent heat, Btu/lb

Lift, Ib

Protuberance height, ft

Leeward heat flux ratio, q/q, =0

Mach number, dimensionless

Vehicle mass, Ib-s%/ft

Mass injection or loss rate per unit area, Ib/ft*-s
Average molecular weight, mole/g-mole
Molecular weight, g/mole

Order of reaction, dimensionless

Kinetic order of the reaction, dimensionless
Number of atoms in compound

Knudsen number (A/L), dimensionless
Lewis number (h/ks), dimensionless
Nusselt number (hD/k or N, s/ (h, —h,)), dimensionless

Prandtl number (ugcy/k), dimensionless

Reynolds number (VDpg/u), dimensionless

Reynolds number based on wetted length (u.spg/ue), dimensionless
Reynolds number based on momentum thickness (u.6pg/u.), dimensionless
Stanton number ((Nnu)/(Nre Npr) = h/pgVc,), dimensionless
Pressure, Ib/ft?

Partial pressure of oxygen at wall, Ib/ft?

Heat flux, Btu/ft*-s

Dynamic (impact) pressure, Ib/ft*

Net heat conducted into element, Btu/ft?

Heat absorbed in cracking of recombination, Btu/ft

Heat absorbed in reaction, Btu/ft*

Heat stored in gas, Btu/ft?

Heat stored in solid, Btu/ft?

Effective heat of ablation, Btu/lb

Heat sink effectiveness (defined by Equation 125), dimensionless

Effective heat of vaporization (defined by Equation 126), Btu/lb

Recovery factor, dimensionless
Radius, ft, in
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NOMENCLATURE FOR SECTIONS A AND B (Continued):
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Gas constant, ft-Ib/Ib-°R

Universal gas constant, Btu/mole-°R

Base radius, ft

Radius of flight path, ft

Nose radius, ft

Radius of earth, ft

Radius of curvature of bow shock at the axis (rs = 0), ft
Area, ft?

Distance along body surface, ft

Entropy, Btu/lb, Btu/mole-°R

Recession rate, ft/s
Side ray heat flux ratio (q/q,-,), dimensionless

Temperature, °R

Thickness, ft, in

Velocity, ft/s

Freestream velocity, ft/s

Boundary layer velocity, ft/s

Velocity at edge of boundary layer, ft/s
Velocity, ft/s

Entry velocity, ft/s

Velocity ratio (V/V,), dimensionless
Final or impact velocity, ft/s

Inertial velocity, ft/s

Satellite velocity, ft/s

Weight, Ib

Windward ray heat flux ratio (§/§=0)

Ballistic coefficient, Ib/ft

Characteristic dimension, ft

Axial length or station, ft

Wetted length from stagnation point, ft
Compressibility factor (Y = pghJ/3.5P), dimensionless
Distance normal to surface, ft

Arrhenius constant, collision frequency, 1/s
Compressibility factor (Z = P/gpRT), dimensionless
Angle-of-attack, deg

Shock wave angle, rad. or deg

Degree of dissociation, dimensionless

Thermal diffusivity, ft*/s

Coefficient of linear expansion, dimensionless
Ballistic coefficient (W/CpA), dimensionless
Stagnation point velocity gradient, 1/s

Constant, dimensionless

Solid areal/(solid area + porous area),dimensionless
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NOMENCLATURE FOR SECTIONS A AND B (Continued):

B = Constant = 1/22,000 ft

Defined by Equation 348

Defined by the title of Figure 152

Ratio of vaporization to melting, dimensionless
Specific heat ratio (c,/c,), dimensionless

Specific heat ratio (for ionized gases), dimensionless
Radial distance from afterbody to dividing streamline, ft
Temperature rise, °R

