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S~ ABSTRACT

The Internal Aerodynamics Handbook has been developed
in order to provide a convenient, accurate and reliable
internal aerodynamics design manual which enables rapid
determination of the internal airflow effects on airplane
performance. It also enables the computation of internal
airflow systems performance by developed theoretical and
empirical methods. The scope of the design manual relates
specifically to internal aerodynamics for the complete
aircraft speed range up to and including Mach 3.5. In
addition to the detailed data and methods presentation,
an extensive bibliography is provided.
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INTRODUCTION

Airbreathing vehicles have been de'-,aloped for much
of the flight spectrum applicable to their operation.
In the twenty year history of turbojet operation,
flight speeds have advanced from moderate subsonic
to M'ach 3 and beyond. Recently, ne%: innovations
have appeared such as high by-pass ratio turbofans
with high air handlinP7 capacities which make induction
s.3stem losses and associated drag more critical
performance items than with conventional turbo.jets.
Variable 3-dimensional inlets, ty'Lnsiating spikes,
and transl-'ing cowls are fairly recent innovations
aimed at propulsion systen. Optimization. 'Jew exhaust
system techn.iues such as fariable guided expansion
ejector nozzles, blow-in-door nozzles and F- suppres-
sion plug nozzles are appearinp Ot the scene to
broaden the spectrum of performance trade-off to be
accomplished.

A larpe quantity elf data has been gathered on
airbreathing propulsion system performiance. 3ome of
these data reside with this !ontractor in its several
divisions, in publications of several gcvernmental
agencips and of other contrýctors. In the field of
propulsion, inlet and exhaust flows and their effects
-'n vehicle performance characteristics, there has
existed a definite need tc bring isolated, though
related, items of data toge. her to be correlated Pnd
interpreted in the light cf known theory. The effort
presented herein was developed as a tool by which
future design evaluations can be made on the basis of
a much -inre complete and comprehenrsive correl-tion cf
the larFe quantit' (-,f existing data than has been
available in th.e past.

XXX"i
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APPENDIX

The Appendix is organized into six se,.tions and consists
of tabulations that will facilitate theoretical thermo-
dynamic calculations. These sections of the Appendix are:

Appendix A. ý'Rasic Thermodynamic •.elationships)

Appendix B. N'ormal Shock,•ave Parameters,

App4ndix C. 7wo-yimansional Shock Mave Pazameters

Appendix D. IThree-Dimensional Shock Wave ;aialysis)

Appendix E. Corrected Weight Flow Parameters,,'

Appendix F. Parameters Yor Thrust Calculation
/

[ ~,1'

L
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Appendix A. Basic Thermodynamic Relationships

This appendix contains some useful basic thermodynamic
relationships. Included are:

a. The ratio of Total to Static Pressure, Pt/P

b. The ratio of Total to Static Temperature, Tt/T

c. The Stream Tube Relationship, A/A*

d. The ratio of Compressible Dynamic Pressure to
Total Pressure, q4/Pt

e. The ratio of Local Velocity to Velocity at
Mach 1.0, V/a*.



A2

Appendix A (continued)

Tabulation of:

Ratio of Total to Static Pressure, Pt/P

The ratio is tabulated versus Mach number.
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Appendix (continued)

Tabulation of:

Ratio of Total to Static Temperature, Tt/T

The ratio is tabulated versus Mach number.
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Appendix A (continued)

Tabulation of the Stream Tube Relationship, A/A*

The relationship is tabulated versus Mach number. A/A*
is the ratio of local stream tube area to the stream tube

area that would be occupied if the local flow were acceler-
ated or decelerated isentropically to a Mach number of 1.0.
In using the ratio in a continuity calculation, a correction
must be made for differences in total pressure between the
two stations under consileration; i.e.

(A/A*) 2 = A2  A1 / (A/A*) 1  Pt 1 /Pt 2

k
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If

Appendix A (continued)

Tabulation of the Ratio of Compressible Dynamic Pressure

to Total Pressure, qc/Pt.

The ratio is tabulated versus Mach number.

qc/Pt is labelled QC/PT in the tabulation.

Il
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Appendix A (continued)

Tabulation of the Ratio of Local Velocity to Velocity at

Mach 1.0, V/a*.

The ratio is tabulated versus Mach number.

V/&* is labelled V/(A 9TAR) in the tabulation.
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B 1

Appendix B. Normal Shock Wave Parameters

This appendix contains a tabulation of some of the more
important thermodynamic property changes that take place
across a normal shock.

Downstream Mach number, M2; Static Pressure Ratio, P2 /Pl;
Total Pressure Ratio, Pt2/Ptl are tabulated versus Upstream
Mach number, HM.
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Cl

Ap2pendix C. Two-Dimensional Oblique Shock Wave Parameters

This appendix contains a tabulation of some of the more

important two-dimensional oblique shock wave parameters.

