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ABSTRACT: A computer program is presented for calculating the
various components comprising the total drag coefficient for slightly
blunted slender cones. The program is applicable for either the case
of a completely laminar boundary layer or where transition occurs
on the cone. Weak viscous interaction effects are taken into account.
Local flow properties which exist at the outer edge of the boundary
layer along the cone are also computed.

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND

i

UNCLASSIFIED



NOLTR 68-3 4 January 1968

THE DRAG OF SLIGHTLY BLUNTED SLENDER CONES

The computer program described in this report is used extensively
in the analysis and correlation of various types of aerodynamic
data and for the prediction of the behavior of test models, par-
ticularly those being flown at hypersonic speeds in the ballistics
ranges.

E. F. SCHREITER
Captain, USN
Commander

A. E. SEIGEC-O"
By direction

I.4



NOLTR 68-3

CONTENTS

PageINTRODUCTION....................... .. ................... a
DESCRIPTION OF EQUATIONS.,......B..o.... ................. 1
Inviscid Cone Propertie................................. 2
Geometric Characteristics of a Spherically Blunted Cone.. 2
Laminar Boundary-Layer Calculations..,................ 2
Turbulent Boundary-Layer Calculations..,................. 3
Viscous Interaction Effects............................. 4
Drag Coefficient Components...4......,.................. 4

COMPARISON OF THEORETICAL AND MEASURED DRAG COEFFICIENTS... 6
LOCAL FLOW PROPERTIES....... *.............................. 8
REFERENCES........................................... 10
APPENDIXA................... ............ A-I
APPENDIX ............................................ B-i

ILLUSTRATIONS
Figure Title

1 Variation of Drag Coefficient with Reynolds
Number M1 a 9 and 13, ec - 6.3 Degrees

2 Variation of Drag Coefficient with Reynoulds
Number Ma, 12.8, 0c = 8 Degrees

3 Variation of Drag Coefficient with Reynolds
Number M. - 15, ec - 9 Degrees

4 Variation of Drag Coefficient with Bluntness
Ratio M. - 9.75, Be - 10 Degrees

5 Variation of Local Mach Number Distributibn
with Nose Bluntness

6 Variation of Local Momentum-Thickness Reynolds
Number Distribution with Nose Bluntness

ii



NOLTR 68-3

INTRODUCTION

A program has been formulated and coded for use on an 1B. 7090
for calculating the drag coefficient of a slightly blunted cone.
The program is applicable for cases where the boundary layer is
either completely laminar, completely turbulent, or the flow is mixed,
with transition occurring on the cone.

The equations that are used do not require that the flow along
the outer edge of the boundary layer be isentropic. A variation in
entropy along this surface due to the curved bow shock wave is
allowed. This effect results in a decrease in the skin-friction
drag from that for a sharp cone. For slender cnnes where the skin-
friction drag is a significant portion of the total drag, this effect
of blunting the cone plays an important role in the determination of
the total drag.

Viscous interaction effects are considered, and the increase in
skin-friction coefficients due to transverse curvature and induced
pressure effects are taken into account. The increase in pressure
drag due to induced pressure resulting from large boundary-layer
displacement thicknesses is also taken into account. These effects
can be significant for conditions of low Reynolds numbers and high
Mach numbers.

As a result of the method used to calculate the skin-friction
coefficients, local flow properties at the outer edge of the boundary
layer are also determined. The integrated boundary-layer thickness
parameters (momentum and displacement) are calculated.

No attempt was made to include real gas effect3 such as dis-
sociation or ionization of the flow over the cone.

The program can be used to evaluate the effects of Mach number,
Reynolds number, wall-to-recovery temperature ratio, nose bluntness,
cone angle, and the location of boundary-layer transition on the
total drag coefficient or on the various components. Some of these
effects will be shown in comparisons of calculations with experi-
mental data, and in discussions of the drag characteristics of slightly
blunted slender cones.

ACare has been taken in coding the program for the machine cal-culatLons to provide as simple an input as possible to afford ==Oe
in operation. Information concerning running of the program is pro-
vided in Appendix A, along with a complete listing of the program.
Appendix B is a print-out of a sample test case which was run using
this program.

DESCRIPTION OF EQUATIONS

The total drag coefficient is formed by summing the pressure
drag coefficient, the skin-friction drag coefficient, and the base
drag coefficient plus incremental increases to the pressure and
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skin-friction drag coefficients due to viscous interaction effects.
The equations used to obtain each of these coefficients will be
discussed separately. As will be seen, to perform some of these
calculations it is necessary to have values of inviscid sharp-cone
properties for the particular case of interest. The equations used
for these computations will also be discussed.

Inviscid Cone Properties

The following method is used v calculate the flow properties
which would exist on a hypothetical sharp cone having the same half
angle as the blunted cone being considered, and for the same free-
stream Mach number being considered. These properties are calculated
using the simple relations given by Blick in reference (3). Relations
are presented for calculating the temperature and the velocity of the
inviscid flow along the cone referenced to the respective free-stream
quantities. Using these two relation:, the Mach number can be deter-
mined. The inviscid sharp-cone pressure can be calculated using the
relation given by Linnell and Bailey (ref. (4)) and presented again
in reference (3). These equations are used in the program for cal-
culating the inviscid cone pressure, temperature, and Mach number.

Geometric Characteristics of a Spherically Blunted Cone

It was desired to be able to express geometric quantities for
the spherically blunted cone in terms of the cone half angle, the
nose-to-base radius ratio, and the radius of the base. Two quanti-
ties in particular are necessary: the distance from the stagnation
point to the point of tangency between the spherical nose cap and the
conical frustum, ST, and the total wetted length from the stagnation
point to the base of the cone, SMAX. These two quantities are given by

ST= rB( rN " c)

and
S14AX"- rB r _ TT c + I eB '

FB SIN ec

Laminar Boundary-Layer Calculations

Calculations of the laminar boundary-layer characteristics are
first made neglecting viscous interaction effects such as induced
pressure and transverse curvature. The equations used for making
these laminar calculations were derived by Wilson and reported in
reference (5). This is a momentum-integral method which utilized
available flat plate results. The flow characteristics are followed
along streamlines through the bow shock wave, using oblique shock
relations, and then expanded isentropically to the point where the
streamline intersects the outer edge of the boundary layer. The
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boundary-layer thickness defining the outer edge is determined through
a mass balance of the flow in the free stream and that in the boundary
layer at this intersection point. Having defined the properties at
the outer edge of the boundary layer, the boundary-layer character-
istics are determincd from a step-by-step technique using the momentum-
integral equations and necessary thickness parameters and skin-friction
coefficients taken from flat plate results. The viscosity ratios were
evaluated using Southerlandt s equation in the form

- 1 + 198.6/T 1  1 3/2

P1 T/T1 + 198.6/T 1 7

The momentum-thickness Reynolds number based on flow properties Just
outside the boundary layer is calculated using the relation

Re M, (T + 198.6) ( T

Ke- M (Tc T 9 8. 6) T

These laminar equations are applied to the region between the
point of intersection of the spherical nose and the conical frustum
and either the end of the cone, in the case of an all-laminar boundary
layer, or the point of boundary-layer transition for the case of a
mixed laminar-turbulent boundary layer.

Turbulent Boundary-Layer Calculations

For cases where transition from laminar to turbulent flow is
specified to occur on the body, then.at this point of transition the
calculation procedure is changed to one applicable to the turbulent
boundary layer. The procedure used is still a momentum-integral
method, and was formulated and reported by Wilson in reference (6).
Having values for Re , Rxc, and Cf computed at the point of transition

c Rxf
using the laminar boundary-layer equations Just described, a value for
Re , some distance, x, downstream from the transition point can be

caiculated using an integral form of the momentum-integral equation
as described in reference (6). This then allows a step-by-step,
simultaneous solution of the turbulent boundary-layer characteristics
and the inviscid flow field properties at the outer edge of the
boundary layer to be carried out. As indicated in reference (6), to
obtain the thickness parameters it is necessary to assume a velocity
profile. A power law profile is assumed with an exponent of 1/7,
although it is a simple matter to perform the calculations using a
different value for the exponent. Some errors were found in one of
the equations in reference (6). This has been corrected in this
program, and the correct form of the equation appears in the listing
of equations in a following section of this report.

3
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Viscous Interaction Effects

At high Mach numbers and low Reynolds numbers the thickness of
a laminar boundary layer on a slender cone can be significant com-
pared to the local radius of the cone. Under these conditions an
interaction between the thick boundary layer and the inviscid flow
field can exist. Two predominate viscous interaction effects are
induced pressure and transverse curvature. These viscous interaction
effects are characterized by a viscous interaction parameter, T,
defined as

where

-T + la8.6 k
Xw + 190.0

For small values of 7 (weak interaction), Probstein (ref. (4)) has
presented equations for calculating the induced pressure on a cone.
Also in reference (4), irobstein has presented equations for calculating
the increase in the local skin-friction coefficient on a cone due to
induced pressure and transverse curvature effects. The relations in
reference (4) were developed for a sharp cone, assuviing that the prop-
erties, including Xc, were constant along the cone. Since for these
present calculations the Mach number, and hence X vary significantly
along the cone, the local value of 7e at points along the cone are
used in the calculations for the induced pressure and the increase
in the skin-friction coefficients, instead of Tc based on inviscid
sharp-cone values as shown in reference (4). The equations used to
calculate the induced pressure effects involve two functions, F, and
F2 , both of which are functions only of K, the hypersonic similarity
parameter. The functions F1 and F2 are presented in reference (4) in
both equation form and graphically. Due to the complexity, however,
of the equations, the curves were approximated for values of K between
1 and 2 with a simple linear expression for F1 and a quadratic expres-
sion for F2. These two expressions are

Fl(K) - 0.8992 - 0.10 49Kc

and

F 2 (K) - 0.6192 - 0.3 8 22Kc + 0.0798Kc 2

where
Kc - M.c

Drag Coefficient Components

In all cases, the calculated drag coefficients were based on free-
stream dynamic pressure and the area of the base of the cone. A skin-
friction drag coefficient is obtained by integrating the local shear
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stress over the surface of the cone and then dividing the results by
the Just-mentioned reference quantities. Since the local skin-
friction coefficients calculated using the equations given in refer-
ences (4), (5), and (6) are referenced to local dynamic pressure
and the exposed, wetted area, then the shear stress is simply