Stagnation point shock stand-off distance, ft

Flow deflection angle, rad. or deg

Velocity boundary layer thickness, ft

Cone angle, rad. or deg

Boundary layer displacement thickness, ft
Emissivity, emittance, dimensionless

Quantity defined by (y-1)/( y+1), Equation 149
Quantity defined by Equation 312

Flow inclination angle, deg

Momentum boundary layer thickness, ft

Body angle, deg

Deflection angle = angle of attack + half wedge angle, deg
Polar angle, deg

Half cone angle, deg

Entry angle, deg

Shock angle, deg

Sweep angle, deg

Free mean path length, ft

Viscosity, Ib/s-ft for Nre and many other uses, lb-s/ft? in a few uses
Prandtl-Meyer function, dimensionless

Heat sink efficiency, dimensionless

Poisson’s ratio, dimensionless

Mass density, Ib-s%/ft* = slugs/ft® = (gp)/32.2

Specific weight (density), Ib/ft®

Stefan-Boltzmann constant (4.81 x 107°), Btu/ft’-s-°R*
Shear stress, Ib/ft?

Time, s, h

Total heating time, s, h

Bank angle, deg

Circumferential angle, deg

Meridian angle, deg

Defined by Equation 364

Interaction parameter, dimensionless
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NOMENCLATURE FOR SECTIONS A AND B (Continued):

\
®
Subscripts:

A

a

adw or aw
axi

o]
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(@]
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Inertial heating angle, deg
Angular velocity of earth, rad./s

Air

Ablation

Adiabatic wall
Axisymmetric

Blasius

Base

Blunt or normal shock conditions
Body

Properties determined along dividing streamline
Char

Cold

Conduction

Diffusion controlled
Degradation zone
Dissociation

Local boundary layer edge conditions
Re-entry conditions
Equilibrium

Final

Gas

Heat sink

Based on enthalpy
Interface, at gas-liquid
Incompressible flow

Initial

Gaseous mixture
Isothermal

Laminar

Leading edge

Lower

Receiver

Local boundary layer edge
Maximum

Nitrogen

Nose

Reference value

Oxygen

Virgin or original plastic
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NOMENCLATURE FOR SECTIONS A AND B (Continued):

Pointed cone

Conical shock conditions

Reaction

Recovery conditions

Radiation

Radians

Schultz-Grunow

Shock

Wetted length

Stagnation point

Tangency point

Turbulent

Total

Stagnation point or total conditions behind a normal shock
Upper

Wall

Adiabatic wall temperature (cold wall)
Angle-of-attack

Sweep angle

Sea level conditions

Upstream of shock

Downstream or behind normal shock
Two-dimensional

Freestream conditions

ScTTHdH40 0o ngg "~ IO T
o a

=
o

NN =0 > R
e
3
|1 | A | A | A | I ||

8
n

Superscripts:

*

Evaluated at reference temperature or enthalpy conditions
Reference conditions

Stagnation point

After shock

*

N O
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COMMON ABBREVIATIONS FOR SECTIONS A AND B:

Abs
Abs
AEDC
Aero.
AlAA J.
Alt
ARAP
ARDC
ARL
ARS
atm

axi

BF

BL
B,O3
Btu

C

cm

CN
CO,
CcO
Co.
conf
Const
convec
cps
deg

dia

dim
Div

E

Eng
Eq.

°F

Fe

FF
FPRE
ft/s, FT/S
ft

ft-lb

g

gas rad
GE-AETM
GE-MSD
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Absolute

Absorbed

Arnold Engineering Development Center
Aeronautical

American Institute of Aeronautics and Astronautics Journal.

Altitude

Aeronautical Research Associates of Princeton
Atmospheric Research Development Council
Aeronautical Research Laboratory
American Rocket Society
Atmosphere

Axisymmetric

Back face

Boundary layer

Boric oxide

British thermal unit

Carbon

Centimeter

Cyano radial

Carbon dioxide gas

Carbon monoxide gas
Company

Configuration

Constant

Convection

Cycles per second
Degree(s)

Diameter

Dimensional

Division

Elastic modulus

Engineering

Equation

Degrees Fahrenheit

Iron

Front face

Flat plate reference enthalpy
Feet per second

Feet

Foot-pound

Gram

Gas radiation

General Electric Co. - Aerophysics Engineering Technical Memo

General Electric Co. - Missile Systems Division
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COMMON ABBREVIATIONS FOR SECTIONS A AND B (Continued):

