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Drag Predictions for Projectiles and
Finned Bodies in Incompressible Flow

Walter P. Wolfe* and William L. Oberkampff
Sandia National Laboratories, Albuquerque, New Mexico

A design method is presented for calculating the flowfield and drag of bodies of revolution, with and without
aerodynamic surfaces, at zero angle of attack in incompressible flow. The body pressure distribution, viscous
shear stress, and boundary-layer separation point are calculated by a combination of a potential-flow method
and boundary-layer techniques. The potential solution is obtained by modeling the body with an axial distribu-
tion of source/sink elements whose strengths vary linearly along their length. Both the laminar and turbulent
boundary-layer solutions use momentum integral techniques which have been modified to account for the effects
of surface roughness. An existing technique for estimating the location of transition was also modified to include
surface roughness. Empirical correlations are developed to estimate the base pressure coefficient for a wide
variety of geometries. Body surface pressure distributions and drag predictions are compared with experimental
data for artillery projectiles, conical bodies, bombs, and missiles. Very good agreement between the present
method and experiment is obtained.

Nomenclature
^ref = reference area = ircP/4
CD - drag coefficient = D/q^A ref
Cp = pressure coefficient = (P-P00)/q<*
D = drag
d = maximum body diameter
H = shape factor = d * /0
ks = equivalent sand-grain roughness
L = body length
M = Mach number
m = boundary-layer transition parameter
P = pressure
q = dynamic pressure = Yip U2

Re = Reynolds number
r = local body radius
S = reference area for base pressure correlation
s = surface length
U = velocity
x = axial coordinate
j8 = body slope at base
d = boundary-layer thickness
6* = boundary-layer displacement thickness
rj - boundary-layer transition parameter
0 = boundary-layer momentum thickness
/* = absolute viscosity
v = kinematic viscosity
p = density
¥ = Strokes stream function

Superscripts and Subscripts
( )as = aerodynamic surfaces
( )b =base
( )bnd = firing band

( )c = cylinder
( )crit = critical value
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= value at point of instability
= laminar boundary layer
= lugs
= pressure
= reference value
= separation
= turbulent boundary layer
= bounday-layer transition

= freestream value

Introduction

I N the preliminary stages of flight vehicle design, it is im-
portant that the designer have a means of obtaining

reasonably accurate estimates of the vehicle's aerodynamic
characteristics. Typically, the most important aerodynamic
performance characteristics are drag and/or lift-to-drag ratio.
Other characteristics important in aerodynamic optimization
are the individual components of drag and the boundary-layer
separation point. This work describes a design method for ob-
taining the flowfield and drag components quickly and simply
for bodies of revolution, with or without aerodynamic sur-
faces, at zero angle of attack in incompressible flow. Any
aerodynamic surfaces, either control surfaces, lifting surfaces,
or stabilizing fins, must also be at zero angle of attack.

The approach taken here is the classical coupling of the
potential flow solution with the boundary-layer solution. The
potential flow solution uses an axial distribution of
source/sink elements whose strengths vary linearly over the
length of each element. Both the laminar and turbulent
boundary-layer solutions use momentum integral techniques
which have been modified to account for the effects of surface
roughness. An existing technique, also modified to include
surface roughness, is used to estimate boundary-layer transi-
tion. Boundary-layer separation, if it occurs, is modeled by
modifying the potential flow solution in an iterative manner.
Empirical correlations are developed to estimate the base
pressure coefficient for a wide variety of geometries.

A computer program, SANDRAG, which is available for
U.S. government contract applications, was written to imple-
ment the present analytical method. This code was designed to
be easy to use in a design environment. To verify that the code
gives accurate predictions, the current work makes com-
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parisons with experimentally measured pressure distributions
and total vehicle drag of several body geometries.

Potential Flow Solution
One of the most general methods of calculating the poten-

tial solution about arbitrary bodies is the surface singularity
method, such as that described by Hess and Smith.1 This class
of methods can treat almost any geometry, but they are rather
complicated to use and require relatively large amounts of
computer time and memory. A much simpler, but more
restrictive, class of methods for axisymmetric bodies are the
line singularity methods. The simplest method in this class,
known as von Karman's method, uses an axial distribution of
constant strength source/sink elements. Although von Kar-
man's method works well for certain shapes, such as Rankine
bodies, Oberkampf and Watson2 have shown that the equa-
tions are ill-conditioned for certain body geometries, giving
results which are not always reliable. Precision on the order of
29 decimal digits (double precision on CDC-type machines) is
needed even for simpler shapes.