T - Cfq e AWETTED

The skin-friction drag coefficient can then be written as

CDF S rCfds
ST

where

r pc Me r B  ST)SIN e cos ec
2f LIr + (S -OTc]

The increase in the skin-friction drag coefficient due to induced
pressure is given by

2 S r(ACf p) daACDFIp "- ~ ~ l ) d

ST

The increase in the skin-friction drag coefficient due to transverse
curvature is given by

ACDFTC r ACfTC
ST

The pressure drag coefficient for the conical frustum is obtained
by integrating the longitudinal component of the local pressure
coefficient over this portion of the bcdy and then dividing the results
by the free-stream dynamic pressure and the base area. Hence, the
pressure drag coefficient can be written as

_Dp 2 PerSIN 0c ds' ~p rB e

T

The increase in the pressure drag coefficient due to induced
pressure is given by

5
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CDi 4 P-C [F D.,,e + F 2D22]SIN 0c ds

For the spherical nose cap the pressure is calculated assuming
that moJified Newtonian impact theory is valid. The pressure coeffi-
cient ic given as

Cp = CPM SIN2cp

where CPM is the maximum pressure coefficient occurring at the

stagnation point and is assumed equal to the stagnation pressure
resulting from bringing the flow to rest isentropically after passing
through a normal shock. The angle m is that angle between the free-
stream velocity vector and a tangent to the surface at the point
being considered. The resulting pressure is integrated over this
spherical nose cap and then divided by the free-stream dynamic pres-
aure and the base area of the cone. This integration can be performed
'n closed form resulting in the relation

N _1)2 rBJ

A value for the base drag coefficient is calculated assuming
a vacuum exists at the base, as usually done at hypersonic Mach
numbers, and is given by

2

COMPARISON OF THEORETICAL AND MEASURED DRAG COEFFICIENTS

Calculations have been performed to compare theoretically
obtained total drag coefficients with experimentally obtained data.
Most of the data were obtained in the NOL ballistics range facili-
ties, although some wind-tunnel data are also used. Tests have been
chosen so that comparisons can be made over a variation of Mach
number, Reynolds number, nose-to-base radius ratio, and wall-to-
stagnation temperature ratio. Although there are data with some
variation in cone angle, this variation is small. For all of the
calculations it was assumed that the base pressure was constant
over the base, and equal to one tenth of the free-stream static
press-re. The agreement between computed and measured drag coeffi-
ci.ents is very good, with the exception of one set of data which
will be discussed later. The following is a detailed description
of all of the various comparisons.

A comparison between calculated and measured drag coefficients
for a 6.3-degree half-angle cone is presented in figure 1. These

6
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data were obtained at nominal Mach numbers of 9 and 13. Three curves
are shown in figure 1. The data at Mach number 9 were presented in
reference (7), while the data at Mach number 13 were presented in
reference (8). The blunted cones used in these tests had half angles
of 6.3 degrees and nose-to-base radius ratios of approximately 0.03
and 0.30. Calculations were performed for each set of data for the
conditions indicated in figure 1. Data from tests of the most blunt
cone are indicated by the square symbols. Agreement between the
calculated values and the experimental values is seen to be good
over a Reynolds number range from 2 x 105 to approximately 3 x 106.
These Reynolds numbers are based on free-stream properties and axial
length of the body. Data for the sharper configuration, tested over
approximately this same Reynolds number range, are seen to be con-
sistently higher than the calculated values by approximately 13 per-
cent. These data have been reviewed with the author of reference (7).
It was determined that one possible source of this deviation could
have resulted from the nose bluntness being larger than reported.
The models used in these tests had a design nose diameter of only
0.007 inch. This was extremely difficult to maintain during manu-
facturing both in size and shape. Further, a nose of this size is
very susceptible to blunting during flight due to aerodynamic heating.
An inspection of some shadowgraphs made during these tests revealed
that nose diameters could be as large as 0.020 inch. Calculations
have been made for a nose-to-base radius ratio of 0.1 and are shown as
the dotted curve in figure 1. It is seen that this curve is in much
better agreement with the data. A review of reference (7) also
reveals that some difficulty was encountered in reducing the measured
drag coefficients, which were obtained at angles of attack, to equiva-
lent zero angle-cf-attack coefficients. It should be noticed, how-
ever, that good agreement was obtained over nearly the same Reynolds
number range between calculated and measured drag coefficients pre-
sented in figure 2. The data in figure 2 will be discussed in more
detail later.

The two groups of data in figure 1, which were reported in
reference (8), are at Reynolds numbers near the free-stream transi-
tion Reynolds number. The value of the free-stream transition
Reynolds number, as obtained from reference (8), is indicated by
the side of each curve. These transition Reynolds numbers were also
used in the calculations. All data and calculations at Reynolds
numbers below the indicated transition Reynolds number are for com-
pletely laminar boundary layer over the body. Data shown at Renolds
numbers above transition Reynolds number had transition occurring at
some point on the body and, hence, both laminar and turbulent flow
were present. The agreement between the calculated drag coefficients
and the experimental data for these higher Reynolds numbers is good
for both the Mach number 9 and the n number 13 cases.

The comparison between calcv> :  drag coefficients and data
presented in reference (9) is shov,... !n figure 2. These data cover
a Reynolds number range of approximately 7 x l04 to 5 x 106 and were
obtained at a free-stream Mach number of approximately 12.8. The
model used for this test was a slightly blunted, 8-degree half-angle

7
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cone with a nose-to-base radius ratio of 0.035. Calculations at a
Reynolds number of approximately 7 x l04 indicate that approximately
11 percent of the total drag is a result of viscous interaction
effects. Viscous interaction effects which are included in the
calculations represent increases in the pressure drag component and
the friction drag component due to induced pressures and increases
in the friction drag component due to transverse curvature. The
local calculated viscous interaction parameter Ye at the back end
of the cone has a value of 2.03 with an average value of the viscous
interaction parameter over the frustum portion of the cone of 2.5.
The highest Mach number for which the calculations were compared
with data is approximately 15. This comparison is shown in figure 3.
The data shown in this figure were taken from reference (8). Th
Reynolds number range for these data extends from 0.7 to 13 x 109.
At free-stream Reynolds numbers based on model length greater than
5 x 106, it was assumed that transition occurred on the model. For
this configuration and Mach number, a transition Reynolds number of
5 x 106 was reported in reference (8). Again, over the entire
Reynolds number variation which considered for some cases all laminar
flow on the body, while for other conditions it considered both
laminar and turbulent flow existing on the body, it is seen that the
agreement between the data and calculations is good. Figure 4 is
presented to show the applicability of the program for calculating
drag coefficients for cones over a wide range of nose-to-base radius
ratios. The data shown in figure 3 were obtained from reference (10).
The configuration used to obtain these data was a 10-degree half-
angle cone, with nose-to-base radius ratio varying from zero to
approximately 0.76. Again, the agreement between the calculated drag
coefficients and the measured values is seen to be good.

LOCAL FLOW PROPERTIES

It is often of interest to have the longitudinal distribution
of local flow properties which exist at the outer edge of the boundary
layer. Also of interest is the distribution of the integrated
boundary-layer characteristics, such as the momentum and displacement
thickness. It was mentioned that values for these quantities are
calculated along the length of the cone. As discussed by Wilson
(refs. (5) and (6)), slightly blunting a slender cone flying at
hypersonic speeds can significantly affect the values of the local
flow properties over that for a sharp cone. Over the portion of
the cone experiencing a strong entropy gradient, the local Mach
number will be much below the value for an inviscid sharp cone. The
local Mach number can be used to indicate the "swallowing length,"
or the distance required for the boundary layer to "swallow" the
variable entropy layer. The swallowing length can be defined as
that distance required for the local Mach number to reach some arbi-
trarily chosen fraction of the local inviscid cone Mach number, say
99 percent. To illustrate the effect nose blunting has on the local
Mach number, the distribution of the local Mach number at the outer
edge of the boundary layer on a 5-degree half-angle cone has been
calculated and presented in figure 5. These calculations were

8
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performed for a sharp cone and for two slightly blunted cones. The
free-stream Mach number and slant-length Reynolds number used in
these calculations were 12 and 1 millioi, respectively.

To illustrate the effect of blunting on integrated boundary-
layer characteristics, the results of calculations of the local
momentum-thickness Reynolds number distribution is shown in figure 6.

From these two figures it is seen that slight blunting reduced
the value of both the local Mach number and momentum-thickness
Reynolds number at any given point along the surface of the cone.

I9



NOLTR 68-3

REFERENCES

(1) Staff of the Ames Research Center, "Equations, Tables, and
Charts for Compressible Flow," NACA Report 1135, 1953

(2) Bertram, M. H., "Correlation Graphs for Supersonic Flow Around
Right Circular Cones at Zero Yaw in Air as a Perfect Gas,"
NASA TN D-2339, 1964

(3) Blick, Edward F., "Similarity Rule Estimation Methods for
Cones:" AIAA Journal, Vol 1, No. 10, Oct 1963

(4) Linnell, R. D., and Bailey, J. Z., "Similarity - Rule Estimation
Methods for Cones and Parabolic Noses," Journal Aeronautical
Sciences, 23, 1956

(5) Wilson, R. E., "Laminar Boundary-Layer Growth on Slightly
Blunted Cones at Hypersonic Speeds, J. Space Rockets, 2,
pp 490-496, 1965

(6) Wilson, R. E., "Laminar and Turbulent Boundary Layers on
Slightly Blunted Cones at Hypersonic Speeds," NOLTR 66-54, 1966

(7) Crogan, L. E., "Drag and Stability Data Obtained from Free-
Flight Hypersonic Firings of Both Sharp and Blunt Nosed
12-Degree 40-Minute Total-Angle Cones at Several Range
Pressures," NOLTR 63-36, 1966

(8) Sheetz, N. W., Jr., "Free-Flight Boundary-Layer Transition
Investigations at Hypersonic Speeds," AIAA Paper No. 65-127,
1965

(9) Lyons, W. C., Jr., Brady, J. J., and Levensteins, Z. J.,
"Hypersonic Drag, Stability, and Wake Data for Cones and
Spheres," AIAA Preprint No. 64-44, 1964

(10) Harris, J. E., "Force-Coefficient and Moment-Coefficient
Correlations and Air-Helium Simulation for Spherically
Blunted Cones," NASA TN D-2184, 1964

10



NOLTR 68-3

LU

000

00

U. 0%

Wi N Ne co c

Lb L

I 0 ; *

ce 0
z

0 00

z

I 0
00

U-
00

00

10



NOLTR 68-3
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APPENDIX A

This appendix includes a description of the details of the
program as it is presently coded for use on an IBM 7090. Included
in this description is the required input and the input format for
the program. Also included is a cross listing of the symbols used
in the text, with those appearing in the Fortran listing and those
appearing in the program output. Further, there is a listing of
the definitions of the symbols used in the program output.