GE-RSD
Hemi

Hg

H,O

h

Hz

2

IAS

rad.

rad (RAD.)
s

S

SiC

General Electric Co. - Re-entry Systems Division

Hemisphere
Mercury
Water

Hour

Hertz

lodide

Institute of the Aerospace Sciences (now AIAA, American Institute of Aeronautics and

Astronautics)

Inch

Isothermal

Journal

Degrees Kelvin

Potassium

Laboratory

Pound

Pounds per cubic foot

Lithium

Lockheed Missiles and Space Division
Logarithm, natural

Logarithm to the base 10

Magnesium

Massachusetts

Maximum

Molybdenum

Missiles and Space Systems Division
Missiles and Space Vehicle Division
North

Sodium

National Advisory Committee for Aeronautics
National Aeronautics and Space Administration
National Bureau of Standards

Nickel

Number

Nitrogen gas

Oxygen gas

Page

Pages

Degrees Rankine

Radians

Radiation or radiative heating
Second

Sulfur

Silicon carbide
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COMMON ABBREVIATIONS FOR SECTIONS A AND B (Continued):

SiO,
Tech.
TGA
Ti

TIS
TN

TR

Vol
WADC
WADD
%
=or~
>>
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Silica

Technical

Thermogravimetric analysis
Titanium

Technical Information Series
Technical Note

Technical Report

Volume

Wright Air Development Center
Wright Air Development Division
Percent

Proportional to

Approximately equal to

Much greater than
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SECTION A - BOOST HEAT TRANSFER
1. INTRODUCTION:
1.1 Scope:

The prediction of vehicle temperatures during ascent through the earth’s atmosphere requires an
accurate knowledge of the aerodynamic heating rates occurring at the vehicle surface. Flight
parameters required in heating calculations include the local airstream velocity, pressure, and
temperature at the boundary layer edge for the vehicle location in question. In addition,
thermodynamic and transport air properties are required at these conditions.

Both laminar and turbulent boundary layers occur during the boost trajectory. Experience has
shown that laminar and turbulent heating are of equivalent importance. Laminar heating
predominates in importance in the stagnation areas, but the large afterbody surfaces are most
strongly affected by turbulent heating. Once the local flow conditions and corresponding air
properties have been obtained, the convective heating rate may be calculated for a particular wall
temperature. This assumes that the boundary layer flow regime (that is, turbulent, laminar, or
transitory) has also been established, so that a heating theory corresponding to the particular flow
conditions may be selected.

This section presents theoretical methods for computing boost vehicle surface aerodynamic
heating rates. First, procedures are given for computing the local flow distributions around the
vehicle. Second, methods are given for computing the convective heating rates, using the flow
parameters found previously.

1.2  Nomenclature:
Refer to the nomenclature list on page 15.
2. FLOW FIELD CALCULATIONS:
Prediction of aerodynamic heat transfer depends first on the determination of the applicable flow
field. In practice, knowledge of the surface pressure distribution is essential for heat transfer
calculations. Figure 1 is a schematic representation of the flow field about a typical vehicle during

supersonic flight. This figure also serves to define flow field terms that will be used consistently
throughout this section.
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FIGURE 1 - Typical Boost Vehicle Configuration and Flow Field Structure
BL = Boundary Layer

2. (Continued):

In many instances, the concern is with the flow about blunted bodies or about bodies that are
sufficiently blunt to produce a detached bow shock. Figure 1 indicates that in addition to the bow
shock, other shock waves may be generated as a result of the vehicle geometry. Depending on the
configuration, more than one oblique shock may exist.

The region bounded by the shock wave and the outer edge of the boundary layer shown in Figure 1
is called the shock layer. This region is important because its structure determines the distribution
of surface pressures on the body. Because of the absence of significant viscous forces in this
region, it is also commonly referred to as the inviscid flow field.

