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ABSTRACT

A description is given of a computer program which calculates
the incompressible boundary layer flow and pressure distribution
over an axisymmetric body. A brief outline is given of the computa-
tion method. Detailed input instructions are provided. A sample
problem is solved to illustrate usage of the program and also to
present the output. The general output scheme is explained and the

output variables are defined.

ADMINISTRATIVE INFORMATION
This work was sponsored by the Naval Sea Systems Command under the
Direct Laboratory Funding Program on the Hydrodynamics of Very High-Speed
Submarines, Element Number 62543N. The work was performed under internal

Work Units 1520-004 and 1500-200.

INTRODUCTION

A computer program is documented which calculates the incompressible
boundary layer flow and pressure distribution over an axisymmetric body in
uniform flow at zero angle of attack.

The computation method, which is more fully described in Reference 1,
is first briefly outlined here. Instructions are then provided on the
program, including a listing of the input READ statements, the definition
of the input variables, a number of comments on usage of the program, and
the memory and computer time requirements of the program. A sample problem
is presented to illustrate usage of the program. The output for this

problem is presented and the output variables are defined.

DESCRIPTION OF COMPUTATION METHOD
The program contains three major calculations. The Douglas Neumann

5
method“*” is first used to calculate the potential flow pressure distribution

1Huang, T.T., H.T. Wang, N. Santelli, and N.C. Groves, "Propeller/Hull
Interaction on Axisymmetric Bodies: Theory and Experiment,' DINSRDC
JReport 76-0113 (in review).
“Smith, A.M.0, and J. Pierce, 'Lxact Solution of the Neumann P'roblem.
Calculation of Non-Circulatory Plane and Axially Symmetric Flows About
or Within Arbitrary Boundaries,' Douglas Aircraft Company Report LS-20988
;(Apr 1958).
“Hess, J.L. and A.M.0. Smith, '"Calculation of Potential Flow About Arbitrary
Bodies,' from Progress in Aeronautical Sciences, Vol. 8, Pergamon FPress,
Oxford and New York (1966).




over the original body. In this method, the body is divided into a number
of frustrums of cones, each of which has a constant source density on its
surface. A set of linear algebraic equations is used to solve for the
strengths of these source densities. Once the source densities are known,
the pressure coefficients everywhere in the flow field, including the body
surface, may be readily determined. This initial pressure distribution,
with velocity ratio linearly extrapolated in the stern region, is then used

4,5,6

by the Douglas Cebeci-Smith (CS) differential boundary-layer method to

calculate the viscous flow over the body. This method makes the standard
thin boundary layer assumption of a constant pressure across the thickness
of the layer. The integral wake relations given by GranvilleT are then used
to calculate the flow in the wake. These relations are essentially based on
experimentally measured wake data behind a body of revolution.

The calculated displacement thicknesses from the boundary layer and
wake methods are then used to generate a new overall body-wake displacement
model. In the stern/near-wake region, where neither of the two methods
properly model the thick boundary layer, a fifth-degree polynomial is used
to fair the calculated stern displdacement thickness surface into the
calculated wake displacement thickness surtace. The polynomial coefficients
are selected to provide continuous displacements, slopes, and curvatures at
the intersections of the polynomial with the calculated stern and wake
displacement thickness surtfaces. The Douglas Neumann method 1s again used
to calculate the pressure distribution over the resulting body-wake displace-

ment body, which is then used to calculate the new boundary layer flow over

4Cebcci, T. and A.M.0. Smith, Analysis of Turbulent Boundary Layers,
Academic Press, New York (1974).

“Cebeci, T., G.J. Mosinskis, and A.M.0. Smith, "Calculation of Viscous Drag
and Turbulent Boundary-Layer Separation on Two-Dimensional and Axisymmetric
Bodies in Incompressible Flows,' Douglas Aircraft Company Report No.
MDC-J0973-01 (Nov 1970).

’Ceheci, T., G. Mosinskis, and L.C. Wang, "A Finite-Difference Method for
Calculating Compressible Laminar and Turbulent Boundary Layers, Part 11
User's Manual,' Douglas Aircraft Company Report DAC-67131 (May 1969).
"Granville, P.S., "The Calculation of the Viscous Drag of Bodies of Revolution,’
DTMB Report 849 (Jul 1953).




the body and in the wake. This process is repeated until successive pressure

distributions agree to within a specified error criterion at all points along
the body-wake displacement surface or until the specified maximum number of
iterations is reached. A sketch of the original axisymmetric body, the body-
wake displacement surface, and the definition of coordinate systems is given
in Figure 1.

In order to simplify the overall program and also to reduce the number
of input variables, a number of options in the two Douglas programs which are
not directly applicable to the present problem have been deleted. The major
deletions include the effect of compressibility contained in both programs,
the calculation of vorticity and cross flows in the Douglas-Neumann program,
and the option for calculating two-dimensional flows in the Douglas CS
program.

On the other hand, the output of the Douglas CS program has been
expanded in two areas. First, whereas the original program printed out only
the tangential velocity profile, the present program also prints out the
normal, axial, and radial velocity profiles in the boundary layer. It should
be noted that wake distributions in the propeller disk plane are usually given
in terms of the latter two profiles. Secondly, three different methods are
used to compute the overall drag acting on the body. Two of these methods,
by Squire—Young5 and Granville,7 are essentially empirical formulas for the
drag based on boundary layer parameters at the stern of the body. They are
commonly used in cases where the actual pressure distribution over the body
is unknown. The third, and more accurate, method consists of summing the
components of drag due to friction and pressure. The resulting drag
coefficients are given in terms of three different reference areas: frontal

N/

: 2/3
area, wetted area, and (volume) !