This program is coded in Fortran IV and runs under the IBSYS -
IBJOB monitor version 13. Pertinent comment cards have been inserted
into the program listing to aid in relating program statements to
equation in the text or given references. This was done to make any
desired modification of the program as easy as possible.

This program will compile and run the test case (output in
Appendix B) on an IBM 7090 in 1.53 minutes.

A-1
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PROGRAM INPUT

Card 1.

IDEN SIGMA EMIN TIN TW RORPIN
2A6 E12.6 E12.6 E12.6 E12.6 E12.6

Card 2.

RNRB RB RLTRE12,.6 E12.6 E12.6

SYMBOLS Definition of Symbols

IDEN For identification purposes only
SIGMA Cone half-angle (degrees)
EMIN Free-stream Mach number
TIN Free-stream temperature (degrees Rankine)
TW Wall temperature (degrees Rankine)
RORPIN Free-stream Reynolds number based on axial length (inches)

or free-stream pressure (atmospheres)

RNRB Ratio of nose-to-base radii
RB Base radius (inch)
RLTR Free-stream transition Reynolds number based on axial

length (inch)

Runs may be stacked with a blank card after last run.

A-2
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INTERNAL AND EXTERNAL COMPUTER SYMBOLS

Computer Output
Symbol Symbol Symbol

Me EMC MC
M.EMIN M(INF)

y GAM
PC PC PC

P.PIN P(INF)
rB RB RB
RL.(tr) RLTR RL(TR)

rN/rB RNRB RN/RB
a SIGMA SIGMA

T.TIN T(INF)
TWTW T(WALL)

To TO TO
CfCF CF

CIBARi CIBARl

6DELTA DELTA
MMl Ml

Rx C RC RXC
RRES RSJ

ReCRTHC RTHC

RlRT{l RTH1

S S S
Tl T1

x x X
CCDB CD(BASE) (VACUUM)

CD CDFL CDF4L)K DFL
CD CDFT CDF(T)

CDf(total) CDFTTL CDR.-0TL
0DN CDN CD( NOSE)

CDPL CDPL CDP(L)

CDP CDPT CDP(T)

CP( total) CDPTTL CDP( TOTAL)

Ctoa)CDTTIJ CD( TOTAL) ecuigbase da

CD(total) CDTTLB CD(TOTAL) including base drag

A-3
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Internal and External Computer Symbols - continued

Computer Output
Symbol Symbol Symbol

ACDf (IP) DCDFIP D CDF(IP)(L)

&C,)(TC) DCDFTC D CDF(TC)(L)

ACD p(IP) DCDPIP D CDP(IP)(L)

XACIBARA CHIBAR AVG(L)

INTERNAL COMPUTER SYMBOLS

Computer
Symbol Symbol

5/0 DOVTH Defined EQ. (12)(Ref. (6.))d(6/0-H)/dM1  DTHDM1 Defined EQ. (13)(Ref (6.)
y-l GMl
y+l GPl

WOMEGA Shock wave angle for sharp cone
OI 04EGAS Local shock wave angle for blunt cone

PC/Pu PCPIN Ratio cone pressure to free-stream
pres sure

IT Pi
RBC RBC Reynolds number based on cone properties

and tip radius of curvature

rn RN Nose radius
STST Distance along the surface of nose

from stagnation to tangency point
TI/Tl TPT1 Defined EQ. (4IX Ref.(5.))

TTTl Stagnation temperature at the outer

gp XMUlMW edge of boundary layer

P I AIIXMPM1

XMIMC

F1  Fl Function 2defined by EQ. (13)(Ref.(5.))

XRRR RcR Bc/RB - XO/r2

2!S/F 2  YRRR Integrand in EQ. (20)(Ref.(5.))

F2  F2 Function defined by EQ. (16)(Ref.(5.))
SIN2ws SIN'WS2
COS 2 ws COSWS2
TAN2ws TANWS2
TAN 2 w TANW2
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PROGRAM OUTPUT

SYMBOLS Definition of Symbols

P(INF) Free-stream pressure (atmospheres)
T(INF) Free-stream temperature (degrees Rankine)
M(INF) Free-stream Mach number

PC Inviscid sharp cone pressure (atmospheres)
TC Inviscid sharp cone temperature (degrees Rankine)
MC Inviscid sharp cone Mach number

SIGMA Cone half-angle (degrees)
T(WALL) Wall temperature (degrees Rankine)
RN/RB Ratio of nose-to-base radii

RB Base radius (inch)
RL(INF) Free-stream Reynolds number based on axial length
RL(TR) Free-stream transition Reynolds number based on

axial distance from stagnation point

D CDP(IP)(L) Incremental increase in the pressure drag coefficient
due to induced pressure for the laminar portion of
the boundary layer

D CDF(TC)(L) Incremental increase in the skin-friction drag
coefficient due t transverse curvature for laminar
portion of the boundary layer

D CDF(IP)(L) Incremental increase in the skin-friction drag
coefficient due to induced pressure for laminar
portion of the boundary layer

CHIBAR AVG(L) Average value of viscous interaction parameter,
(T) for laminar portion

CDF(L) Skin-friction drag coefficient for laminar portion
of boundary layer

CDP(L) Pressure drag coefficient for area wetted by

laminar boundary layer

CD(NOSE) Pressure drag coefficient for spherical nose cap

CDF(TOTAL) Total skin-friction drag coefficient (sum of all
skin-friction drag coefficient components)

CDP(TOTAL) Total pressure drag coefficient (sum of all
pressure drag coefficient components)

CD(BASE)(VACUUM)Base drag coefficient assuming vacuum at the base
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CD(TOTAL) Sum of all drag coefficient components except
excluding base drag coefficient
base drag

CD(TOTAL)
including Sum of all drag coefficient components
base drag

X Distance along cone surface measured from
hypothetical apex (inch)

S Distance along cone surface measured from
stagnation point (inch)

Ml Local Mach number at outer edge of boundary layer

CF Local skin-friction coefficient

T1 Local temperature at outer edge of boundary layer
(degrees Rankine)

DELTA(6) Boundary-layer thickness (inch)

RXC Reynolds number based on inviscid sharp cone
properties and X

RTHC Reynolds number based on inviscid sharp cone
properties and boundary-layer momentum thickness

RTHI Reynolds number based on local properties and
boundary-layer momentum thickness

RSl Reynolds number based on local properties at
outer edge of boundary layer and S

CHIBARI Local value of the viscous interaction parameter
defined by

where C pw / Tw

A-6



NOLTR 68-3
PROGRAM LISTING

$IBFTC DRAG ")DtDECK
C THIS PROGRAM IS CODED IN FORTRAN IV AND RUNS UNDER THE IBSYS-
C IBJOB MONITOR VERSICN 13.
C
C MAIN PROGRAM
C
C INPUT CONSIST OF 2 CARDS PER ROUND.
C FIRST CARD - FORMAT(2A6,5E12.6)
C IDEN - IDENTIFICATION (MAX. 12 CHARACTERS)
C SIGMA - CONE HALF-ANGLE (DEGREES)
C EMIN - FREE STREAM MAC.H NO.
C TIN - FREE STREAM TEMPERATURE (RANKINE)
C TW - WALL TEMPERATURE (RANKINE)
C RORPIN- FRFE STREAM REYNOLDb NUMBER bAbED ON AxIAL LENGIH IN
C INCHES (OR) FREE STREAM PRESSURE (ATMOSPHERES)
C
C NOTE - IF RORPIN LESS THAN 100. PROGRAMS ASSUMES PRESSURE.
C IF RORPIN GREATER THAN 100. PROGRAM AbSUMEb REYNOLDS NUM.
C
C SECOND CARD - FORMAT(6E12.6)
C RNRB - RATIO NOSE TO BASE RADIUS.
C RB - BASE RADIUS (INCHES)
C RLTR - FREE STREAM TRANSITION REYNOLDS NO. bASED ON AXIAL LENGTH
C
C IF AN ALL TURBULENT RUN IS DESIRED SET RLTR EQUAL TO A SMALL
C VALUE, SAY 100.
C ROUNDS MAY BE STACKED - LAST ROUND SHOULD BE FOLLOWED WITH A BLANK CARD.
C
C PROGRAM OPERATING MODES
C MODE= - LAMINAR
C MODE:2 - LAMINAR-TURBULENT
C MODE=3 - TURBULENT
C
C PROGRAM CONTROL VARIABLES

COMMON DELMDELRCDELWIQUITISKIPITRbLEITRYKtKODEKEY,
* LINESMODENNlXLIMIT

C PROGRAM INPUT VALUES
COMMON EMCEMINGAMIDEN(2),PCPINRtRLIRRNRBSIGMATINTW

C PROGRAM NONDIiAENSIONED OUTPUT VARIADLES
COMMON CC3,CDFCFLCL)FTCLFI ILCUViCDPCOPLC.DPICDPIILtCD1 lL,
*CDTTLBDCOFIPDCDFTCDCDPIPC!UARATC

C PROGRAM DIMENSIONED OUIPUI VARIABLES
COMMON CF(500),CIBAR1(500),DELTA(500),EMI(500),RC(500)t
*RES(500),RTHC(500),RTH1(500),S(500)tT1(500)tX(500)

C PROGRAM NONDIMENSIONED INTERNAL VARIABLES
COMMON CONSTCPCCOS5iS2,UEL ,t)INDOVTHDTHDM1,GM1tGPlt

* OMEGAgPCPINtPI, RBCRCTRRNSINWS2,SMAXvSMAXT,
;STTANW2,TAN S2,TPT1,TT,Xr1,XFXLAXXi,MI±A,',,w^,,IC

C PROGRAM DIMEN31ONED INTERNAL VARIABLES
COMMON Fl(500),OMEGAS(500),XRRR(750),YRRR(750)

C
C SINCE A CONSTANT PRESSURE ON IHE CONICAL SURFACE EQUAL TO THE
C INVISCID SHARP CONE PRESSURE IS ASSUMED, WE SET Pl=PC AND P1/PIN
C =PC/PIN USING AN EQUIVALENCE :TATEMENT.