The shock layer, or inviscid flow field, is further divided into a subsonic and supersonic region. The
subsonic portion exists in the vicinity of the stagnation region, where the local velocities are low
(relative to the freestream velocity). Static temperatures are high because of passage of the fluid
through the strong, nearly normal shock wave. The combination of the relatively low velocity and
high temperature levels leads to local Mach numbers below 1 in this region.

The flow, which is compressed as a result of the strong shock, expands as it moves around the
body until a second shock occurs. This expansion increases the velocity, lowers the static
temperature, and at some point the local Mach numbers in the shock layer exceed 1. The dividing
line between the subsonic and supersonic regions is called the sonic line.
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2. (Continued):

Figure 1 also shows the development of a viscous boundary layer on the body. The boundary layer
is initiated at the stagnation point, where it is laminar. It remains laminar for some distance
downstream of the stagnation point until, at some location, various disturbances may cause the
boundary layer to undergo transition from a laminar to a turbulent state. In general, this transition
front moves aft on the vehicle during the boost phase of flight.

Configurations of the type shown in Figure 1 may, for the purpose of flow field analysis, be broken
down into geometric sections to be solved by various theories. To obtain the pressure distribution
on the entire vehicle, it is necessary to match the pressure and pressure gradient at the junction of
two theories. Theoretical methods for calculating inviscid flow field quantities are discussed in the
following paragraphs. A sample calculation illustrating the application of such theories is presented
in Paragraph 8.

2.1 lIsentropic Relations:

For the purpose of approximate flow field calculations, it is customary to assume a thermally and
calorically perfect gas, that is, P = pgRT and ¢, = Const, respectively. In addition, with the
exception of flow across shock waves, the flow is assumed isentropic. The term “isentropic”
denotes a reversible adiabatic process. For these conditions, the following relations apply:

P, ap2
(v="D/v
T, \P,
Ty Y=1,2
—=1+—M Eq.3
T > (M) (Eq.3)
Pt Y -1 5 i|Y/(Y—1)
—“=|1+—M Eq.4
i { o) (Eq.4)
B 1(y-1)
%:{H—Y 1(MZ)} (Eq.5)
gp 2

where:

Subscripts 1 and 2 refer to any two points in the flow
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2.1 (Continued):
The total temperature relation, Equation 3, is restricted to adiabatic flow only.
The equations for total temperature, pressure, and density are plotted in Figure 2 fory=1.4.
Tabulations of these quantities may also be found in Reference 1.
2.2 Normal Shock Relations:

From the mass, momentum, and energy conservation equations and the perfect gas equation of
state, the following useful relations may be obtained for flow across a normal shock wave:

Py _2yM.2—(y-1)

Eq.6
P. v+1 (Ea6)
+1)M_>2
9P (Y-DM_.“+2
2_ _ _ 2
T _[2yM.° - (v 1)]2[(7 21)Mm +2] (Eq.8)
~NYM_2 +2
2YM..“ —=(y-1)
Py [y +m 2] y+1 "7 (Eq.10)
P. 2 2YyM_? —(y 1) '

Assuming that y = 1.4, the preceding ratios have been computed and are plotted in Figure 3 as a
function of freestream Mach number.
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FIGURE 2 - Isentropic Flow Relations
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2.3 Obliqgue Shock Relations:

With the exception of the static-to-total pressure ratio, the perfect gas normal shock relations
tabulated above may be used for oblique shocks if M.. and M, are replaced by their normal
components, M.. sin oo and M, (o - 8), where a. is the shock wave angle and § is the flow deflection
angle. The application of this technique is also explained in Reference 1, and appropriate charts
are provided for the determination of the shock wave angle.

Figures 4 through 6 present the pressure and temperature ratios and the Mach number as
functions of the freestream Mach number for various flow deflection angles.

2.4 Normal and Oblique Shock Relations for Real Gas:

At Mach numbers greater than about 6, dissociation effects become significant, and the normal
and oblique shock relations for a perfect gas no longer hold. As an example, both temperature
and density ratios across a normal shock at M.. = 20 would be in error by over 100%, using ideal
gas shock relations.