INPUT INSTRUCTIONS

INPUT STATEMENTS
The input statements by means of which data are entered into the

program are as follows:

READ(5,1012) IPROP, NXMM, IPF, IVF, FLPRNT, TITLP
*READ(60) (TXI(I), TY1(I), T = 1, NXMM)
**READ(64) (TX1(I), TYL(I), I = 1, NXMM)
READ(5.5010) NXT, LGl6, LG17
READ(5,5051) ROMAX, RL, UI, RI
*READ(5,1013) NTOT, ICUT, ICP
*READ(5,5025) XA, XTL, XWAK, XSLP, CPERR
*READ(5,2) (XX(I), I = NN + 1, NTOT)
**READ(22) (UE(I), I = 1, NXMM)
**READ(5,1013) N
**READ(5,2) (X(I), I =1, N)
**READ(5,2) (Y(I), I =1, N)

*Skip when velocity distribution is input, i.e., IPROP > 1.

**Skip when velocity distribution is not input, i.e., IPROP < 0.

The corresponding FORMAI statements are as follows:

1012 FORMAT (413, F8.4, 15A4)
5010 FORMAT (I4, 7I11)
5051 FORMAT (3F10.4, F12.2)
1013 FORMAT (2014)
5025 FORMAT (8F10.4)

2 FORMAT (8F10.7)

DEFINITION OF INPUT VARIABLES

[PROP >] velocity (pressure) distribution is input

<0 wvelocity distribution is not input

NXMM Number of body points (typically, NXMM = 140 to 160)

IPF >1 output from potential flow program is printed after
each iteration




IVF

FLPRNT

TITLP
TX1(I)
TYLEE)

NXT

LG1o6

ROMAX
RL

Ul

RI
NTOT

ICUT

ICP

<0 output from potential flow program is printed only after
initial calculation on original body

>1 full output from boundary layer program is printed after
each iteration

<0 full output from boundary layer program is printed only
after final iteration

Minimum value of X/RL for which velocity profiles are printed
after final iteration

Title
Axial distance measured from nose in feet
Radius of body at X = TX1(I) in feet

Index of body station where flow becomes turbulent; if transition
is to be calculated by program,

NXT > NXMM
= 0 1if transition point is not to be calculated by the program
=1 1if transition point is to be calculated by the program

= (0 1if transition is instantaneous

= 1 1if transition is gradual

Maximum radius of body/RL

Reference length = body length = TXI(NXMM)

Free-stream velocity in feet/second

Reynolds number/RL

Number of body points + number of wake points, must be <200
Maximum number of iterations for pressure on body-wake displace-
ment model, not including initial potential flow calculation on
the original body (typically set equal to 3)

= 0 1if pressure coefficient from previous iteration is used to
calculate boundary laver flow

> 1 if average of pressure coeftficient trom previous two
iterations are used to calculate boundary layer flow




XA Value of X/RL where initial guess for wake velocity reaches
0.99 of free stream velocity UI (typically set equal to
1.15)
XTL Value of X/RL where initial potential flow velocity distribution

is linearly extrapolated to tail (usually set equal to 0.95)

XWAK Upstream value of X/RL where Sth-degree polynomial matches with
computed displacement body (usually set XWAK equal to 0,95 or
two body stations ahead of the separation point, whichever
occurs first)

XSLP Downstream value of X/RL at matching point (usually set equal
to 1.05)

CPERR Maximum allowable error in pressure coefficient CP along the
entire body and wake (typically set between 0.005 and 0.02)

XX(I) Values of X/RL for the wake displacement model (typically
1.0< XX(I) < 30)

UE(I) Input velocity ratio at the input body points TX1(I), TY1(I)

N Number of points where changes to input velocity ratio are made

X(1) Values of X/RL where velocity ratio changes are made, (X(1)>0,
X(N) = 1.0)

Y(I) Velocity ratio change at X/RL = X(I)

COMMENTS ON USAGE

1. In most cases, where full output from the boundary layer program is
desired only for the final pressure distribution, the setting of IVF < 0
will give a total output which is typically one-third of the corresponding
output for IVF >1. In the case when [VF<0 and IPF<0, the program still
prints out various overall boundary layer characteristics at the tail of
the body as well as the error in Cp at all points along the surface of the
body-wake displacement model for intermediate iterations.

2. For input values of NXT>NXMM and LGl6 = 0, the boundary layer 1is
assumed to be laminar up to separation, regardless of Reynolds number or
pressure distribution. While such flows are not physically meaningtul, they

may be of interest in certain theoretical studies of laminar boundary layers.




3. Since the boundary layer program stops at separation, the program
has to be rerun for cases where the separation point occurs ahead of the
input value of XWAK, which typically is 0.95. In these cases, the new value
of XWAK should be input as a value just less than TX1(I-2)/RL, where TXl(I)RL i

is the value of X/RL where separation occurs.

4. As pointed out above, an input value of IPROP>1 means that the
velocity distribution 1s not calculated by the program but is instead input
into the program. These distributions may be experimental values or may be
the results of a previous calculation using this program. In these cases,
the program skips the potential flow calculations and goes directly to the

boundary layer calculations.