EQUIVALENCE (PCP1),(PCPINPIPIN)
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C
C READ INPUT FIRST CARD

5 READ(5,1O) IDENSI6MAqEMIN-iINTWRORPIN
10 FORMAT(2A6,5El2.6)

IF(SIGMA.EQoO.) STOP
C
C READ INPUT SECOND CARD

READ(5sl5) RNRI3,RBRLTR
15 FORMAT(6E12*6)

C
C SETUP PROGRAM CONTROLSCONSTANTS AND UNIT CONVERSIONS

I TRBLE=O
KEY=O
RN RNRB*RB

C
C SET GAMMA = 1.4

GAM= 1.4
GM1=GAM-1.
GP1=GAM+1.
P1=3.14159
SIGMA=S!CMA/57. 29578
DELW=4. /57.29578
IOU IT=O

C
C CALCULATE GEOMETRIC CHARACTERISTICS OF SPHERICALLY BLUNTED CONE

SMAX=(RN*(PI/2.-SIGMA)+CRB-RN*SIN(PI/2.-SIGMA))/SIN(SIGMA))
ST=RN*( P1/2.-SIGMA)
AXIAL=RN*C1.-SIN(SIGMA) )+CRU-RN*SIN(PI/2.-SIGMA) )*COS(SIGMA)
1/S IN(CSIGMA)
PIN=RORPIN
IF(RORPINeLTe100.) GO TO 25

PXN=RORPIN/(222.*Ei4lN*AXIAL*1.E6*(TIN+198.6)/TIN**2)
CACLTCNICL HR OEPOETE

25 CALCLAT PCMCTCHAPCOEPRPRTE
T5 ANLLTA OMEGA)*
MODE=TA(MG)*
IF(R~LTGTO)ME2
GO L*TO ~ o (4, MODE=

C OT 493)MD
C CLUAESVLEWEETASTO ILOCRI LRNTZR

30 CAMATENS(VALUES WAHERTR*NSTINWILL OCCU/(IF R*EINOTC ZEROI 1198.6))-RN*(1.-SIN(SIGMA))),COS(SIGMA)
33 IF(SMAXI*LTeST) SMAXT=ST

IF(SMAXT.LT*SMAX) GO TO 35
MODE=l
GO TO 40

35 SMAX=SMAXT
C
C LAMINAR BOUNUARY LAYER CALCJLAIION!b

40 CALL LAMINR
IFCITRBLE#GT.O) GO TO 5

C
C SETUP PROGRAM CONTROLS AND CONSTANTS

DELS=S( 1)-ST
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Nl 1
CDFTTL=oo
CDPTTL=0.
IF(MODE.EQo2oAND.NoEQol) GO TO 60

C
C CALCULATE VISCOUS INTERACTION LFFECTS ANU DRAG COEFFICIENT
C CONiPONENTS FOR LAMINAR PORTION

CONST=RB**2* (RNRB**2*(2.*( 1.-SIN(SIGMA) )-COSCSIGMA)**2/SIN(SIGMA))
1+1*/SIN(SIGMA))
XF1=*8992-. 1049*EMIN*SIGMA
XF2= .6 92-. 3822 *EMIN*SIGMA+. 07 98* E/IlN**2*S IGM A**2
DIN=.968*TW/ CEMIN**2*TIN)+.145*GM1
CALL SUMUP

C
C SUM LAMINAR DRAG COMPONENTS, SETUP PROGRAM CONTROLS AND ETC.

Nl=N
CDFL=CDF
CDP L=CDP
CDFTTL=CDFL+DCDFIP+UCDFTC
CDPTTL=CDPL+DCDP! P
IF(MODEsEQs1) GO TO 70
NluN

60 SMAX=RN*(PI/2.-SIGMA)+(RB-RN*SIN(PI/2.-SIGMA) )/SIN(SIGMA)
IF(N*EQ.1) MODE=3
XMAX=SMAX-RN*(PI/2.-SIGMA)+RN/TAN(SIGMA)
RFINAL=222.*EMC*PC*(TC+198.6)*XMAX*1.E6/TC**2
DELRC=(RFINAL-RC(N))*XMAX/((XMAX-X(N))*100.)

C
C TURBULENT BOUNDARY LAYER CALCULATIONS

CALL TURB
IF(ITRBLE.GT*0) GO TO 5

C
C CALCULATE DRAG COEFFICIENT COMPONENTS FOR TURBULENT PORTION

DELS=S(Nl+l,-S(N1)
CALL SUMUP
CDFT=CDF
CDPT=CDP
CDFTTL=CDFTTL+C)FT
CDPTTL=CDPTTL+CDPT

C
C CALCULATE DRAG COEFFICIENT FOR SPHERICAL NOSE CAP

70 CDN=(C6.*EMIN**2/5o)**3e5*(6./(7.*EMIN4*2-1.))**2.5-l.)*RNRB**2*
1(1.-SIN CSIGMA)**4)/(1.4*EMIN**2)

C
C CALCULATE BASE DRAG COEFFICIENT (ASSUME VACCiJUM)

CDB1o/ (GAM/29*EMIN**2)
C
C SUM UP LAMINAR AND TURBULENT COMPONENTS TO FORM TOTALS

CDTTL=CDFTTL+CDPTTL+CDN
CDT TLB-CDTTL+CD3

C
C PRINT RESULTS

CALL OUTPUT
GO TO 5
END
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SIBFTC CONPRO DD
C THIS SUBROUTINE CALCULATES INVISCID SHARP CONE PROPERTIES

SUBROUTINE PCMCTC
COMMON OELMDELRC,9ELilQUITISKIPITRbLLITRYKKODEKEY,
*LINEStMODENN1,XLIMIT

COMMON EVs.4~G~IE()Pglg~tL~RR9')GA1N1
COMMON CUbCO)FCl)I-LCUFT,(A)FTTLCUNC),Z ,CPLCDPTCDPTTLtCDTTL,

*CDTTLBI)CDF! PUCUFTCDCUPIPC IIARATC
COMMON CF(500),C!3AR1(500),DELTA(500)EM15001,RCC500),

*RES(500),RTHC(500)tRTHIC500),S(500),Tl(500),X(500)
COMMON CONSTsCPCsCOSWb2,DELSDINDOVTHDTHDM1,GM1,GP1,
*OMEGAtPCPINsPI, RBCtRCTR,RN,sINWS2%SMAXtSMAXTP
*STTANW2,TANWS~ iPT1,TT1,XF1,XF2,XMAXXMPM1,XMUlMWXMIMC
COMMON Fl(50O~.OMEGAS(500),XRRR(750)tYRRRc750)
EQUIVALENCE (PCP1),(PCPINPlPIN)
XKr-EM IN*S IGMA
GP3=GAM+3.
XKS=GPI*XKC/GP3+SQRT((GPl/GP3)**2*XKC**2+2./GP3)

C
C CALCULATE CONE TEMPERATURE FROM REF. 3

IFCEMIN*SINCSIGMA)*GT.1.) GO TO 10
TCTIN=1.+.35*(EMIN*SIN(SIGMA) )**1.5
GO TO 25

10 TCTIN=(l.+EXPC-1.-1.52*EMIN*SIN(.bIGMA)))*C1.+(EMIN*SIN(SIGMA))**2/
14.)

C
C CALCULATE CONE PRESSURE FROM REF. 4

25 PCPIN=1.+.7*EMIN**2*4.*SIN(blGM.A)**2*(2.5+8.*bQRI (EMIN**2-1,)*bIN
1(SIGMA)l/(l.+16.*SQRTCEMIN**21.)*SIi\iCSIGMA))
PC=PCPIN*PIN

C CALCULATE CONE MACH NUMBER FROM REF. 3
UCUIN=COS(SIGMA)*SQRT(1.-SIN(SIGMA)/EMIN)
EMC=UCUIN*EMIN/SQRT (TCT IN)

40 TC=TCTIN*TIN
CPC=(PCPIN-1. )/CGAM/2**EMIN**2)

C
C CALCULATE SHOCK WAVE ANGLE FOR SHARP CONE

OMEGA=XKS/EMI N
RETURN
END
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$IBFTC LAMNR. DDDECK
SUBROUTINE LAMINR

C THIS ROUTINE CALCULATES LOCAL PROPERTIES FOR THE LAMINAR PORTION
COMMON DELMDELRCL)ELWIQUITISKIPITRbLEITRYKKODEKEY,
*LINESMODEtNN1,XLIMIT

COMMON EMCEMi~,GAMIDEN(2) ,PCPIN,RtURLTRRNRBSIGMATIN,TW
COMMON CUb,CUFCUFLCUFT,CFTTL,CUN'-(JPCUPLCDPT ,CUPTTLCOTTL,
*CDTTLBDCDFIPDCD:TC~IDCDPIP,CIbARATC
COMMON CFC500),CIbAR1(5OO),DELTA(5OO),EM1(50hRC(500),

*RES( 500) 1THC( 500 ),RTH1C500 ) ,Sf500) Tif 500) ,X( 500)
COMMON CtiSTCPC,COSWS2,DELSDINDOVTHDTHDM1,GM1,GP1,
*OMEGAPCPIN,PI, RbCqRCTR,RN,SIi'WS2tSMAXt5MAXTt

*STTANW21TANWS2,TPrltTT1,XFltXF29XMAXtXMPMI,Xi~i'MW,XiIIMC
COMMON Fl(500),OMEGASC500),XRRR(75O),YRRR(750)
EQUIVALENCE (PCtP1) ,CPCPIN,P1PIN)

C
C FUNCTION STATEMENT FOR LINEAR INTLRPOLATION

XINT(XPTXlX2,Y1,Y2)=Y1+(Y2-Y1)*(XPT-Xl)/CX2-xl)
I FEW=0
I MANY=O
IF(RN*GT.O.) GO TO 1

C
C LAMINAR BOUNDAR~Y LAYER CALCULATIONS FOR SHARP NOSED CONE
C CALCULATE 100 POINTS OR EVERY .01 INCHES ALONG BOD)Y

195 DELX=SMAX/100.
IF(DELX.LT..O1) DELX=.01
X(1)=0.
N=101

C
C CALCULATE T(PRIME)/T(C)

TPTC=1.+.076*GM1*ElMC**2+.481*(TW/TC-1.)
C
C CALCULATE MU(PRIME)/MU(C)

XMPMC=CTC+198.6)*TPTC*SQRT(TPTC)/CTPTC*TC+198.6)
C
C CALCULATE F(2) EQ. (23), REF. 5

F2=.441*XMPMC/TPTC
DO 200 J=1,101

C CALCULATE REYNOLDS NUfbER bASED ON CONE PROPERTIES AND X
RC(J)=222.*EMC*PC*XCJ)*(TC+198.6)*1.E6/TC**2

C
C CALCULATE R THETA(C) EQ. (24), REF 5

RTHC(J) =SQRTC F2*RC( J) /3.)