Shock wave angle, 9; Downstream Mach nu-ber, M2; qtatic
Pressure Ratio, P2 /Pl; Total Pressure Ratio, Pt2/Ptl are

tabulated versus Upstream Mach number, M1 and Flow

Deflect ion Angle,
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Appendix D. Three-Dimansional Oblique Shock Wave Anal ysis

This appendix contains some tabulated conical flow parameters,

a source program listing, and a sample solution of the listed

progam.
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Appendix D (Continued)

Tabulation of:
Conical Flow Parameters

This appendix contains some of the more important conical
flow parameters.

Shock wave angle, 0.; ray angle, 0; downstream Mach number,
M2; flow direction; static pressure ratio, P2 /pl and total
pressure ratio PT2/PTl are tabulated verav-a upstream Mach
number, M1 and cone semi-vertex angle, 6. All angles are
measured in degrees. In the tabulation; Os is labeled PHI S,
* is labeled PHI and flow direction is labeled DEL.

I.A
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Appendix D (Continued)

This appendix contains an Electronic Data Processing Machine
logic listing for the calculation of a double-oblique conical
flow solution. This is included in order that handbook users
desiring to make such calculations may have it available. A
sample input sheet and corresponding sample solution follow
the logic listing.

The required input values are:

GAMMA Ratio of specific heats

G Acceleration due to gravity; non-positive input
allows use of 32.17405

R Gas constant

NRAYS Maximum number of rays.

LOOP Limit on the conical flow solution iteration loop

G•NE Limit on conical flow solution iteration
4

VALC Tolerance on solution of conical flow differential
equation. The value must be large because of the
very large terms in the equation - 1000 yields good
results

VALD Tolerance on the compatability equation for the
second oblique shock wave

MLOOP Maximum number of iterations permitted on entire
conical flow field to satisfy conditions for
desired free-stream Mach number

TOLMAC Tolerance on free-stream Mach number, /MOinput
MOcalculated/

TIMES Limit on the total conical flow field iteration

BETAR Initial value for the wave angle of the second
oblique shock wave

OVER Limit on the freestreamlMach number iteration in
the conical flow solution

___________
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DINCC Second derivative d2v increment size used in

conical flow differential equation iteration.

TINC Tolerance on shock wave angle in conical flow
solution

VELMAC Tolerance on tangential velocity component at shock
wave of conical flow solution

DVINC Increment size used in surface velocity iteration

DDVPHI Initial guess for the second derivative on the
first ray above the surface of the cone

VSURF Initial guess for the surface velocity in the
conical flow solution

FSMN Free-stream Mach number

FSTOTT Free-stream total temperature, degrees Rankin

FSTOTP Free-stream total pressure

DELPHI Angular displacement between rays

DELTA Cone semi-vertex angle

DELTB Second cone angle, measured from surface of
the front cone.

XIN Distance from vertex of front cone to vertex of DELTB,
measured along the cone axis.

COC0DE Print indicator- if positive, conical field is printed

D3C0DE Print indicator - if positive, characteristics of
second oblique shock wave are printed

NOC0DE Print indicator - if negative, a two line case
description will be printed

ITEST Input indicator - if zero, all angles input in radians -
otherwise, all angles are in degrees
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The output variables, as shown in the sample solution, are:

(A) Under the heading - "Solution of Conical Flow Differential
Equations Using Finite Difference
Substitution"

MACH NO. INF. Computed free-stream Mach number

GAMMA Ratio of Specific heats

DELTA Cone semi-vertex angle, degrees

DELPHI Angular increment between rays, degrees

FREE-STREAM TOTAL TEMP. - Free-stream total temperature

I Ray number

PHI Ray angle, degrees, PHI at I=1 is equal to DELTA
PHI at I=Imax is equal to the shock wave angle, s

RSecond derivative, d2Vr/'k 2

VR@ Value of first derivative, dVr/d4l, at I+1,
calculated from assumed value of d2 Vr/d4 2

V1k Converged value of the first derivative on the

ray I.

VR Velocity component along the ray, feet per second

V Flow velocity on the ray I, feet per second

T•hETA Local flow direction, measured in degrees from
the cone axis

MACH NO. Local Mach number

Pl/PINF Static pressure ratio

TS/TTOT Static to total temperature ratio

J Number of iterations required to solve the conical
flow differential equation on the ray I.