5. When IPROP>1, provision is made in the program for reading in
changes to the input velocity distribution. These changes may correspond,
for example, to modifications of the input bare hull velocity distribution

due to the presence of an operating propeller and/or appendage. For the case

where no changes to the input distribution are desired, simply set the

quantities Y(I) = 0 for I = 1 to N.

6. For cases when a device is used to trip turbulent flow, the results
of Reference 8 indicate that the tripping device has measurable parasitic drag.
The net effect is that the effective location of transition is no longer at
the tripping device but is instead moved forward to a virtual origin, which
depends on the trip location, geometric information on the body, and computed
laminar boundary layer parameters on the forebody. The procedure tfor making
this calculation is given in References 1 and 8 and hence 1s not repeated here.
The value of NXT defined above should be set equal to the index of the body

station at the virtual origin.

COMPUTER PROGRAM STORAGE AND TIME REQUIREMENTS

On the CDC 6700 computer currently in use at the Center, the program
requires a memory of approximately 145,000 octal words and a period of 70
seconds to compile. Program execution time depends on a number of variables

such as the number of body and wake points, and the number of iterations

required to arrive at the final results. For a typical example of a body-wake




displacement model described by 170 points, an execution time of approximately

350 seconds is required to make four complete calculations of the pressure
distribution, the boundary layer flow, and the wake flow (ICUT = 3). If one
uses the overnight computer priority P2, the total cost for this run is

approximately $60.

PROGRAM OUTPUT
The output of the program is best illustrated by means of a sample

problem.

SAMPLE PROBLEM

The computer program will be used to calculate the pressure and boundary
layer on an axisymmetric body designated as Model 4620-3. The body 1is
described by 137 points and is catalogued on permanent file CHHX46203TP60,
ID=CHHX. The body has a total length of 10.0 feet and a maximum radius of
0.4475 feet. The body is to be tested in the wind tunnel at an air speed of
v 217 feet and a corresponding Reynolds number ot 1.268 x 107. A transition
trip wire is placed on the forebody at X/RL = 0.05. With the procedure outlined
in Reference 8, the virtual origin of turbulence is calculated to be at X/RL
= 0.015. Transition may be assumed to be instantaneous, The iterations for
pressure are to stop when: (a) the difference in the pressure coefficient
Cp between two succcssive iterations is less than 0.01 at all points along the 1
body-wake displacement surface, or (b) the number of iterations for pressure,
after the initial potential flow calculation, is equal to 3. (For most cases,
the maximum difference in Cp is less than 0.02 after three iterations.) Use
the pressure from the previous iteration to compute the boundary layer and
wake flow. Use 171 points to model the body-wake surface. Guess that the
wake velocity reaches 0.99 of free stream velocity on the wake surtace at
X/RL = 1.15. In order to avoid separation in the stern region, linearly
extrapolate the initial potential-flow velocity distribution to the tail fox
X/RL>0,95, Take the upstream and downstream matching points for the Sth-degree
polynomial to be at X/RL = 0.95 and 1.05, respectively., Use the short printout

options. Velocity profiles are desired for X/RL>0.90.

SMcCarthy, J.H., J.L. Power, and T.T. Huang, "The Roles ot Transition,
Laminar Separation, and Turbulence Stimulation in the Analysis of
Axisymmetric Body Drag,'" Fleventh Symposium on Naval Hydrodynamics,
London (1976).




SOLUTION

The data cards for this problem are listed in Table 1. The first
card attaches the permanent file describing the body points. The other
cards follow the order of the READ statements given previously. The
symbol b is used to denote a blank. Also, column numbers 1, 11, 21, 31,

41, and 51 have been indicated since most of the data start in these

columns.

GENERAL DESCRIPTION OF OUTPUT
Since the short printout options were used for the present problem,
the program prints the full output from only the initial pass through the
potential flow program and the final pass through the boundary layer and
wake programs. Table 2 shows sample portions of each section of the
output. The portions which are not shown are simply the remainder of the
station data for each section.
The potential flow program first prints the maximum error in the
source density for each Seidel iteration of the simultaneous equations
for source density. Table 2 shows that a total of eight iterations are
required to reach the convergence criterion for the maximum allowable error
in source density, which is 1 x 1 el The potential flow program then
prints various geometric and flow variables, including the pressure
coefficient Cp' at each station. After the initial potential flow printout,
the boundary layer program prints out the geometry of the body in dimensionless
and dimensional coordinates as well as other geometry and input varigbles.
The following several pages of Table 2 give the abbreviated output for
intermediate iterations. The boundary layer program prints out the difference
in Cp between successive iterations at each point along the body-wake
displacement surface. Table 2 shows that this maximum difference for
iterations 1, 2, and 3 is respectively 0.235, 0.025, and 0.013. The program
also prints out the drag of the body calculated by three separate methods
and reterenced to three different areas; several boundary-layer variables
at the tail are also printed out. The potential flow program prints out only

the maximum error for each Seidel iteration for source density.




After the final iteration for Cp’ the output from the boundary-
layer program is greatly expanded. First, the pressure coefficient Cp
for the initial potential flow calculation CPPF, the final iterated
viscous pressure coefficient CP, and the difference CP-CPPF are printed
out at each station. The associated body pressure drag at each station,
as well as the cumulative total pressure drag from the nose to the station
for the above three cases, are also printed out. Detailed velocity
profiles are printed next over the rear of the body. These velocity profiles
are given in terms of components normal and tangential to the body as well
as in the axial and radial directions. Following these, a summary of local
and integrated boundary layer variables at each station is printed. The
program concludes by printing the offsets of the final body-wake dis-

placement surface.