Real gas equilibrium quantities as a function of M.. sin o, where a is the oblique shock angle, are
shown in Figures 7 through 11. These curves are reproduced from Reference 2 and are based
on the 1959 ARDC atmosphere. The shock functions shown were calculated for the terminal
points of the isothermal atmosphere regions.

For a given freestream Mach number and two-dimensional flow deflection angle (8), Figure 7 may
be used to obtain the shock angle parameter (M.. sin ). This quantity and a known altitude allow
the ratios To/T.., Po/P.., gp2/gp.., V./V2, and iv/i.. to be read from Figures 8 through 10.

For the real gas case of air in dissociated equilibrium, a useful relation between the pressure ratio
and freestream Mach number is given by (Reference 3)

';i =127 M_202 (Eq.11)

For high Mach numbers the perfect gas pressure ratio relation, Equation 10, reduces to

Eﬁ =1289M_2 (Eq.12)

oo

Thus, real gas effects do not significantly change the pressure ratio from the perfect gas value.
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FIGURE 6 - Mach Number Behind an Oblique Shock
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FIGURE 8 - Real Gas Temperature Ratio Across an Oblique Shock
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2.4 (Continued):

At higher Mach numbers a finite rate nonequilibrium chemistry will exist which is between the
limiting cases of infinite reaction rates (equilibrium) and zero recombination rates (frozen). At
flight altitudes below 100,000 ft, the flow will be close to thermochemical equilibrium. It is also a
good approximation to assume frozen-flow for the expansion about the body at higher altitudes.
For equilibrium, one can use a Mollier diagram by expanding along an isentrope from the
conditions behind the shock to the body pressure. For frozen flow, one can use Yozen from
Figure 11 in the isentropic Equations 1 and 2.

2.5 The Newtonian Approximation:
A common method for predicting surface pressure distributions is based on the Newtonian
particle model. This model postulates discrete noninteracting particles impacting upon the body
surface. The approaching stream loses all its normal momentum component to the body, but the

tangential component remains unaltered. A momentum balance for a windward body element
results in the following expression for the pressure coefficient:

Cp,=2sin’$ (Eq.13)
where:

4 is the angle between the freestream velocity and the local body surface tangent;
that is, at the stagnation point, 6 = 90 deg

2.6 Modified Newtonian:

Equation 13 is sometimes modified to match experimental data at the stagnation point. The
resulting expression is known as the modified Newtonian approximation and is given by

C _
p _ PP _n?s (Eq.14)
Cp,max I:>t2 _Poo

where:

C,.max = Pressure coefficient at stagnation point
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2.6 (Continued):

This relation has been extensively compared with theory and adequately predicts the pressure in
the vicinity of the stagnation point. Assuming the shock layer fluid in the stagnation point vicinity
to be incompressible, the normal shock continuity and momentum equations provide an
approximation of C, nax Where

C o max =2—§% (Eq.15)
2

where:

Subscripts 1 and 2 denote conditions upstream and downstream from the detached shock
wave, respectively

The modified Newtonian pressure distribution, combined with a Prandtl-Meyer expansion (see
2.7), for a hemisphere is presented in Figure 12.

The derivation of either the Newtonian or modified Newtonian equation makes the assumption
that M.. 6 >> 1, where § is the angle between the surface tangent and the freestream velocity
vector. This means that as the velocity decreases or the body becomes parallel to the flow, the
method becomes increasingly inaccurate. The modified Newtonian method has, however, given
good correlation with other methods even in the low supersonic regime (M = 2).

2.7 Prandtl-Meyer Flow:
A solution for supersonic inviscid flow is available for corner type flows. In such a flow, for given
initial conditions, the magnitude of the Mach number at any point depends only on the flow
direction at that point. Figure 13 illustrates the Prandtl-Meyer corner flow.
The results of the theory are very simple, since the direction of flow and the upstream Mach
number are sufficient to determine the downstream Mach number, which in turn determines all the

local point functions of that Mach number.