C CALCULATE LOCAL SKIN FRICTION CULFIFLIENT LQ. (26)p REF 5
CF(J)=F2/RTHC(J)

C
C CALCULATE BOUJNDARY LAYER THICKNESS EQ. (5)9 REF 5

DELTACJ)=C6.1*TPTC+2.9)*RTHC(J)*X(J)/RC(J)
EM1(J)=EMC
T1CJ)=TC
RTH1CJ)=RTHC(J)
RES J )=RC( J)
CE=(T1CJ)+198.6)*53QRT(Tw/Tl(J))/(Tv4+198.6)
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C
c CALCULATE LOCAL CHI O3AR PARAMETER

CIBAR1(J)=EM4C**3*SORT(CE),SQRT(RES(Jn)
S(JI=X(J)
IF(X(J).GE.SMAX) GO TO 150
X( J+1) =X( J +DELX

200 CONTINUE
J=1O1
GO TO 150

C LAMINAR BOUNDARY LAYER CALCULATIONS FOR uLUNTED CONE.
1 ITRY=0

XLIMI T~1.
OMEGAS(1)=PI/2.

C
C CALCULATE REYNOLDS NU14BER UASE) ON CUNE PROPERTIES AND NOSE RADIUS

RBC=C222.*PC*EMC*RN*((TC+198.6)/TC**2)*1lt6
C
C CALCULATE REYNOLDS NUMBER bASED ON CONE PROPERTIES AND BOUNDARY-
C LAYER MOMNENTUM THICKNESS AT POINT OF TANGENCY.

RTHCN=6.48*SORT( 1.5*RBC)
C
C CALCULATE REYNOLUS NUMt3ER oASED ON~ CONL PROPERTIES AND DISTANCE
C ALONG CON~E SURFACL i 'LASUR~LU FRUN' APEX 10 IAi\,GtNCY POINT.

RCN=222.*PC*EMC*RN*loE6*CTC+198.6)/(TC**2*TAN(SIGMA))
C
C CALCULATE BOUNDARY-LAYEk GRUWTH XI(NOSE) OVER THE NOSE BY METHOD
C OF REF. 12 IN REFo 5.

XRRRN=43./SQRTCRBC)
5 IQUIT=O
KODE=O
DO 100 1=19440

C
C STARThiG wITH P1/2 VARY OME-GA(S) IN INCREMENTS OF DELTA OMEGA(S)

10 OMEGASCI - =OMEGAS(I)-DELW
20 SINWS2=SI-OMEGAS(1+1))**2

TANWS2=TAN(COMEGAS (I+1) )**2
COSWS2=COSCOMEGAS( 1+1) )**2

C
C CALCULATE LOCAL MACH NO. FRUO'I EQ. (11) REF 5.

TEMP1=CGP1/C2.*GAM*EMIN**2*SINRS2-(aM1i))**(l./GAM)
TEMIP2=GPI*EMIN** 2*SINWS2*C 2.+GM1*EMIIN**2)
TEMP3=2.*( 2.+GMI*EM-IN**2*SINWS2)
EMlTMiP=SQRT( ( TE-MP1*TEMP2/TEMP3)/PlPIN**(GM1/GAM)-1.)/CGM1/2.))

C
C CALCULATE XI FROM EQ. (21), REF 5o

TEMP4=SQRT((2.+GM1*EMivN**2)/(2.+GM1l*EM'1TMP**2),
XRRRCI)=.1755*Ei'lN*TEIP4/(PPIN*SIN(SIGMA)*EMTMP*(TANJS2-TANW2))
IF(I.LE.1.OR.CXRRRCI)-XRRRCI-1fl.LE.XLIMIT) GO TO 30
DEL =DEL W/2e
GO TO 10

C
C CALCULATE F(1) EQ~. (13), REF 5o

30 TEMP5=2.+GM1*EM1-iTMP**2-6.41
TEP=~TP**~~:2(.*~ S*T~,2T~j)
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TEMP7=(2.*GAM*EM IN**2*SINWS2-GM1'i)*(2.+GMI*EMiN**2*SINWS2)/
lCEMIN**2*SINWS2-1. )**2
TEMP8=1 .+GM1*EMlTtMP**2
F1TMP=TEMP5/(CTEM-IP6*TEM4P7-TEMP8)

C
C CALCULATE T(l) EQ. (18)s REF 5.

TlTMP=TC*C2.+GM1*EMC**2)/C2.+GM1*EMITMP**2)
C
C CALCULATE T(PRIME)/T(l) EQ. (4), REF 5.

TPT1=l.4.O76*GM1*EM1lTMP**2+.481*(TW/TlTMP-1.)
C
C CALCULATE MU(PRIME)/MU(1) FROM SUTHERLANUS VISCOSITY LAW.

XMPM1=1TlTMP+198.6)' TPT1**1.5/(TPT1*TlTMP+198.6)
C
C CALCULATE MU(1)/MU(C) FROM SUTHERLANDS VISCOSITY LAW.

XMlMC=CTC+198.6)*(TlTMP/TC)**1.5/(TlTMP+198.6)
C
C CALCULATE F(2) USING EQS. (16) AND (17)t REF 5e

F2=.441*EMC*SQRTTTMP/TC)*XMMC*XMPi/TPT1*Ei1T.,p*c.+F1TMP))
C
C CALCULATE INTEGRAND IN EU. (20), REF 5o

YRRR( I )2.*XRRR I )/F2
IF(KODE*GT.0) GO TO 50

C
C IF XI IS BELOW THE LOWER LIMIT CXI(NUSE))t KEEP STEPPING OMEGA(S)
C UNTIL XI EQUALS OR EXCEEDS LOWER LIMIT, INTERPOLATE IF NECESSARY#

IF(XRRR(fl.LE6XRRRN) GO TO 100
IF(IoGT.1) GO TO 40
DELW=DELW/2.
GO TO 10

40 YRRR(I-1)=XINT(XRRRNgXRRRcI-1),XPRRc(I),YRRRcI-1),YRRRcI))
XRRR( I-1)=XRRRN
J=O
KODE~l
ARE A= 0

50 J=J+1
C
C USING TRAPEZOIDAL RULE, INTEGRATE TH-E INTEGRAL IN EQ. (20), REF 5.

AREA=AREA+(YRRR(I)+YRRR(I-1))/2.*(XRRR(l)-XRRR(I.1))
C
C CALCULATE R(C) EQ. (20)v REF 5

RC(J)=RBC*(3**bC*AREA+./TAN(SIi'jA)**3)**C1./3.)
C
C CALCULATE X FROM R(C) AM) CONE PROPERTIES.

X(J)=RC(J)/(222.*PC*EMC*1.E6*(TC+198.6)/TC**2)
C
C CALCULATE S USING X AND tiODY GEOMETRY*

SCJ)=RN*(PI/2.-SIGMA)+X(J)-Rq4TAN(SIGrA))
EMi (J)=EM1TMP

C
C CALCULATE R THLTA(C) USING R(C)* EQ. (20) AND EQ(21)9 REF 5o

RTHCCJ)=XRRR( I)*RBC**2/RC(J)
TiC J) =T1TMP

C
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C CALCULATE R THETAC1! USING EQ. (22)t REF. 5.0
)RTHliJ)RTHC(J)*EM1cJ)*(TI(J)+198.6)*cTC/Tl(J))**2/(EMC*(TC+198.6

C CALCULATE REYNOLDS NUMBER BASED) ON LOCAL PROPERTIES AND S.
RES(j)=222.*P1*EM1(J)*SCJ)*CTl1CJ)+198o6)*1.E6/Tl(J)**2

C CALCULATE LOCAL SKIN-FRICTION COEFFICIENT EQ. (3)9 REF. 5o
CF(J)=.441*XMPM1/(RTH1(J)*TPTI)
CE=(T1(J)+198.6)*SQRT(TW/T'ICJ))/CTW,+198o6)

C
C CALCULATE LOCAL CHI BAR PARAMETER.0

CIBAR1(J)=EM1CJ)**3*SQRTCCE)/SQRTCRESCJfl
Fl(J)=FITMP

C
C CALCULATE BOUNDARY LAYER THICKNESS EQ. (5)9 REF. 5o

DELTA(J)=c6.1*TPT1+2o9)*RTHC(J,*X(J)/RC(J)
54 IF(S(J)-SMAXI 100t15O96O
55 DELW=DELw/5.

J=J-1
AREAMAREA-(YRRR(I)+YRRCI-1))/2o*(A'RRR(l)-XRRR(I-1))
IOU IT=l
GO TO 10

U C
C CHECKS TO CONTROL NUMBER OF LOCAL VALUES CALCULATED OVER THE
C LAMINAR PORTION.
C IF ALL TURBULENT RUN, CALCULATE ONLY ONE LAMINAR POINT.
C IF LAMINAR-TURbULENT RUN, CALCULATE m~INIM'UM 15 LAMINAR P01W 5
C UNLESS S(TR) LESS THAN SMAX/3o
C IF ALL LAMINAR RUN, CALCULATE MINIMUM 25 POINTS WHEN FEASIBLE.

