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Introduction

Inverse methods permit the specification of certain performance
properties of a body and from this specification the generation of a
compatible body profile. A potential flow inverse method, in which
the pressure distribution of an axisymmetric body operating in water
is specified, was developed at the Applied Research Laboratory, The
Pennsylvania State University (ARL/PSU) and was reported in Refer-
ence 1. This method employs a higher order surface singularity
technique using parabolic surface elements with linearly varying
sources. The body shape is obtained through an iterative scheme
which is rapidly convergent.

There is at present a strong need to exercise such a method in
establishing some bounds on a class of bodies that lend themselves
to extensive laminar flow in the forebody region, either by the shape
alone or by a combination of shape and surface heat. This class of
bodies requires that the pressure distribution change gradually over
a major portion of the body extent and be free of abrupt peaks in the
nose region. This insures the best possible environment for laminar
flow.

In answer to this need, a study was undertaken in which the
pressure distribution was specified in parametric form. Bodies
were generated for a range of parameters and then analyzed with
respect to surface heat requirements for a specific body diameter
and a specific speed of operation. In the interest of presenting
the data generated to date, no analysis of the turbulent boundary
layer flow portion of the body ner the estimation of the overall
drag is included in this report. This will be reported in a sub-
sequent memorandum.

Pressure Distribution Specification

The approach that was used was to divide the pressure coefficient
distribution into three segments as shown in Figure 1. Segment II,
the largest of the three, has a constant pressure gradient and its
limits are indicated by points I and - Segments I and III
provide a transition from the C values at Q and Q to a value
of Cp = 1.0 at the nose and tai, respectively. Four parameters
that can, therefore, be specified are xl, C),, xi, and Cp2. If these
are specified, so is the slope of Segment II,

C -C
P2 Pl

x2 - I

If S is chosen, only three of the original four parameters need be
specified.
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Other parameters that might enter the picture would be those
associated with the type of curve that is used in either Segment I
or Segment III. In this study, only one type of curve definition
was used in each of these two segments. Therefore, as far as this
study is concerned, only four parameters were used.

Segment I: After trying a number of defining curves, the one
one that was used in this study was a portion of an ellipse. The
semiminor axis is the value, x, , and the semimajor axis is
approximately Cp,. The semimajor axis is exactly equal to Cpl when
S = 0, but is slightly different for other S values because of a
built-in requirement that curve Segments I and II meet with the same
slope.

The defining equation for the Cp distribution curve in Segment I
is given by:

2

C =1- {i - C J Ll (1- - (2)

where

= x

x1

and

x22

Cpl) (I - C i

( ,2 _=L - C)

1 -

The Cp calculations for Segment I should be made only to the point:

S x I
= m = i+(1- C )(3

Pi
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This type of defining curve produces rather blunt noses when the x
choices are relatively small. These noses do not have flat faces, but
in some cases come fairly close to that type of shape.

Another type of defining curve that was tried, but not used in this
study, was a parabolic one. The defining equation for this type can be
written as:

C = C ' + (1 - C ') (1 - $)2 (4)
PI Pl P

where

x

and

, _ P C pl 2 x

(p 2 - 4 4 Cpl

Again the Cp calculations for Segment I should be made only to a point m"
In this case, m is given by:

xS

m 2 (1 - C ') (5)

The noses that result from this description are more pointed, even
when the chosen x value is relatively small.

Segment II: A great deal more need not be said about this segment.
The slope of the Cp curve is constant and is given by Equation (1). The
equation for Cp in Segment II then becomes

C = C + x1 (l - ) S (6)

with the calculations beginning at = " is defined the same as it
has been previously.
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Segment III: The third segment was formulated by attempting to
fair into the local potential flow of a cone. The local conical
solution, originally derived by Mangler (see Reference 2), shows that:

n
Uc ~

from which

C I 2n
PC

where

0 < 2n < 1

and

So that there will be continuity of Cp and (dC p/dx) at point G
the pressure coefficient can be written as:

C = -a n2n + b (2n + 2) (7)
p

Imposing these continuity conditions, the final equation that results is:

-2n -(2n + 2) (8)
CPIII ti+(8

where

a n + 1) (1 -C (9)

F2
S=+ (I. -Cp2 - 2 (

and

) =  2 1 - x (I )n2 i- x 2



-20- 19 August 1981
JJE:GtlH:mmj

The choice of n = 0.1 was made in this study. This was somewhat
arbitrary, but it was felt that what happens from a potential flow
point of view in the tail region is not as important as it is in the
nose portion. On reflection, it would probably have been just as
good or better to use a different value of n or to formulate the
distribution by use of a parabola as discussed in the Segment I
description. In an extension of this work, when we pay more attention
to the shaping of the aft part of the body, more care will be taken
with this aspect.