PTC/PTINF Total pressure ratio

ITERATI0NS REQUIRED - Number of complete iterations required to
obtain the free-stream Mach number and satisfy
all equations within the specified tolerances.
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(B) Under the heading - "3-Shock, 3-D, External Compression
Inlet"

MACH NO. INF. Free-stream Mach number computed in conical flow
solution

DELTA Coue semi-vertex angle, degrees

DELTB Second cone angle, degrees

RAY Ray number

J Number of iterations required to solve the shock
wave compatability equation

Ml Upstream average Mach number - conical field

M2 Downstream average Mach number - behind second
oblique shock wave

DTHETA Flow direction along each ray, upstream of the
second oblique shock wave, degrees

THETA Average flow direction between rays, up-stream
of second shock wave, degrees

BETA Average slope of the second snock wave segment
between rays I and I+l, degrees

DEL Average flow deflection angle downstc "m of the
second shock wave between rays I and Iil, degrees

AREAl Two dimensional area seen by local flow from front
of second shock segment

AREA2 Two dimensional area seen by flow downstream of second
shock segment - from continuity

RH02/RHOI Average density ratio across second shock wave
segment bounded by rays I and I+1

V2/Vl Average velocity ratio across second shock segment

Pl/PINF Between ray static pressure ratio from conical flow
solution

P2/PINF Static pressure ratio downstream of second shoc4 wave
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DPHI Ray angle from conical flow solution, degrees

PHI Average ray angle, degrees

XPR' X coordinate of second shock wave, located on
ray I.

RPR R coordinate of second shock wave, located on ray I

PTIC/PTINF Total pressure ratio - PTIC - front cone total
pressure

PT2C/PTINF Static pressure ratio - PT2C - total pressure on
surface of second cone

PCl/PINF Front cone surface static pressure ratio

PC2/PINF Second cone surface static pressure ratio just
downstream of second shock wave

TAS2 Three dimensional area of second shock wave between
cone surface and initial shock wave intersection

CDA Additive drag coefficient, DADD/PTo Ac

ADTC1 Momentum drag term

ADTC2 Pressure - area drag term

ADTC3 Ramp drag term

ADTC4 Free-stream momentum term

The additive drag coefficient was calculated to determine the degree
of accuracy of the solution. The total flow momentum term was assessed
on the rear side of the second shock wave. The value of the additive
drag coefficient demonstrates that the solution is very accurate. The
value, which ohould be zero, is less than 4 parts out of 6000 when the
magnitude of the positive or negative terms is considered.
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Appendix E. Corrected Weight Flow Parameters

This appendix contains corrected weight flow parameters.
Included are:

a. Coxrected weight flow divided by area, W 4-7
versus Mach No. 

A 6t
b. Corrected weight flow divided by area, Wversus the ratio of total to static X--•t

pressure.

c. Corrected weight flow divided by area, W VT¶versus Mach No. 
A Pt
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A.ppendix E (continued)

Tabulation of:

A 6t
where

W is weight flow klbs/sec)

rGt is the square root of total temperature (OR)
divided by standard temperature (518.688 0 R)

A is flow area (in 2 )

6t is total pressure (lbs/in2 ) divided by standard
pressure (14.696 lbs/in2 )

"'he tabulation is versus Mach number.

A
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Refer to n,.e E2 for definitions. The tabulation is
,versus thp ratio of total to static pressure.
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Appendix E (continued)

Tabulation of:

A Pt

where

W is weight flow (lbs!sec)

IrTt is the square root cf total temrnerature (vo')

A is flow area (in 2 )

The tabulation is versus Mach number.
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A2pendix F. Parameters For Thrust Calculation

This appendix contains parameters for thrust calculation.
Included are:

a. Tsentropic Gross Thrust Parameter, F
PtAth

b. Isentropic Gross Thrust Parameter, EL-..
WpTTt

c. Specific Heat at Constant Pressure, Cp
d. Ratio of Specific Heat at Constant Pressure to

Specific Heat at Constant Volume,

e. Gas Constant, R
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Appendix F (continued)

Tabulation of:

Isentropic Gross Thrust Parameter, Fg
PtAth

where

Fg is ideal gross thrust (ibs) pt La gas total pressure
(psi or lbs/in2 ).

Ath is nozzle throat area (in 2 ). The parameter is tabulated
versus the ratio of gas total pressure to exit static pressure
for values of the ratio of specific heats from 1.4 to 1.2.

V
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Appendix F (continued)

Tabulation of:

Isentropic Gross Thrust Parameter,

where

Fg is ideal gross thrust (lbs)

Wg is gas flow (lbs/sec) -

Tt is gas total temperature (OR)

The parameter is tabulated versus the ratio of gas total
pressure to exit static pressure for values of the ratio of
specific heats from 1.4 to 1.2.

4Ib
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Appendix F (continued)

Tabulation of:

a. Specific Heat at Constant Pressure,
Cp (Btn 1 lb0 R)

b. The Ratio of Specific Heat at Constant Pressure
to Specific Heat at Constant Volume

c. The Gas Constant, R(ft lb/lb OR). The tabulation of
the parameters is versus static temperature in OR
and fuel-air ratio.
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