60 IF(MODE.EQ.2.ANDoJeE~o.) GO TO 150
IF(MODEeE~o2oAI'D.JoGTol5) GO TO 170
IF(MODEoEQ.?.ANDoS(J)oGTo(SMAX/3.)) GO TO 115
IF(MODE.E~o.1AND.J*LTo25) GO TO 115
IF(lOUIT.GT.O) GO TO 170
GO TO 55

100 CONTINUE
C
C INCREASE INTEGRATION INTERVAL TOj CALCULATE FEWER POINTS.
C QUIT AFTER 5 TRIES.

IF(IFEW*EO.1) GO TO 121
IF(ITRYeGTo5) GO TO 106
ITRY=I TRY+1
I MANY=1
XL IMI T=4*XLIMIT
DELW=4. /57. 295 78
GO TO 5

106 WRITEC6s11O) IDEN
110 r"RMAT(16HIIDcNTIFICATION 2A6:1OX,13HPR0GRAM STOP

160HOTHERE ARE TOO MANY LAMINAR POINTS bEING CALCULATED -RN/Rb PRO
2BABLY TOO SMALL

1ll ITRBLE1l
N=J
Nl=N
CALL OUTPUT
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IF(IMANY.NE.1) GO TO 150
SIGMA=SIGMA/57#295
I TRBLE=O
WRITE(6,113)

113 FORMAT(39HOTHIS RUN WILL BE REPEATED WITH RN/RB=O
RN=O*
RNR8=O.
GO TO 195

C
C DECREASE INTEGRATION INTERVAL TO CALCULATE MORE POINTS.
C QUIT AFTER 5 TRIES.

115 IF(IMANY*E~o.) GO TO 106
IFCITRY*GT*5) GO TO 121
I TRY I TRY+1
IFEW=l
XLI MIT=XLIMNIT /4.
DELWN=(4./2.**CFLOAT(ITRY)*2.fl/57.29576
GO TO 5

121 IF(J.GT.]) GO TO 170
WRITE(69130) IDEN

130 FORMAT(16HIIDENTIFICATION 2A6,1OX,13HPROGRAM Sl'OP
179HOTHERE ARE TOO FEw LAMIN'AR POINTS BEING CALCULATED -RN/RB PROB
2ABLY TOO LARGE-

GO TO 111

C DO LINEAR INTERPOLATION FOR LAST POINT.
170 CFCJ)=XINT(SMAXS(J-1htSCJ),CFCJ-1) ,CF(J))

X(J)= XINTCSMAXS(J-lhtS(J),X(J-1) ,XCJ))

TM1(J)XINT(SMAXS(J-1) S(JhtEM(J-) ,T1J))
H RC(J)=XINTCSMAXS(J-l),SCJ),RCCJ-1),RCCJI)

RTHC(J)=XINT(SMAXS(J-1),SCJ~,RIHC(J-1),RIHC(J))
RTH1(J)=XINT(SMAXS(J-1),S(J),RTh1(J-1),RTH1(J))Ft DELTACJ)=XINT(SMAXSCJ-lhS5(J),-DELTA(J-1),DELTACJ))
RES(J)=XINT(SMAXS(j)-1),SCJ),RES(J-1),RES(J))
F1CJ)=XINT(SMAXS(J-1),S(J),F1(J-1),F1(J))
CIBAR1CJ)=XINT(SMAXS(J-1),S(J),CIBAR1CJ-13,CIBAR1(JH)
S(J)=SMAX

150 N=J
RETURN
END

A-15



NO~66-3

$IBFTC TURB. DD90ECK
SUBROUTINE TURB

C THIS ROUTINE CALCULATES LOCAL PROPERTIES FOR THE TURBULENT PORTION
COMMON DELMDELRCDELWIQUIT, ISKIPI iRbLEITRYKKODEKEY,
*LINESMODENN1 ,XLIMIT
COMMON Ef4CE.MINGAMI0EN(2) ,PCPINRBRLTRRNRi3,SIGMATINTW
COMMON CDoCuFCU)FLCUOFT,'UFTTLCUNCPCDPLC)PTCDPTTLCDTTLi
*CDTTLUDFIPL)CDUFTC,1)CUPIP,)CIbARA,TC
COMMON CF(500),CIljAR1(500),UELlA(500),EM1(500),RCC500),
*RES(5OO),RTHC(500),RTH1(50O),3(500))T(500)X(500)
COMMON CONSTCPCCOSWS2,DELSDINDOVTHDTHDM1,GM1,GPl,
*OMEGA,PCPINPI, RBC,RCTRgRNSINWS2tSMAXtSMAXT9
*STTANW.2TANWS2TPT1TT1,XF1,XF2,XMAX,XMPM1,XMU1MWsXMlMC
COMMON FlC500),OMEGAS(500),XRRR(750),YRRR(750)
EQUIVALENCE (PCtP1) ,(PCPINgP1PIN)

C
C SET N USED IN EQ. (12) AND (13)9 REF. 6 EQUAL TO 7.

DATA EN/7./
C
C FUNCTION STATEMENT FOR LINERAR INTERPOLATION.

XINT( XPT Xl, X2 ,Y1 Y2 )=Yl+(Y2-Yl)*(CXPT-X1)/(CX2-Xl)
J=N
DELM=.05

C
C USING EQ. (21)9 REF. 6t CALCULATE R THETA(C) A' A NEW POINT USING
C VALUES AT A PREVIOUS POINT FOR CCF), F(l): P THETACC), R(C) /kND
C A PREDETERMINED DELTA R(C).

10 RTHC(J+1)=RTHC(J)+(CF(J)/(2.*(l.+FlCJ, ')-RTH-:(cJ)/RC(J) )*DELRC
C
C INCREMENT R(C) BY DELTA R(C)o

RC(J+1)=R-:(J)+UELRC
ISKIP=0

C
C START ITERATION FOR LOCAL NACH NUM15ER MUl) AND OMEGA(S) USING EQS.
C (22) AND (17)9 REF. 6.
C
C INCREMENT M~l) AT PREVIOUS POINT BY DELTA M~l) AND USE AS A START-
C ING VALUE, CALL IT M~l) FIRST*

EM1(J+1)=EM1(J)+DELM
K=l

30 TlCJ+1)=TIN*(2.+GM1*EI1N**2)/C2.+GM1*EMJ (J+1)**2)
TT1=T1CJ+1)*C1.+GM11*EM1(J+l)**2/2.)

C
C CALCULATEOMEGA(S) FROM EQ. (22), REF. 6.

DTH=(EN+1.)*CEN+2.)/(EN+2.*CTT1-TW)/TT1)-(EN+2.)*(1.-(TT1-TW)
1/TT1)/EN+GMi*EM1(J+1)**2*(.34+.18*(1.-CTT1-TW)/TT1))/2.
IF(ISKIP.LTo0) GO TO 70
TEMP1=1.125*EMIN*SQRT ( 2.+GM1*EMIN~**2)/(2.+GM1*EM1CJ+1)**2) )/
1 S INC SIGMA )*PlPIN*EM1( J+1))
TEMP2=TEMP1/(DTH*RC(J+1)*RTHCU-+1)/RbC*i(2)
TEMP3=SQRT(CTEMP2+TANwl2)
OMEGASCJ+1 )ATANC TEMP3)

C
C PLUG OMEGA(S) INTO EQ. (17) REF. 6, ANt) CALCULATE A NEW M(1)t CALL
C IT Mcl) SECOND
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SINWS2=SIN(OMEGASCJ+1) )**2
COSWS2=COS(OMEGAS(J+1) )**2
TEMP1=GP1/(2.*GAMt*EMIN**2*SINWS2-GM1)
IF(TEMP1.3T.0o) GO TO 40

OMEGAS(J+1)=2.*OMEGAS(J)-OMEGASCJ-1)
ISKIP=-1
GO TO 30

40 TEMP2=TEMP1**'1./GAM)
TEMP3=GPI*EMIN**2*SIN2*(2.+GMI*EMIN**2)/(2.*2+GMI*EMIN**2*SINW

1S2))
TEMP4=CTE%1P2*TEMP3/PlPIN**(GM1/GAM)-1.)*(2./GM1)
EM1TMP=SQRT (TE:4P4)
DEL1=EMlTMP-EM1 (J+l)

C
C COMPARE THE M~l) FIRST AND M~l) SECOND.
C 1) IF AbS(MC1) FIRST-M~i) SECOND) LESS THAN .001 ACCEPT THE VALUE
C 2) IF GREATER THAN .001 SET M~l) FIRST =CMC1) FIRST +MC1) SECOND)/2
C AND TRY AGAIN.
C 3) IF ITERATION FAILS AFTER 100 PASSES, PRINT WARNING, ACCEPT
C CURRENT VALUE AND CONTINUE TO NEXT POINT.

IFC ABS(DEL1).LE.1.E-3) GO TO 60
EM1CJ+i)=CEMICJ+I)+EMlTMP)/2.
K=K+ 1
IF(KoLE.100) GO TO 30
WRY TE(6,50) IDENX(J)

50 FORMATC16HOIDENTIFICATION 2A6/91H0vvARNING - SUt3PROGRAM TURB - ITER
*ATION FOR OMEGAS AND tMl FAILED AFTER 100 ITERATIONS AT X= 1PE11.2)

60 EM1(J+1)=EMlTMP
ISKIP=-1
GO TO 30

70 J=J+l
C
C CALCULATE T(PRIME)/T(1)

TPT1=(l.+.110*EM1CJ)**2)*C1.-C.276+.O148*EM1(J))*(TT1-TW)/TT1-,449

1*( CTT1-TW)/TT1)**3)
C
C CALCULATE MUC1)/MU(WALL)

XMU1MW=(Tl(J)/TW)**1.5*CTW/Tl(J)+198.7/T1CJ)jC1.*+187/Tl(J))
C
C CALCULATE R THETA~i) EQ. (22), REF. 5

RTH1CJ)=RTHCCJ)*tM1CJ)*CTICJ)+198.6)*(TC/Tl(J))**2/cEMC*(TC+198.6

C
C CALCULATE THE DERIVATIVE D(DELTA/THETA-H)/DM1 FROM EQ. (14), REF.
C 6. NOTE - EQ. IS INCORRECT IN REPORT. CTT1-TW)/TT1 SHOULD READ
C TW/TT1.

C DTHDM1=GM1*EM1CJ)*(.34+.18*TW/TT1)

C CALCULATE FWl EQ.C 19), REF. 6o
TEMP1=(2.+GM1*EMICJ)**2)-DTH
TEMP2=1.+GM1*E.411J**2+EM1ClJ)*%2.+GM1*EM1CJ)**2)/c2.*DTH)*DTHDMI
TEMP3=EM1(J)**2*TANWS2/COSW5S2*C2.*GAM*EMIN**2*SINWS2-GM1)*c2.+GM1

1*EMIN**2*SINWS2)/C2*CTAN4WS2-TANW2)*CEMIN**2*SINWS2-1 )**2)
Fl CJ)=-TEtMP1/(TEMP2-TEMP3)
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* C
C CALCULATE X FROM R(C) AND CONE PROPERTIES.