Body Generation Procedure and Results

Bodies were generated by choosing combinations of x and S as
fixed parameters and then systematically varying x, and pl to see
what ranges of values of these latter parameters would permit the
generation of possible bodies. When these ranges are exceeded, a
body consistent with the prescribed pressure distribution is not
possible.

In order to show graphically the ranges in question, contours
enclosing the x, - C combinations for possible body shapes are
shown in Figures 2-1i x2 values of 0.7, 0.8, and 0.9 were chosen
for each S value. The S values were chosen to be -0.075, 0.0, and
+0.075. The n value in all cases was 0.1. Superimposed on the
contour curves are lines of constant length-to-diameter ratio, L/D,
and lines of constant prismatic coefficient, c. (volume of body/
volume of cylinder of same L/D).

The numbered points, shown in Figures 2-10, represent the
calculations used to determine the contours. As can be seen, these
points do not lie exactly on the faired contours.

In determining the right-hand portion of a contour, successive
runs were made for increments of Ax1 = 0.01 and a faired curve drawn
through the results. Thus, the possible error in the location of
the right-hand part of the contour is tO.01.

Points on the left portion of the contour were restricted to
xI > 0.01. The value xl - 0.01 represents a practical lower limit
for possible body shapes which confomn acceptably to the present
Cp parameterization. For x1 < 0.01 the direct program predicts an
unacceptable overshoot in Cp in the vicinity of xI .

A
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This brings us then to the display of the specified C curves and
the corresponding generated bodies for the cases shown witE the contour
curves. These cases will represent the extremes in body shape that can
be generated within the range of fixed parameters that were chosen and
are shown in Figures 11-87. In addition to the specified Cp curves and

the body shapes, C values generated by a direct program are also shown.
One can see that tFe direct program points match the specified distri-
butions very well with the possible exception of the slight overshoot

in the x i = 0.01 cases.

Temperature Distribution Calculations and Results

The type of body generated in this study is amenable to the use of

wall heating as a means of extending the length of its stable boundary

layer region. A procedure for estimating the distribution of wall
temperature and heat flux necessary to attain this objective was
developed at ARL/PSU and is reported in Reference 3. The procedure

makes use of two criteria, the "minimum heat" and the "maximum heat"

conditions. The minimum heat criterion implies that, for a particular
free-stream velocity, enough heat is added to make the local operating

Reynolds number R6*, equal to the critical value of that Reynolds number.
This should insure that there will never be any amplification of waves

in the laminar boundary layer. The maximum heat criterion fixes the
R6* rit at its maximumvalue. Whether there is amplification depends upon

the free-stream velocity and the local thickness 6* being high enough to

have the local operating R6* exceed the maximum R,
crit

A code embodying these criteria was used in this study to provide
the temperature and heat flux information for the chosen body cases.
The procedure is based on the laminar characteristics resulting from

similar solution of the axisymmetric boundary layer equations for water
with wall heat addition. The major parameters in this procedure are

the pressure gradient parameter 3 and the differential temperature
between the wall and the ambient temperature. It was shown in Reference 3

that the parameter 6 can be related to two other parameters, the pressure
gradient parameter M and the radius gradient parameter X through the
equation:

2M
M + X + 1 (12)

where
du

x- dx (13)

and

2x dro
r dx

0

,1'
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x here is the arc length distance along the body surface, ue is the
velocity at the edge of the boundary layer (equivalent to the tangen-
tial velocity at the body surface via potential flow theory), and r• . 0

is the local body radius. Therefore, from the Cp distributions and
corresponding body shapes of this study, the local values of can be
calculated directly from the local values of M and X.

Although not used in the calculations of this study, a recently
developed reformulation permits to be calculated somewhat more
simply by:

du2 e
2 x r (15)

where

2
x r u e (16)

The development of this alternative formulation appears in the Appendix.

The specified Cp distributions and the derived body shapes were
used as inputs to the temperature and heat flux estimating procedure.
The results are shown in Figures 88-241 for a vehicle velocity, U. = 50 fps
and a maximum body diameter of 21 inches.