DEFINITION OF OUTPUT VARIABLES
The output variables are defined in the order that they appear in

Table 2.

Potential Flow Program

X Dimensional axial distance in feet measured from the nose of the
body

Y Dimensional radius in feet of body

173! Local tangential velocity/free stream velocity Ul

(%) % Pressure coefficient = 1 - (_Tl)2

SIN A Sin a, where a is defined in Figure 1

COS A Cos a

STCMA Source density

N Local normal velocity/UI

PHI Perturbation potential due to presence of body

Boundary Layer Program - Part 1

TRILAG LGl6 (see DEFINITION OF INPUT VARIABLES)
TRINT LG17 (see DEVINITION OF INPUT VARIABLES)
TVC = 1, transverse curvature effects are taken into account

SHORTP = 1, velocity profiles are printed tor X/RL > FLPRNT

10




X/C
s/C
Y/C

RL
RHOREF

MUREF
ul
RI
RI*RL

Station number

Axial distance/RL

Arc length/RL
Radius/RL

Axial distance in feet
Arc length in feet
Body radius in feet
Body length in feet

p= MUREF * RI/UI, density of fluid in slugs/ft”, based on
input Reynolds number/ft RI and velocity UI

- 2 : ) ! e
u= (0.3834 x 10 8 1b sec/ft”, dynamic viscosity of air at 60°F
Free stream velocity in ft/sec
Reynolds number per foot

= RI*RL, Reynolds number

Boundary Layer Program - Part 2

N
x/C
S
RO/C
BETA

€P PE

SQUIG

COS (ALPHA)
SIN(ALPHA)
CRINT

UE

cp

MUE

Station number
Axial distance/RL
Arc length in feet
Body radius/RL

8= (28/UE) (dUE/df), £= SQUIG, dimensionless velocity-gradient
term

Pressure coefficient calculated using original body, i.e., C

from initial potential flow calculation P

. )

S oY
£= S UE(%Q)“ ds, transformed arc length coordinate in lb"sec"/{tJ
o

Cos a, see Figure 1 for definition of a
Sin a

=2 ACp(RO/C)*tanu/(ROMAX)“, ACp = CP-CPPF

Local tangential velocity calculated by potential flow program
using latest body-wake displacement model in ft/sec

5
=1 - (UE/UI)", pressure coefficient calculated using the latest
body-wake displacement model

6

- il . : N I 0
= (0.3834 x 10 1b sec/ft™, dynamic viscosity of air at 60 F




CRLPF

CRLVF

CRLDF

CRAPF

CRAVF

CRADF

CRAFA,
CRAWA,
CRAV23

5
= 2 CP PF * DR/(ROMAX)“, CP PF = (CP PF(N) + CP PF(N - 1))/2,
DR = RO(N)/C - RO(N - 1)/C, component of CP PF in axial
direction referenced to frontal area

2
= 2 CP * DR/(ROMAX)“, CP = (CP(N) + CP(N - 1))/2, component
of CP in axial direction referenced to frontal area

CRLVF - CRLPF

N

I CRLPF(I), cumulative total from nose to station N of CRLPF
I=1

"

CRLVF(I), cumulative total from nose to station N of CRLVF

]
—
no~Mm=Z

z
—

CRLDF(I), cumulative total from nose to station N of CRLDF

i
—
[ o]

—

Drag component of (CP - CP PF) for the entire body referenced
to (frontal area, wetted area, (volume)2/3), note: CRAFA =
CRADF (NXMM)

Boundary Layer Program - Part 3

I

ETA

FP
FPP

Y
EPS+
UPLUS

VVEL/UE
X/C

R/C

R/ RMAX

R-R0O/RM

— B——

Station number

Y bUE RO . .
=\$ — (E—de, transfomed y-coordinate, y = distance measured
o

/2§
normal to body (see Figure 1)

= :ZTEL———-,w = stream function, F = dimensionless stream function
/2¢ (RL)

3f/an = u/UE, u = tangential velocity in ft/sec

2

a“f/an2 = 3(u/UE)/3n

y, distance measured normal to body in feet (see Figure 1)

e+ =e/v , €= eddy viscosity, v= u/p = kinematic viscosity

u+ = (u/UE)/ /cf72, cf = local skin-friction coefficient

= v/UE, v = velocity normal to body in ft/sec

Axial distance measured from nose/RL

Radial distance measured from body axis/RL

Radial distance measured from body axis/maximum radius of body

Radial distance measured from body surface/RMAX, RO = radius of
body in feet




UX
UR
UTOT

= ux/UE, B axial component of velocity in ft/sec
= uR/UE, up = radial component of velocity in ft/sec
=/ ux? s wR®

Boundary Layer Program - Part 4

N

THETA

DELS

CF

CRL
CD(CALC)

CD (GRAN)

IMAX

X/C
RX

RTHETA

DEL (GRAN)

CFA

Station number

Arc length measured from nose in feet

_ R u u : :
9 15 RO UE (I-UE) dy, momentum thickness in feet

*
§ ij — (1-SEJ dy, displacement thickness in feet
o 0

Cf = Tw/(l/ZOUEz), (L shear stress at the wall, local skin

friction coefficient referenced to local velocity UE
= CRLDF, see Boundary Layer Program - Part 2 (BLPP2)