X(J=RC(J)/222*PC*EMC*.L6*(C+198.6)/TC**2)
C
C CALCULATE S USING X AND BODY GEOMETRY.

* 5cJ)=RN*(PJ /2.-SIGMM+X (J)-RN/TAN(SIGMA)
C
C CALCULATE REYNOLDS NUMBER B3ASED ON LOCAL PROnERTIES AND So

RES(J)=222.*Pl*EM1(J)*S(J)*(T1(j)+198.S)*l.E6/T1(J)**2
C
C CALCULATE DELTA/THETA EQ. (12)t RLF. 6.

DOVTH=CEN+1.)*CEN+2.)/(EN+2.*(TT1-TW)/TT1)+GM1*EM1CJ)**2*C 1.34
1+1*38*(lo-CTTl-TW)/TT1H)/2*

C
C CALCULATE DELTA

DELTA(J)=)OVTH*RTHC'(J)*X(J)/RC(J)
C
C CALL SUB3ROUTINE TO CALCULATE LOCAL C(F)#

CALL CFCALC(J)
DELM=EMI(Jh-EM1CJ-1)
IFCS(J)-SMAX) 100,980

C
C INTERPOLATE FOR LAST TURBULENT POINT ON BODY.

80 CF(J)=XINT(SMAXS(J-l) ,S(J) ,CF(J-l) ,CF(J))
XCJ)= XINT(SMAX,SCJ-1 ) S(J) ,X(J-1) ,X(J))
EM1( J)=XNT(CSMAX SC J-1) ,S(J) ,EMiC J-ii EM1(J))
TlCJ)=XINTCSMAXSCJ-1),S(J),Tl(J-l1hTl(J))
RC(J)=XINTcSMAXS(J-1),S(J),RCCJ-1),RCcJ))
RTHCCJ h:XINT(CSMAXS( J-1) ,S(J) ,RTHC(CJ-l) RTHC C ))
RTH1(J)=XINTCSMAXS(J-1bgSCJ~,RTH1CJ-1),RTH1(J))
DELTA(J)=XINT(SMAX,S(J-1),SCJ),DELTACJ-1),DELTA(J))
RES(J)=XINT(SMAXSCJ-1),SCJ),RES(J-1),RESCJ))
S(J)=SMAX

90 N=J
RETURN
END
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$IB[-JC SUMUP. OD)
SUBROUTINE SUMUP
DIMENSION SUM(6)
COMMON DELMDELRCDELWI1QUITISKIPITRbLEITRYKKODEKEY,
*LINESMODEiNN1,XLIMIT

COMMON EMICEMINGAMIDENC2) ,PCPINRtiRLTRRNRbSIGMATINTW
COMMON CObCDFCUFLCDFT ,LUFTTLtCLNCDPCUPLsCDPT ,CDPTTLCDTTL,
*CDTTLBDCDFIP~uCFTCDC)PIPCIUARAT.
COMMON CF(5OO),CILUAR1C50O) DELTA(5003 ,EM1C500) ,RC(500)',
*RESC5QO),RTHC(500),RTH1(5OO)tSC500),T1C5OO),XC500)
COMMON CONSTCPCCOSWS2,OELSDINDOVTHDTHDM1,GM1,GP1,
*OMEGAPCPINPI, RBCRCTRRNSINWS2,SMAXgSMAXT,

*ST.TANW2,TANWS2,TPT1,TT1,XFlXF2,XMAXXMPM1,XMUlMWXM1MC
COMMON Fl(500),OMEGAS(500),XRRR(7503,YRRR(750)
EQUIVALENCE (PC*Pl) ,CPCPINP1PIN)
DO 10 1=1,6

10 SUM(I3=O.
C
C USE RECTANGULAR INTEGRATION FOR THE FOLLOWING INTEGRALS*

DO 20 I=N1,N
TERM1=RN+(S(I)-ST)*SIN(SIGMA)
TERM=P1PIN*(EMI(I)/EM'IN)**2*TERM1*COS(SIGMA)*DELS

C
C EVALUATE INTEGRAL FOR PRESSURE DRAG COEFFICIENT.

SUMC 1)=SUM(1 )+CPC*TERM1*SIN(SiLUMA)*ULLS
C
C EVALUATE INTEGRAL FOR SKIN FRICTION DRAG COEFFICIENT.

SUM(2)=SUiA(2)+TERM*CFC I)
IFCMODE.EQ.2.ANDsN1.NE.1) GO TO 20
IFIMODE.EO.3) GO TO 20

C
C FOR LAMINAR FLOW ONLY.

DE=.968*TW/(EM1( I)**2*T1( I) )+.145*GMI
C
C EVALUATE INTEGR~AL FOR AVERAGE LOCAL CHI tAR PARAMETER.

SUM(3)=SUMC3)+TERM1*CIBAR1(1l*DELS
C
C EVALUATE INTEGRAL FOR INCRE1MENTAL INCREASE IN THE SKIN FRICTION
C DRAG COEFFICIENT DUE TO TRANSVERSE CURVATURE.

SUM(4)=SUM(4)+TERM*(CF(I)*(.517Th.913*TW/TlCI)+.121*GM1*EM1(1)**2)
1*CIBAR1( I)/(EM1(1I)**3*TAN(SIGMA)*SQRT(3.)))

C
C EVALUATE INTEGRAL FOR INCREMENTAL INCREASE IN THE SKIN FRICTION
C DRAG COEFFICIENT DUE TO INDUCED PRESSURE.

SUM(5)=SUM(5)+TERM*(CF(I)*C-1,152+.733*TW/TlCI)+(U52a*GAM-.126)
1* FMl(I)**2)*I)F*XFI*CIBARI(I )/(GAM%*EMI(I)**2))

C
C EVALUATE INTEGRAL FOR INCRLMENTAL INCREASE lIN THE PRESSURE DRAG
C COEFFICIENT DUE TO INDUCED PRESSURE.

SUM( 6) =SUM (6)1+PCP IN*C XF 1*OIN*C IbAR1(I) +XF2*DIN**2*C IBARiC I) **2 I
1*TERM1*SIN(S IGMA) *DELS

20 DELS=S(I+1)-S'I)
IFcMODE.EQ*2*AND.N1.NE.1) GO TO 30
IF(MODE.EQ.3) GO TO 30
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CIBARA=20 SUM(3)/CONST
DCDFTC=2.*SUM(4)/RB**2
DCDFIP=2.*SUM(5)/R3**2
DCDPIP=4.*SUM(6)/(GAM*EMIN**2*Rb**2)

30 CDP=?.*SUMC1)/RB**2
CDF=2.*SUMC2)/RB**2
RETURN
END

SIBFTC CFALT. DO
SUBROUTINE CFALT(J)

C THIS ROUTINE CALCULATES A LOCAL SKIN FRICTION COEFFICIENT FOR
C TURBULENT FLOW WHENEVER THE ITLRATIO14 IN SUuROUTINL CFCALC FAILS
C TO CONVERGE. THE METHOD USED IS CONSIDERED SOMEWHAT LESS ACCURATE
C THAN THE ITERATIVE METHOD.

COMMON DELMDELRCOELWIQUITISKIPITRBLEITRYKKODEKEY#
*LINES*MODENNlqXLIMIT

COMMON EMC,EMINGAMiOEN(2) ,PCPIN,Ru,RLTRRNRbSIGMATINTW
COMMON CDBCDFCDFLCDFT,COFTTLCDNCDPCDPLCDPT ,CDPTTLCDTTL,
*CDTTLBDCDFI PUCDFTCDCDPIP,C IbARATC
COMMON CFC500),CIBARI(5003,DELFA(500),EMIC500hgRC(500),
*RESC 500) ,RTHC( 500 ),RTH1( 5003,S( 500 ) Tl( 500)zX500)
COMMON CONSTCPCCOSWS2,DELS,DNDOVTH,DTHDM1 ,GM1 ,GP1,
*OMEGAPCPINPI, RBCiRCTRgRNiSINWS2,SMAXvSMAXT9

*STTANW2,TANWS2,TPT1,TT1,XFIXFkXMAX,XMPM1,XMU1MWXM1MC
COMMON F1C500)90MEGAS(500)tXRRR(750),YRRR(750)
EQUIVALENCE (PCgP1),(PCPIN,PlPIN)
TERM1=ALOG1O(2.*XMU1MW*RTH1(J))
TERM2=C .8686+TERM1)*TERM1*TPT1
CF(J) =.05856/TERM2
IFCKEY.EQ.1O) WRITE(6,5)

5 FORMAT1I-'i.
KEY=20
WRITE(6,10)

10 FORMATC4OH ALTERNATE METHOD USED TO CALCULATE C(F)
RETURN
END
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SIBFTC CF. DD
SUBROUTINE CFCALC(J)

C THIS ROUTINE CALCULATES LOCAL SKIN FRICTION COEFFICIENT FOR
C TURBULENT FLOW.