A more general method of obtaining the potential solution
was originally developed by Zedan and Dalton3 who used an
axial distribution of source/sink elements; each source
strength varies linearly over the length of the element. While
this method is superior to von Karman's method, i.e., it gives
more accurate results for a larger variety of body shapes, it re-
tains the simplicity of the von Karman method and requires
much less computer time and memory than the surface
singularity methods. Zedan and Dalton concluded that only
8-digit precision was required to obtain accurate results. The
equations presented by Zedan and Dalton apply only to closed
bodies, i.e., the surface streamline returns to the axis at the aft
end of the body. In previous work by the present authors,4 the
equations were extended to cover open bodies, i.e., bodies
which have a nonzero base diameter or whose boundary layer
separates from the surface.

Zedan and Dalton5 and Christopher and Shaw6 have in-
vestigated the axial source distribution technique using higher-
order polynomial distributions of source strength along the
body axis. For their test cases, Zedan and Dalton concluded
that the linear strength variation gave good results for simple
bodies with a rounded nose and tail. A combination of linear
and parabolic variations worked well for bodies with inflec-
tion points and a sharp nose or tail. Christopher and Shaw
concluded that a smaller number of higher-order polynominal
distributions (up to degree 10) provided adequate solutions for
bodies which had small discontinuities in surface curvature.
Considerable insight, however, is required to determine the
number and degree of the polynomials and the proper
distribution of the surface control points.

In the method used in the present work, the potential solu-
tion is obtained by modeling the body of revolution by an ax-
ial distribution of source/sink elements. The strength of each
element is allowed to vary linearly over its length. The
strengths of adjacent elements are equal at their juncture. For
a body with N source elements, TV linear algebraic equations
with N +1 unknowns are obtained by requiring that an ar-
bitrary streamline pass through N surface points on the body.
The remaining equation used to close the system depends upon
an additional constraint chosen for the body surface boundary
condition.

Description of the Method
The potential flow equations used in the present work are

identical to those derived previously by Wolfe and
Oberkampf.4 To conserve space, they will not be repeated
here. The only change in the potential solution from that
described in Ref. 4 is the manner of distribution of the surface
control points. The new procedure for this distribution gives a
more accurate definition of the body.

In the present work, it was found that the quality of the
potential flow solution was dependent upon the location of the

source/sink elements and the surface control points for certain
types of bodies. By quality of the solution, it is meant that
even though the body surface streamline (^ = 0) passes
through all of the control points, the streamline does not
represent the actual surface. For example, the streamline may
undulate between the control points. Numerical experiments
were conducted to determine the best locations for both the
control points and the source elements. It was found that the
surface control points must be centered over the correspond-
ing source elements. Failure to do so can result in an ill-
conditioned set of equations which cannot always be solved.
For bodies with discontinuous body slopes, e.g., cone-
cylinders, it was found that the best results were obtained if
the control points were positioned so that there was a control
point at each of the junctures of the body components.
Distributing the control points in this manner gave a good
definition of body slope discontinuities and, therefore, a good
prediction of the pressure spikes which occur at these
discontinuities.

The computer program, SANDRAG, is written such that
commonly used body components, for example, tangent
ogives and conical sections, are options the user can pick dur-
ing input. One can also program special body components or
input tabular body points. The program-supplied-component
options automatically satisfy the recommended distribution of
control points, whereas user-supplied components must be in-
put such that they satisfy the above mentioned criteria. Details
of the theoretical development and computer program are
given in Refs. 7 and 8.

Boundary-Layer Solution
Once the flowfield has been obtained from the potential

solution, the boundary-layer calculations can be performed.
In the present work, the boundary-layer solution is obtained
using momentum integral techniques. The boundary-layer
calculations are made independently for both the body of
revolution and aerodynamic surfaces. Both boundary-layer
solutions account for the effects of pressure gradient and sur-
face roughness. Only the pressure gradient due to the body of
revolution is considered. The effects of surface roughness on
the development of the boundary layer are dependent upon
the type of roughness present. Only the effects of distributed,
three-dimensional roughness, e.g., sand, have been considered
in the present work.