= CRA(N) + CFA, CRA(N) = CRADF defined in BLPP2, cumulative
total from nose to station N of drag coefficient due to pressure
and friction, referenced to frontal area

; . [7(H£2) + 3]/8
= iﬂiﬁglﬁf %% , RMAX = maximum radius of body,
m (RMAX)
drag coefficient referenced to frontal area computed by the
Granville’ formula from nose to station N

Total number of points in the n-direction required to reach
the outer edge of the boundary layer where u/UE = 1

Axial coordinate/RL

= (UE)S/v, v = kinematic viscosity, Reynolds number based on
arc length S and local velocity UE

= (UE)6/v, Reynolds number based on momentum thickness & and
local velocity UE

*
=§ /6, shape factor

- ) “ * " bt . v 9
RO + /RoZ , 2R0&*cos a , effective thickness due to displace-

cos a
ment effect of boundary layer to be added to original body to
obtain body-wake displacement surface, in feet

Cumulative skin friction coefficient from nose to station N,
referenced to free stream velocity Ul and frontal area

13




CRA

CD(SQ-YN)

ETAINF
CDT(CALC)

WA,V23,FA

N
(X/C)OLD
RO

DELS
DELGR

(RO + DELG)/C

(X/C)NEW,

+ DG*COS)/C

U TAIL, X

TAIL, H TAIL

GAMA TAIL

Wake Program

*

X

MOM AREA*

FORM FAC H*

DISP AREA*

CRADF defined in BLPP2

» A2RD0 (-l!}—z-(“’s)/2 , drag coefficient referenced to

n(rmax)? U :
frontal area computed by the Squire-Young formula

Value of n at outer edge of boundary layer where u/UE = 1

= CRAFA + CRA, CRAFA is defined in BLPP2, sum of (total drag
coefficient on entire body due to pressure) and (cumulative

skin friction coefficient from nose to station N) referenced
to UI and frontal area

Subscripts indicating that the drag coefficient is referenced
to (wetted area, (volume)Z/3, frontal area)

Station number

Axial distance of a point on the original body/RL
Radius of body in feet

§*, displacement thickness in feet

= DEL(GRAN), effective thickness in feet to be added to
original body to obtain body-wake displacement surface

= (RO + DELGR)/RL, (body radius + effective thickness)/RL,
dimensionless radius of body-wake displacement surface,
assuming the effective thickness is added normal to the
X-axis

Value of (X/RL, R/RL) at surface of body-wake displacement model,
assuming the effective thickness is added normal to the surface
of the original body

value of (Ut/UI, X/RL, H) at tail of original body

_ROZCDE PR it s e
= (EEJ TTr_TK]L)['(“ TAIL + 2) + 3]/8, initial value of

dimensionless momentum area ftor the start of the wake calculations,
based on overall drag coefficient CDC FA and velocity ratio at
the tail (derivation is given in Reference 1)

Axial distance measured from nose in feet

- u u . e
= ey = ;= ) 2] > [ N g
So R UE (1 UF) dy (RO) (#), momentum areca in ft

= DISP AREA/MOM AREA, form factor

@

:} R(l-%r) dy = (RO) (8*), displacement area in ft°
o :

14




)
/2(DISP AREA), effective radius of wake in feet

UE/UT in wake
=
1 - (U/UINF)"

EFF THICK*
U/UINF
CP

*The dimensional definitions are given. The dimensionless quantities are

divided by the appropriate power of body length RL.

COMPARISON OF RESULTS FOR TWO DIFFERENT TRANSITION LOCATIONS
_ In order to assess the importance of using the virtual origin as the |
| location of transition, a second computer run was made in which all of
| the input parameters were kept the same except that transition was assumed
to be at the trip wire location, X/RL = 0.05. Table 3 shows the results
at the tail of the body for the two assumed locations of transition. The
differences are, on the whole, not large. The largest differences,
approximately 1 to 2 percent, occur for the drag coefficients CFA WA,
CRA WA, CDC WA, and the boundary layer displacement thickness DELS. These
are due to the parasitic drag and boundary layer thickening effect of the
trip wire. On the other hand, the shape factor H TAIL and the velocity

ratio U TAIL agree to nearly four significant figures.
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TABLE 1
INPUT DATA FOR SAMPLE PROBLEM

Column Number

1 11 21 31 41 51

ATTACH, TAPE60 ,CHHX46203TP60, ID=CHHX,

bb0137bb0bb0b0.90 CALCULATIONS FOR MODEL 4620-3
bbb400

0.04475 10.00 217. 1268000.
b171bbb3bbb0

LoES 0.95 0,95 1.05 001
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TABLE 2 1

PROGRAM OUTPUT
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N & N

~o

DOUGLAS AIRCRAFT COMPANY

LONG BEACH DOIVISIOA

FOTENTIAL FLOW CALCULATIONS

CP ITERATION 1

«35964E-01
«1646487E-01
«37613€-02
«81065€-03
«13815€E-03

«15766E-04
«10874E~0S
«80259€E-0¢€

«BL1E+00 «278E QO +6B7E4CQ

ITERATIONS REQUIRED FOR COMVERGENCE

X MIOPOINT
«002500
«007500
«012503
«017500
.022000
«026000
.030000
033500
0385400
«Ge6000
052500
« 057500
« 062500
.067500
«072500
«077500
.082500
«087500
092500
097500
. 102500
«107500
112500
«117500
«122500
«127500
«132500
«137500
«162500
«167500
«152500
157500
«162500
«167500
«172504
«177500
«182500
«1875Q00Q
«192500

ro

cp

ERROR

002328
« 002431
«0G2863
< 003027
002587
«002155
«002033
.001998
«001844
.001740
«GC1840
.001876
.001862
«001887
« 001946
«0C2308
«C0209¢%
«002173
.002218
.002278
«0023%3
«002398
«002627
« 002426
.002336
«00229«
002139
«001901
«061563
«001107
000526
.000109
«000623
«00086%
«L0Qa73
«000791
.000703
«0006132
« 000531