One of the first observations is that the temperature and heat flux
distributions in the forward nose regions (Segment I) are never smooth.
This is the result of the nature of the Cp and radius distributions at
the nose. Although the curves of Cp (therefore ue) and radius versus
axial distance are both smoothly varying, ue versus arc length curves
have localized changes in slope that ultimately cause irregularities in
the temperature and heat flux curves. The cause of these irregularities
was studied in great detail to make sure they were not a function of
numerical noise by way of the spline routines used in curve fitting or the
number of points that were used. The conclusion was reached that the
irregularities were the result of the combination of velocity and hody
radius distributions and is, therefore, a phenomenon that exists for this
family of bodies. The temperature and heat flux curves were dravn by usiac
straight line segments between points. Attempts to draw these as curves
with continuous slopes were not at all successful.

Given along with the graphs are values of total heating power for
the extent of arc length distance along which heat is added. As can be
seen, the temperature and heat flux curves stop at distances less than
the full length of the body. For the minimum heat, this is an indication
that the operating displacement thickness Reynolds number has exceeded
the peak critical Reynolds number beyond the point where the curves end.

....-
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This further indicates that the boundary laver is unstable beyond this
point and that transition is imminent. The ends of these minimum heat
curves can thus be used as a conservative estimate of the transition
location on each body.

One other part of the temperature heat flux study is shown in
Figures 242-251 . In order to show the effects of free-stream velocity
on the heating requirements, Values of V of 30, 40, and 60 fps were
used and are shown in Figures 242-247. Along with the computations at
50 fps already shown, these give the reader some idea of the effects of
forward speed. The effects of body diameter (and therefore body length)
are shown in the results displayed in Figures 248-251 along with the
original results of Case 22 with a body diameter of 21 inches.

Discussion of Results

This study provides a basis for determining the range of body
shapes that are possible for one type of paramterized pressure
distribution. This type of distribution permits the maintenan:e
of laminar flow over a major portion of the body by the addition
of heat to the body wall. The results that are presented arc
intended to be used as a catalog for quickly making a preliminary
choice of a body to fit some specific requirement.

To carry the range of parameters beyond those chosen is also possible,
but time and the overwhelming bulk of data did not permit this. For
instance, other values of the slope S could certainly have been used.
A more negative value of S would provide a greater hedge against
transition. The positive S value was used primarily to show that a small
adverse pressure gradient could be used without disastrous results. The
value of x- could also have been made larger, thus pushing aft the
location of the body maximum diameter and again improving the chances of
moving the transition location farther back on the body.

With regard to the temperature and heat flux distributions, one would
certainly not provide heat in the irregular manner displayed near the nose
for most of the cases. These curves could he smoothed making sure that
the resulting distributions lie somewhere between the original maximum and
minimum curves.

It is hoped that the prL entation of these results will provide the
designer with a practical means for making prel imin~irv choices of body
shapes. It should not be viewed as a final tool for the complete
hydrodynamic design of an underwater body. Overall drag estimation,
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including the contribution of the aft portion of the body with its
own difficult computational problems must still enter the picture
and eventually be included in a completely inverse design approach.
Then too, the approximate similarity considerations used in the
heating calculations should be checked by the use of more sophis-
ticated nonsimilar procedures.

p
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Appendix

Calculation of

By definition

= 2M (A-i)
M+X + 1

where

du

e

= 2 x dro (A-3)

Asingle expression for can be found in which it is not necessary to

perform the intermediate steps of calculating M and X. This expression

can be derived as follows:

M + X 1d 2 or 1 d 2
+ d- 2d- (u r )(A-4)

x u dx r e o
e 0 u r

e 0

Therefore, the denominator of Equation (A-1) becomes:

MN+ +l1 x d (u r2)+
2 dx uero)+u r

e o

+ + - 2 1 x - (u r 2  + u ]'
u r2 Xd e o e
e o

M + +1 -d(xr 2u) (A-5)

u e r~d oo
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Substituting Equation (A-2) and Equation (A-5) in Equation (A-i):

2x du e xr2 due

u dx 0 dx

1 -d (xr2 u d (,r2
2 d x 0 e x r ue)

u r
e o

or finally,

$2x r 2 d (A-6)

where

=x r 2 u e (A-7)
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