The relation between the flow inclination 6 and the Mach number M in an isentropic two-
dimensional compression, or expansion by turning, is

1/2 1/2
—9+C= (Y—”] tan™ (7—_1J M2 -1)| —tan~"(M2 —1)"2 (Eq.16)
v-1 Y+2

where:

C = Constant of integration
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FIGURE 12 - Modified Newtonian-Prandtl-Meyer Pressure Distribution on a Hemisphere
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FIGURE 13 - Prandtl-Meyer Expansion

2.7 (Continued):

The right-hand side of Equation 16 is called the Prandtl-Meyer function, v(M). The constant of
integration is chosen such that v(1) = 0. The resulting relations between the flow inclination angle
6 and the Prandtl-Meyer functions are:

1. For expansion,

V2 - Vi = [0, — 6, (Eq.17)
2. For compression,

V2 -V == (0, -6 (Eq.18)
where:

Subscripts 1 and 2 refer to conditions upstream and downstream from the expansion,
respectively

Although the Prandtl-Meyer theory applies only to a single boundary problem, it can be used to
construct the flow in any plane symmetric problem by breaking the expansion zones into several
regions of constant flow conditions. Each region is assumed to be separated by weak expansion
shock boundaries. For a given initial Mach number and change in flow deflection angle, the
resulting Mach number may be obtained from tabular values of v(M). Such tables are contained
in Reference 1 fory=1.4.

It has been demonstrated that the surface pressure distribution for a blunt body can be predicted
by combining the modified Newtonian and Prandtl-Meyer expansion methods. The technique is to
utilize modified Newtonian theory from the stagnation point to the point where the pressure
gradient equals that computed by using the Prandtl-Meyer method. A Prandtl-Meyer solution is
then introduced, starting with the Newtonian pressure.
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2.8 Taylor-Maccoll Cone Theory:

The inviscid flow around a cone at zero angle of attack is axially symmetric and can, therefore, be
described in terms of two independent space coordinates. Because of the axial symmetry, all
stream properties are constant on conical surfaces having a common vertex. Taylor and Maccoll
derived a nonlinear differential equation describing the flow about a cone. By utilizing the energy
equation derived from the mass conservation relations for steady, nonviscous flow, they arrived at
the following differential equation:

)

2 _ 2 2 ~ 3
=(y—1)(1_V_j¥+Y_1(1_V_j CotedV/C_,_(_y)X(dV/C) _(Y 1) Cote(dV/Cj
c¢)c 2 c? de c\ do 2 do

(Eq.19)

The constant C is the maximum attainable speed for a gas, that is, the speed produced by
expansion into a vacuum.

Results of this theory are plotted in Figures 14 through 16. Figures 14 and 15 present the cone
surface pressure and temperature, respectively, in ratio to freestream values. Cone surface Mach
number variation is illustrated in Figure 16. From these curves, additional conical flow quantities
may be determined, using the isentropic flow relations. Additional presentation of the perfect gas
results of this theory are contained in References 1 and 4.

For the real gas case of air in dissociated equilibrium, Romig (Reference 5) has calculated the
cone flow quantities. These calculations are based on a constant freestream temperature of

490 °R. A portion of Romig’s results are plotted in Figures 17 and 18, showing the cone pressure
ratio and velocity parameter as functions of the hypersonic similarity parameter

V.. sin 8/10*. Approximate relations, valid to about +2%, are given by:

1.93

V.2 V2 =1.131x10° % (Eq.20)
. 1.96
pe 1270 (Eq.21)
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Documents

Document Sharing Hub

Full document details: SAE AIR1168_11A


http://www.avadocuments.com/doc/sae-air1168-11a
http://www.avadocuments.com/doc/sae-air1168-11a

SAE

AIR1168/11A

Page 45 of 290

20

15

Full document details: SAE AIR1168_11A

25°

20°

15°

10°

10

FIGURE 16 - Mach Number at Cone Surface (y = 1.4)

14

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/sae-air1168-11a
http://www.avadocuments.com/doc/sae-air1168-11a

SAE AIR1168/11A Page 46 of 290

Vo2 - V2, FT2/SEC? x 108

04 06 08 10 12 14 16 18 20
Voosin 6c/104 FT/S

FIGURE 17 - Real Gas Cone Velocity Parameters
(T..=490 °R, 10* < P..< 10" atm)

e B R

200 |- ]

100

Po/Poo
UL I
L1 11 |

|

50

10 I N N S B
06 08 10 12 14 16 18 20

Vo.sine./104, FT/S
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2.9 Tangent Cone:

The tangent cone approximation states that the pressure at any point on the surface of a body of
revolution at arbitrary angles of pitch and yaw is identical with that on a semi-infinite unyawed
circular cone of half-angle equal to the local inclination of the streamline with respect to the flight
direction.