«0

“2
.3
')
&5
“6

.8
9
50
51
52
53
Sk
55
56
57
58
58
60
61
62

b4
65
66
67
68
63
70
74
72
73
T4
75
76
r7

9
80
81
82
83
.
85
86
87
88
89
90
91
92
93
E 1Y
95
96
97
93
99
100
101
102
1C3
104
105

«1975%00
«20%000
«215000
«225000
«235000
«265000
«255000
«265000
+275000
«285000
«295000
+«30%000
315000
«325000
«335000
+«3645000
«355000
«365000
«375000
«385000
« 395000
405000
«%15000
425000
«43500C
« 445000
« 455000
« 465000
«475000
485000
- 495000
«505000
«51500C
«£25000
535000
«545000
«555000
« 565000
575000
«5850C0
«595000
«605C00
«616275
«62€362
«635893
« 6645425
« 654956
«+66639¢
«675926
«E854L5Y
«+696895
« 706627
«715959
« 725491
«73%022
« 746460
« 755992
« TEE623
« 7769361
« 786493
« 79€02¢4
«805556
«815087
«826525
«+836057
«B45588

26

«000526
«000633
«000379
«000366
.000318
«060285
«000261
000256
000261
« 000229
000230
. 000226
.000223
«000221
«d00220
«000219
.000219
-000220
.000221
« 000224
«000227
.000231
.000236
000263
« 000251
« 000261
000272
«000254
000298
« 000314
.000333
«0C0355
.C000380
0006409
« 000400
«000685
. 000533
«000588
.C0C637
. 000586
.000189
«CCCbW2
+ 01698
«co2077
001874
«001793
«001562
«001438
«001470
«001308
.001268
«+00135%
«G01327
«001699
«001368
«001453
0016135
«001647
«00180¢
«002143
«002226
002536
«0025588
« 002934
« 003624
«003559



106
147
108
109
110
111
112
113
11
115
118
117
118
119
120
121
122
123
124
12%
12¢
127
128
129
130
131
132
133
134
135
136

MAX CP ERROR=

857026
8663558
«876089
885621
895153
« 906590
«916122
« 926968
935000
«965000
953500
«959500
9646500
« 968500
«971000
«973000
«976500
«975500
«977000
« 978500
980000
982000
«986000
.58€000
988000
«990000
«992000
993500
«995000
«997000
«39330¢

«003958)
«0049712
«004956
+00€134
«005660
.00%919
007752
006138
.003530
.003078
.009580
015588
«C24754
032013
.038333
«065317
« 06992
.053306
060950
.066058
«C74651
« (84969
«096377
.108979
« 122994
«13878)
«157001
«172063
«191808
«232067
e 234576

«236576€
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DOUGL AS

LONG BEACH

POTENTIAL FLOM CALCULATIONS

cp

N
1
2
3
L)
5
(]
7
8
9
10

11
12
13
16
15
16
17
18
19
20

>
<

22
23
2%
25
26
(44
28
29
3C
31
32
33
34
35
3t
37
38
39

ITERATION 2
«35964€-01
«1b6487E-01
«37611E-02
.81050E-03
«13808E-03

«15720E-04
«10914E-05
«80650E-06

+841E¢00

AIRCRAFY COMPANY

DIVISION

«2T7E4030

ITERATIONS REQUIRED FOR CONVERGENCE

X MIOPOINTY
002500
«007500
012500
«01750C
«022000
026000
«030000
033500
.038500
- 046000
.052500
057500
«U6250C
«Ub67500
«072500
«077500
.082500
«J87500
.092500
«0L97500
102500
107500
«112500
«117500
«122500
«127500
«132500
«137500
«1625CC
«147500
«152500
«157500
162500
«167500
«172500
«177500
«18250C
«187500
«1972506C

CP ERROR

Q)

.000000
.000001
.000012
00007
.C00033
«00000%&
000034
«000001
000001
«000001
.000001
.000002
.C0001
«000001
«L000a2
«00000%
000006
.0c0008
.000010
«LuCD12
.000016
.00c021
.0o0028
«C00032
.000038
+00006u
000050
«000052
sLLlQus
000031
000005
«00C053
«L00090
«LCC097
.000077
«000009
«000029
000017
«CLC0J12

«688E400




«197%00
«20%000
215000
+225000
«235000
«245000
255000
265000
«27500¢C
«285000
«295000
«305000
«315000
« 325000
«33%000
«365000
«355000
«365000
«375000
+385000
«395000
«405000
«415000
«425000
. 435000
«465000
+ 455000
«465000
«475000
«485000
«435000
«505000
«515000
« 525000
«535000
«545000
«555000
«565000
«575000
+585000
«595000
«€05000
«616275
«626362
«635893
s 6L5625
+ 654956
«66639%
+ 675926
«+ 685658
« 656895
« 706627
«7159%9
e 725491
« 735022
« ThELE0
«75%992
« 765523
« 776961
« 786493
« 796024
«805556
«815087
«826525
«836057
«B45588