Laminar Boundary Layer
The solution for the laminar portion of the boundary layer

is obtained from Thwaites' one parameter solution of the
momentum integral equation.9'10 For steady flow over an ax-
isymmetric body with impermeable walls, it is assumed that
the boundary-layer thickness, 6, satisfies the condition d<r.
The momentum integral equation can be integrated to give

Jo (1)

where B is the momentum thickness and (/is the surface veloc-
ity from the potential solution. Once the momentum thickness
is obtained from Eq. (1), the remaining laminar boundary-
layer parameters are obtained from a tabulated correlation
among the parameters.10

The laminar boundary layer on the aerodynamic surfaces is
also calculated using Thwaites' one parameter method. The
aerodynamic surfaces are assumed to be at zero lift and their
boundary layer is only influenced by the pressure gradient of
the body of revolution. The equation for 0 on the
aerodynamic surfaces is identical to Eq. (1) except for the
elimination of the r2 terms.

An extensive literature search failed to document any quan-
tified effects of surface roughness on laminar boundary-layer
characteristics. A study into the effects of surface roughness
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Fig. 1 Effects of surface roughness on boundary-layer transition.

on transition conducted by Casarella and Niedzwecki11 con-
cluded that there were no significant effects of roughness on
the displacement thickness of a laminar boundary layer. For
the present method, it is assumed that the only effect of sur-
face roughness on the laminar boundary layer is to hasten
transition.

Boundary-Layer Transition
The point of transition is calculated in the present work by

the approximate method of Schlichting and Ulrich.10'12 It is
assumed that the method applies equally well to the flat
aerodynamic surfaces and the body of revolution. First, the
point of instability, si9 where the unsteady Tollmien-
Schlichting waves first appear, is determined. This determina-
tion is made using the local Reynolds number based on
displacement thickness, Re^. At each step in the laminar
calculation, the local values of Reb*> and the parameter 77,
defined as

(2)
where

m=sU'/U

are calculated. This local 77 is used to determine the local value
of Red*yCTii from a correlation of stability parameters for
Falkner-Skan profiles.10 The flow is unstable when
Reb* >Red*iCrit. Once st is known, the transition point, str, is
determined by examining ReQ. A transition value of ReQ is
determined from

ReQ (tr) = Ree (st) + 450 + 400 exp(60Xm) (3)

where

X m = - \(s)ds

When ReQ (s) >ReQ ( t r ) , the flow has transitioned.
Kluck13 presented experimental data for the effect of

distributed roughness on transition. He correlated
displacement-thickness Reynolds number Re8* at transition
with the ratio of roughness height to displacement thickness
ks/d*. The equivalent sand-grain roughness, ks, is the average
height, peak to valley, of the grains of uniform, distributed
sand. Figure 1 shows a functional approximation of Kluck's
experimental data used in the present method. This figure
shows that as the surface roughness increases, the transition
value of Reb* is reduced from the value for a smooth surface.
In implementing the effects of surface roughness on
boundary-layer transition, it is assumed that the data shown in
Fig. 1 apply to the reduction in both critical displacement
thickness Reynolds number and transition momentum
thickness Reynolds number.

^—AREA Sb
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Fig. 2 Geometric categories for base pressure drag calculation.

Turbulent Boundary Layer
Once the flow has transitioned, the turbulent boundary-

layer solution is initiated. The method chosen in the present
work is a modification of White's Karman-type method10 for
nonequilibrium pressure-gradient flows. The method has been
modified to account for the effects of surface roughness. For
turbulent flow, small roughness elements at the surface will
break up the thin viscous layer and cause strong changes in the
velocity profile. As with the laminar boundary-layer equa-
tions, the method assumes that d<r. In terms of a Reynolds
number based on radius, White states that the method gives
accurate results as long as rU/v> 103.

The complete set of equations for all of the variables in the
turbulent boundary-layer solution are given in Refs. 7 and 8.
The set of equations is solved simultaneously by iteration at
each step along the body and aerodynamic surfaces where a
turbulent boundary layer exists. The solution begins at the
point of transition and proceeds to each succeeding body sta-
tion using a simple Euler integration method for the differen-
tial equations in the set. The solution to these equations is
started with the value of 0 obtained from the laminar solution
and an initial value of the shape factor H of 1.4.