The equation for the local inviscid pressure is given by

3=1+(2—7j <k32—1>+v<ks—kc)2-{ L } (Eq.22)

P Y +1 (Y-1+(2/kS?)
where:
2 112
y+1} (y+1} ) 2
k. = K.+ 4] k.2 + Eq.23
s (y+3 ¢ [y+3 °  v+3 (Eq.23)
ke = M.. 6, (Eq.24)

This method applies for angles only between 0 and 90 deg. Reference 1 contains graphs and
equations of local pressure coefficient based on this method.

2.10 Tangent Wedge:
This method is very similar to the tangent cone method except that the local pressure coefficient
calculation is based upon a two-dimensional oblique shock instead of a three-dimensional
conical shock. Equations and graphs of local pressure coefficient for the tangent wedge are
also found in Reference 1.

2.11 Expansions to Zero Pressure Coefficient:

At many vehicle locations it is possible to assume that the local flow has passed through a
normal shock wave and expanded to freestream static pressure; that is,

p 1 )
— V
(ZQJ 9P Voo

@)

I
8

n

0 (Eq.25)
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211 (Continued):

For most blunted vehicles with length-to-diameter ratios of about 5 or less, studies have shown
that all fluid in the boundary layer passes through the near normal portion of the shock wave
(Reference 6). Zero angle of attack blunted cylinders and flat plates are possible examples of
such configurations. For these conditions, it is possible to calculate the inviscid flow quantities
using the perfect gas isentropic and normal shock relations discussed previously.

Shown in Figures 19 and 20 are the temperature, Mach number, and Reynolds number ratios
for flow through a normal shock and expansion to zero pressure coefficient; that is, P4 = P...
The Reynolds number curve assumes | is proportional to (defined as ~) T°.

Expansion to zero pressure coefficient is also frequently assumed for cone-cylinder
configurations. Local flow properties on the cylinder surface may be calculated by using the
isentropic relations and the cone flow solutions discussed previously. An example of one such
calculation for a 15 deg semi-apex angle cone-cylinder is shown in Figure 21.

2.12 Applications:

Various methods for predicting pressure can be used on a single vehicle. To obtain the inviscid
pressure distribution on the entire vehicle, it is necessary to match the pressures and slope of
the pressure at the junction of the two methods. An example of how a complicated composite
body of revolution can be broken into sections to be solved by various methods, and the various
methods that can be used for each section, is shown in Figure 22, on which the numerals refer
to the following items:

1. Theories that can be used in the stagnation region are the Newtonian and modified
Newtonian.

2. Theories that can be used in this region are the Taylor-Maccoll cone solution and the
tangent cone.

3. At locations close to cone-frustum-cylinder intersections, the flow tends to overexpand to
static pressures less than freestream. A two-dimensional Prandtl-Meyer expansion may be
assumed to occur at the cone-cylinder intersection.

4. For cylindrical vehicle sections at zero angle of attack, a common method used in obtaining
the local static pressure is to assume a zero pressure coefficient at the location in question.
This approximation is usually made at locations downstream from cone-frustum-cylinder
intersections so that overexpansions and recompressions of the flow have had sufficient
distance to take place.

5. For small expansions, the local problem of having separated flow at the aft end of this region
should not affect the pressure obtained by using the Prandtl-Meyer expansion.
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FIGURE 19 - Property Ratios Across a Normal Shock, Expanded to Freestream Pressure
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FIGURE 20 - Reynolds Number Ratio Across a Normal Shock, Expanded to Freestream Pressure
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