«000007
000002
«000001
.000001
«000001
. 000002
«000003
.000003
«00C003
«000006
«000003
«000001
.000001
0000232
000003
000004
. 000006
«06000¢«
.000004&
.000005
«000005
.000005
.00000%
000005
.060006
.0000086
000006
.000006
. 000006
.00000%
.000005
.000004
000002
060000
000005
000013
«000027
.000052
.000089
.000107
.000062
« 000007
.000158
.000225
600163
«000104
«u00062
.000046
.000046
«000036
.000035
«C0004&7
«0Gy0se
.C0CO055
.000051
.C0C070
«00C093
.000088
«00C107
«C00146
«000184
«000204
.000214
«000303
«000W0t
«000633




106
107
108
109
1190
11
112
113
116
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
1kl
162
143
164
165
14¢
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
19
170

MAx CP ERROR=

857026 .000603
«866358 «000844
«876049 «001186
885621 001544
«895153 061950
«906590 «003327
«916122 +005%521
«924968 007021
«935000 007794
« 945000 .0Q7225%
«953500 .Co7082
« 958500 007433
«9664500 0068086
«96850¢C .006225
«971000 «005%ks
«973000 «006ub3
« 974500 «003835
«975500 003321
«977000 .0022213
«97850¢C 001684
+380000 .0002as8
«982000 001114
« 584000 «LC2607
+986000 «006167
« 988000 «005782
«950000 .007&37
«992000 «009110
« 993500 010465
.9950¢C0 «011666
.597000 «013355
«999000 «01502¢
1.001000 « 015652
1.,00300¢C 018236
1.605000 «019756
1.007000 .021220
1.009000 0227114
1.012000 «023863
1.01700¢C « 025390
1.32500C 026137
1,035000 « 020167
1.045Q00 «011268
1.057000 .001933
1.072000 002646
1.090000 «L0cbY9s
1.110000 « 002440
1.13%000 001767
1.17%000 .00096¢C
1.22500¢C «000610
1.27500C «000378
1.32%5000 «+ 000249
1.375000 «000197
1.450000 «000121
1.55000¢C 600105
1.675000 .cocorz
1.87500C eCLCOW7
Je2G0000 .C0C024
2.7G000C .000010
3.300000 «00000%
L.050000 .003001
5250050 «G0C000
6.750000 .00C000
8.75C000 «G0000V
12.000000 .000000
17.000000 «C00000
25.00¢6000 .CG0000
« 425390
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DOUGLAS AIRCRA

LONG BEACH

POTENTIAL FLOW CALCULATIONS

ce

ITERATION 3
«35964E-01
«16L87E-01
«37611£-02
«81053€-03
.13809€-03

«15726E-04
«10906E-05
«80568E-06

«8L1EeQC

FT COMPANY
DIVISION

«278E+0C

ITERATICNS REQUIRED FOR CONVERGENCE

X MIDPCINY CP ERROR

«J02500
«J07500
«012500
017500
«022000
026000
«33C0000
+033500
+038500
«066000
«252500
«0575C0
.06250¢C
«0€7500
072500
«277500
.082500
.087500
.092500
«0975C0
+102500
«107500
«112500
«117500
«122500
«127500
«132500
137500
«162500
«167500
«152500
«157500
«1625030
«167500
«172500
«177500
«182500
187500
«192500

.€00000
.0Ca0d1
.000001
.000001
+606001
.000001
«C00001
.000001
.000001
.CC00J1
.000001
000001
000001
000001
.000001
«002391
+000001
000001
.000001
000001
«Guv032
.000002
.600032
.£00092
.0G0023
.000003
.000004
.C00005
.0C0006
.000005
.0060002
.000003
.000007
+000007
.000004
000000
.000003
+0060003
£00C0J3

L LA




«197500
«205000
215000
«225000
235000
+245000
«255000
265000
«275000
«285000
«295000
305000
315000
« 325000
335000
« 365000
«355000
+» 365000
«375000
+385000
«395000
+4050C2
<L15000
«42500C
« 435000
« 465000
«455002
« 465000
«675000
«485000
«435000
«505000
«515000L
«525000
«53€000
«5450Q0
«555000
«5650C0
«575000
«585000
«595000
«6C53C0
«616275
. 626362
«635893
« 645625
«E54L956
«666334
«67592¢
«+685458
«6396895
« 706427
« 715959
«725491
« 735022
« Thbub0
« 755992
« 765523
« 776961
« 786493
796024
«805556
«815087
«826525
836057
+B8L5588

«000003
000003
.000002
.000002
+000002
. 000002
.000002
2000002
000002
.000002
.000002
. 000002
.000002
«6C0002
.000002
.000003
.00C003
.000003
«600003
000003
.000003
.0G0003
.000Q003
.000003
«G0C003
.000003
«C0C00«
«c00204
«00000«
.000004
.C00005
«u00005
.CC2025
.0000086
«003006
« 000006
.00000«
«CC20214
.000010
000014
.C0n0a8
«000010
«0CG0e7
.0CC037
.003023
.0GooCy
«000023
002003
«000J0n
«000334
«000005
.C0co07
«C00008
«0C0037
.C00005
. 000006
000007
«000002
«00006433
«000902
«G00000
«000011
«000023
«C0GO33
«v00051
«000088