COMMON DELMDELRCDELW, IQUIT, ISKIPITRBLEITRYKKODEKEY,
*LINESMODEqNN1,XLIMIT

COMMON EMCEMINGAMIDE1N(2) ,PCPINRbRLTR,.RNRbSIGMATINTW
COMMON CDBCDFCDFLCDFTL-UFTTLCUNLL)PCUPLCUPT ,CUPTTLCDTTL,
*CDTTLBDCDFIPVCDFTCDCDPIPCI3ARATC
COMMON CF(500),CIBAR1(500),DELTAC500),EM1(500),RC(500),

*RES( 500 ) RTHC( 500 ) RTH1( 500) ,SC500) ,Tic 500 ) X( 500)
COMMON CONSTCPCCOSWS2,DELSDINDOVTHDTHDM1,GM1,GPl,
*OMEGAPC')INPI, RbCRCTRiRNgSINWS2,SMAXgSMAXTo

*STTANW2,rANWS2,TPTlTT1,XF1,XF2,XMAX,XMPM1,XMU1MWXMlMC
COMMON F1(500),OMEGAS(500),XRRRC75O),YRRRc75O)
EQUIVALENCE (PCP1)v, PCPIN,PlPIN)

C
C SET PRAN'DTL NUMBER USED IN EQ. (6), REF. 6 EQUAL TO e75

DATA PR/O.75/
C
C START ITERATION FOR C(BIG F) AND ETA(BIG F)
C IF THIS IS THE FIRST PASS THRU, SET LTA(bIG F) =.5
C AS A FIRST APPROXIMATION. CALL IT ETAFi

IF(KEY.EQ.O) ETAF1=.50
KEY=10

C
C CALCULATE B3ETA FROM EQ. (2), REF. 6o

BETA=GM1*EM1(J)**2/(2.+GM1l*EM1(J)**2)
C
C CALCULATE RECOVERY TEMPERATURE TE1 EQ. (6), REF. 6

TE1=C1.+PR**C1./3.)*GM41*EM1(J)**2/2.)*TlCJ)
C
C CALCULATE SUbLAYER PARAMt.TER S EQ. (5), REF. 6

SS=11*5+6o6*(TEl-TW)/TE1
C
C CALCULATE PHI FROM DEFINITION PAGE 4, REF. 6

PHI=SQRTC4.*bETA*(1.-CTTI-Twv)/TT1)+((TT1-TW)/TT1)**2)
C
C CALCULATE ETA FROM DEFINATION PAGL 3, REF. 6

ETA=(C2.*BETA-( TT1-TWe) /TT1) /PHI
KOUNT= 1

10 IF(ABS(ETAFl).LT.1.) GO TO 15
C
C IF ITERATION HAS FAILED, USE ALTERNATE METHOD TO CALCULATE LOCAL
C SKIN FRICTION COEFFICIENT.

11 CALL CFALT(J)
ETAF1=. 5
GO TO 70

C
C CALCULATE C(bIG F) E~e 10: REFz 6

15 CBF=(242*(ARSIN(ETA)-ARSINCETAFl),(-1.968+ALOG1OC23.*XMU1MW*
1RTH1CJ)/S 3)) )**2/(BETA*TTl/T1 (J))

C
C PLU(j CALCULATED VALUE FOR C~bIG F) INTO DEFINITION FOR ETA(BIG F)
C PAGE 39 REF. 6o CALL IT ETAF2
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ETAF2=(2.*bETA*SS*SQRT(TW*C3F/(Tl(J)*2.) )-(TT1-TW)/TT1)/PHI

C COMPARE ETAF2 WITH ETAFi
C IS ABSOLUTE DIFFERENCE LESS THAN .00001
C IF YES STOP ITERATION
C IF NO SET ETAF1=(ETAF2+ETAF1)/2. AND CONTINUE

IF(ABSCETAF2-ETAF1).LE.1.E-5) GO TO 50
ETAF1=C ETAF2+ETAF1 /2.
IF(KOUNT*GT*1000) GO TO 20
KOUNT=KOUNT+1
GO TO 10

20 WRITE(6930) IDENXCJ)
30 FORMATC16HOIDENTIFICATION 2A6/91H WARNING - SUBPROGRAM CFCALC -IT

*ERATION FOR ETAF AND CF FAILED AFTER 1000 ITERATION AT X= 1PE11*2)
50 XRAY=1.-ETAF2**2

IF(XRAY.GE.0.) GO TO 60
GO TO 11

C
C USING CALCULATED VALUES FOR ETAbIG F) AND C(bIG F) SOLVE EQ. (9)s
C REF. 6 FOR LOCAL SKIN FRICTION C(SMALL F).
C NOTE - EQ. (9) REF. 6 IS INCORRECTLY WRITTEN IN THE REPORT, THE
C THIRD TERM IN THE NUMERATOR AND DENOMINATOR SHOULD BE MULTIPLIED
C BY SUBLAYER PARAMETER Se

60 TERM1=-l.968+ALOG1O(23.*XMUlMW*RTH1(J)/SS)+.242*SS*SQRTC2.*BETA*
1TW/TT1)/(?HI*SQRT(XRAY))
TERM2=TERA41+1 .968-1.099
CF(J)=CBF*( TERM1/TERM2)
ETAF1=ETAF2

70 RETURN
END
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SIBFTC OUTPT. DD)
SUBROUTINE OUTPUT
COMMON DELMDELRCUELWIUUITI5tWPITRU~LLITRYKKOUhKEY,
*LINEStMOUEN,1 ,XLIi, IT
COMMON EMCLM4IMGAM, IiEN( 2) Pgl'g~t L~~4tgljitl'oi
COMMON CLBCFCUFLcuFTCuFTTLC.NLuPCuPLCuP1 ,CLPTTLCUTTL,
*CDTTLBDCUFIPXCi-TCVCVPIPClwmRMgTC
COMMON CF(5OO),CII3ARI(5OO),DELiA(500CflM1(5CO),RCC50O),

*RES(5OO3,RTHC(5OO),RTH1(500),S(50O3,TI(500),X(50O)
COMMON CONSTCPCCOSW21'ELS~Ir'iUOVTHgUvI~Ui-.I)dMlGPl,
*OMEGA,9PCP I N,9PI1 RBC 9 CT R,9RiN t S 1 oS2 9 MAX tSMAX T
*S iA W 9A W 2 T T 9~ i~ iF 9XA gfiii~iI~ xim
COMMON F1(5OO),0i' EGAS(5OO),XR RR(75O),YRRR(750)
EQUIVALENCE (PCqP1) ,CPCPINP1PIN)
AX IAL =RN* (1Io-S11NS I GmA3 3+(xt,-RI* SI N (PI /2. -S I Gi.A) ) *CG LSCS IGMA)
1/S IN(CSIGMA)
RLIN=222.*PIN4*rJA,'IN*AXIAL*l.E6*CTi\+198.6)/TIN**2
SIGMA=SI-NA*57 .29578
LINES~o
GO TO (1O,30,403,MODE

10 WRITEC6,20) IDEN
20 FORHAT(l6HlI0Ev4TIFICATIU~q 2A6912X,14H LAMvINAR UN'LY3

GO TO 50
30 VIRITE(6,35) IDEN
35 FORMAT(16HlIDENTIFICATION 2A6s12X,19H LAMINAR-TURBULENT 3

GO TO 50
40 WRITE(6,45) IDEN
45 FORm'AT(l6HlIUEi'JTIFICATIOH 2A6,12X,11H TURbULEtqT 3
50 WRITEC6960) PINT INLMINPCTLi.i(.SlGi-m,TivRg'RBRo,,HLINLTR
60 FORVMAT(lH0 12X 9HP (INF)= IPE13.67X91'T (INF)= lPLl3o6,7Xs9H1 (IN

IF)= 1PE13.6/1HO 17X 4HPC= 1PE13*6,12X,4HTC= IPL13o6,12Xt4HMC= iPEl
23.6/lHO, 14X,7HSIGMA= 1PE13.6 ,6X, 10HT (WALL)= lPEl3*699X,7HRN/Rb=
3lPE13.6/lHO,17X4HR3= 1PE1396,6X,1OHRL (INF)= 1PE13.6,
4 7X,9HRL (TR)= 1PE13.63
LINES=LINES+9
IF(ITRbLEoGToo) GO TO 119
GO TO (65t65,1003, MODE

65 WR ITE(6,70) OCUPIPL)CUFTCVC)F IP luMRM,gCuFL ,COPL
70 FORNAT(IHO,7X,14HO CUP(IPH(L)= I.PL13-6,2X914HU CL)F(TC)CL)= lPcl3o6

1,2X,14H 1) CDF(IP3(L)= 1PE13.6/1HO,6X,15HCHIBAR AVG(L)= 1PE13*698X9
28HCDF( L)= 1PE13.6 ,8X,8HiCDP CL) = 1PE13*6)
LINES=LINES+4
GO TO (100,80),MODE

80 WRITE(6,90) COFT,COPT
LI NES=LINES+2

.0 FORf,'AT(lH042XqdHCUF(T)= lP~13.6,8Xt8HC'P(T 3= 1PE13*63
100 W-RI TE(6,11O)CDNCU-TTLCUPTTLC1~,CUTTLg.LTTLU
110 FORt-AT(lHO,1OXI1HCD (NOSE)i= 1PE13.6,3X,13HCDF (TOTAL)= 1FE13.6,

13Xs13HCDP (TOTAL)= 1PE1~36!HO,2X,19HCU (LASL)(VAcLJUM)= l1P336,4X
2 12HCD ((OTAL)= 1PE13.6,4X,12HCr) (TOTAL)= 1PE13.6/1H 41X,48HEXCLUD
3ING BASE DRAG INCLUDING uASE OPAG/lHO3
LINES=LINF.S+7
GO TO (119,119,111), MODE

Ill WRITEC6sll5)
115 FORMAT(1H0 5X9 1HX, lox 1HS 9X 2HM1 9X 2HCF 11X 2HT1 8X 5HDELTA 8X
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13HRXC lOX 4HRTHC 9X 4HRTH1 aX 3HRS1
GO TO 125

119 WRITE(69120)
120 FORMATC1.Ho 5X, 1HX lox 1HS 9v, 2HMl 9X 2HCF iiX 2HT1 aX 5HDELTA aX

13HRXC lox 4HRTHC 9X 4HRTHl eX 3HRS1 6X 7HCHIbARl
125 LINES=LINES+2

IF(Nl.EQ.1) Nl=-l
DO 220 I=lN
IFcIeGTeN1U GO TO 140
WRITE(6,I 3o xfl ,S(flEM1C fCFUI),TlCI),DliLTA(I),RCUI),RTHC(I)i
iRTHi (I) ,RESCI) ,CIBARl1 )

130 FORMATC1P4El1.2,lP7E12.3)
GO TO 170

140 IF(I.GT*(N1+1l GO TO 160
WRITEC6915o)

150 FORMAIC 1OHOTURc3ULENT)
160 WRITE(6,130)X(I),S(U),EM1(flCFC Ib.T1CI),DELTMC'I) ,RC(IhtRTHC(I),

I.RTHi I) sPES( I)
170 L!NES=LINES+l

IFCLINES.LT.52) GO TO 220
WR!TE(69180) IDEN

180 FORMAT(16HlILh)ENTIFICATION 2A6,4X,9HCONTiNULA)
GO TO (190,190,200),MODE

190 IF(I.GT.Nl+1l (,0 TO 200
WRITE (6,1.20)
GO TO 210

200 WRITE(69115)
210 LINES=2
220 CONTINUE

RETURN
END

$DATA
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