106 .857026 «000129
107 +866558 «0001646
108 +8760089 «000209
109 «885621 «000387
110 «895153 .000399
11 «506590 .000078
112 «916122 .001001
113 «3249638 «001945
114 «935000 .0025128
119 «945000 «003191
116 «953500 «004798
117 2959500 «006%16
118 « 3646500 «007091
119 «968500 «007%03
120 «971000 «G07248
121 «973000 .0C6808 3
122 «374500 «008630
123 «97550¢ 006344
126 «377006 005676
125 978500 .005355
12¢ «380000 .004530
127 .982000 «003760
128 » 384000 .002866
129 .986000 «0018566
130 «98800C . 000832
131 «39C00C «C00244
132 «992000 .001351
133 «993500 .002195
136 «995000 «003057
135 «3937000 .004196
138 «9930CQ .005331
137 1.001000 006449
138 1.0u3000 «007561
138 1.00%040 .008538
140 1.007000 « 609619
161 1.009000 . 010643
162 1.012000 « 011568
163 1.01700¢C «012774
16k 1.025000 «G12267
145 1.035000 . 0097590
166 1.0645000 « 003662
1467 1.05700¢C «002651
168 1.072000 «0042E7
169 1.09cC000 «002229
150 1.110000 «000924
151 1.13%5000 .000321
152 1.175000 « 000062
153 1.225000 .000015
154 1.275000 «000016
155 1.325000 .000018
156 1.375000 .000012
157 1.450000 .000007
158 1.550000 00000«
159 1.675000 «0C0001
160 1.875000 .000001
161 2.200000 .000000
162 2.70C000 «000000
163 3.300000 .000000
164 “.050000 .000000
165 5.2500060 000000
166 6.750000 «00C000
167 8.750000 «C0u000
168 2.000000 «000030
169 17.000000 .000000
170 25.00000¢ 000000
MAX CP ERRQOR= «012776
_‘{,’w
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R LEIT T
.9870000
.9890000
«9910000
9930000
«9960000
.9960000
«9980000
1.0000000
1.0020000
1.0040000
1.0060000
1.0080000
1.0100000
1.0160000
1.0200800
1.03000060
1.0400000
1.0%00300

OIMENS IONLESS

X
9500000
«9570000
.3620000
.9670000
3700000
37206000
+97«0000
«975C000
9760000
.9780300
.9790000
.9810003
.3830000
98500030
.987.00C
«39830000
£93101300
9936000
<336 0060
«3960000
99835000

1.0000400
1.002000¢0
1.u060000
1.0060040
1.0080000
1.01000006
1.0140000
1.3200000
1.0300000
1.0400000
1.0600600
1.0640000
1.0800000
1.1000300
1.1200000
1.1500000
1.2000000
1.2500000
1.3000000
1.3500000
1.4000000
1.5000000

i

«Qlbcs3s
0160855
0139665
0138160
«0136939
0136359
«01352%8
«013623%
«0133286
0132408
«0131598
0130851
0130165
«0129535
0128629
0127096
0125489
.0124299
«01232867

EFF THICK
0181448
0172082
0165602
«0159613
0156248
0156108
.0152062
.0151058
.0150085
L0168205
.0147299
LU145556
.0163899
.01462333
+016(855
.0835465
«013826C
0136939
0136353
.013%5268
.0136235
0133280
0132608
«0131598
.0130851
.01301€5
«0129535
.0128429
0127096
0125489
«0128259
0123267
0122127
LC121169
0120238
0119566
.0118822
.0117929
011781
0116783
0116382
«0116953
0115519




1.6000V00
1.7506000
2.0000060
2.4000000
3.0000000
3.6000000
«.560C000
6.0000000
7.500G000
10.000C000
16.0000000
20.0000000
3Jo.000c000

«011%101
«0116617
«0114022
«0113349
0112644
«011215¢
.01116%3
.0111069
0110670
.0110228
0109745
. 0109245
«0107678
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TABLE 3

COMPARISON OF RESULTS AT TAIL FOR TWO
LOCATIONS OF TRANSITION

Virtual Origin Trip Location
X/RL = 0.015 X/RL = 0.05
CFA WA 0.002928 0.002896
CRA WA 0.000102 0.000104
CDC WA 0.003030 0.003000 F
DELS 1.5914 1.5734
H TAIL 1.2765 1.2768
U TAIL 0.9490 0.9489
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DTNSRDC ISSUES THREE TYPES OF REPORTS

(1) DTNSRDC REPORTS, A FORMAL SERIES PUBLISHING INFORMATION OF
PERMANENT TECHNICAL VALUE, DESIGNATED BY A SERIAL REPORT NUMBER

(2) DEPARTMENTAL REPORTS, A SEMIFORMAL SERIES, RECORDING INFORMA
TION OF A PRELIMINARY OR TEMPORARY NATURE, OR OF LIMITED INTEREST OR
SIGNIFICANCE, CARRYING A DEPARTMENTAL ALPHANUMERIC IDENTIFICATION

(3) TECHNICAL MEMORANDA, AN INFORMAL SERIES, USUALLY INTERNAL

WORKING PAPERS OR DIRECT REPORTS TO SPONSORS, NUMBERED AS TM SERIES
REPORTS, NOT FOR GENERAL DISTRIBUTION