The turbulent separation criterion is not as well defined as
for the laminar case. Sovran14 presents a good discussion of
the problems encountered when trying to predict turbulent
separation. The most commonly used criterion for determin-
ing turbulent separation is based on the shape factor H.
Although the values quoted in the literature for H at separa-
tion range from 1.8 to 4.05,10'12'14'15 in the present work, it was
found that when H exceeded a value of 1.8, the rate of growth
of H increased rapidly and the iterative calculation would not
converge. Therefore, it was decided that the separation
criterion would be that H> 1.8. Because of the rapid growth
of H as the boundary layer approaches separation, the ambi-
guity in the exact value at separation results in small dif-
ferences in the predicted separation point.

Base Pressure Estimate
Body of Revolution

The component of drag due to base pressure can be a
significant part of total drag in subsonic flow. The base drag
percentage of total drag can vary from 10% for slender boat-
tailed bodies up to a surprising 99% for cones. The base-drag
component on bodies of revolution has generally been deter-
mined either by indirect or direct means. Indirect determina-
tion involves estimating all the other components of drag,
measuring the total drag on a number of geometries, and then
assuming that the difference is the base drag component. This
approach was taken by McCoy16 in predicting the drag coeffi-
cient of projectiles.

The present work takes the direct approach, whereby a cor-
relation of experimentally measured base pressures is included
in the drag prediction method. An extensive literature search
was conducted in order to obtain base pressure data on a wide
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variety of geometries and for a large range of Reynolds
numbers. Geometries were classified into four categories (Fig.
2): cylindrical centerbodies with conical afterbodies, cylin-
drical centerbodies with circular arc afterbodies, cylindrical
centerbodies with flared afterbodies, and conical bodies. All
of these geometries must have the same base pressure when the
afterbody length is zero or when the angle ft approaches zero.

For conical and circular arc afterbodies, Payne, Hartley,
and Taylor17 have correlated extensive base pressure data
from six experimental investigations. These experiments did
not use a rear sting mounted model, which can affect the base
pressure, and they covered the Mach number range 0.6 to 1.3.
The present work uses Payne's correlations for Mw =0.6.
These data should be equally applicable at lower subsonic
Mach numbers, because the critical Mach number of these
afterbodies is greater than 0.6.

The correlations use two geometry inputs in order to deter-
mine base pressure coefficient

where Pb = base pressure, Pw = freestream static pressure, and
q^ - freestream dynamic pressure. For conical afterbodies
(Fig. 2a), the inputs are boattail angle ft and base-to-
centerbody area ratio Sb/Sc. Table 1 gives the tabular form of
the data for conical afterbodies. (Data from Ref. 17 were
linearly extrapolated from Sb/Sc = QA to S&/S? = 0.0 for the
present method.) For circular arc afterbodies (Fig. 2b), the in-
puts are boattail angle at the base ft and the base-to-
centerbody area ratio Sb/Sc. Table 2 gives the tabular form of
the data for circular arc afterbodies. Using linear interpolation
with Tables 1 and 2 will accurately reproduce Payne's
correlations.

For conical bodies, only one experiment could be found
which measured base pressure on conical bodies in low-
subsonic flow without a rear sting mount. Pepper and
Holland18 measured the base pressure on a sharp cone with a
half-angle of 15 deg. Only one similar experiment of base
pressure measurement on a flared afterbody could be found.
Butsko, Carter, and Herman19 measured the base pressure on
a 10 deg flare afterbody with a centerbody-to-base diameter
ratio of 0.665. Since the base pressure is primarily dependent
on the angle of the cone or the flare ft, one correlation of these
data will be used. Note that when ft = 0 deg for a cone or flare,
Cpb = -0.13. A single function which represents these data is

Table 1 Base pressure coefficient for conical afterbodies
(from Ref. 17): Sb/Sc

=-0.13(1 + 3.1> (5)

The data used by Payne, Hartley, and Taylor17 for conical
and circular arc afterbodies were only for turbulent boundary
layers. For this case, they conclude that there is no large effect
of Reynolds number on CPb. In the present method the tur-
bulent boundary-layer correlation is also used for a laminar
boundary layer on the afterbody. This use, however, is of
questionable accuracy.

Pepper and Holland,18 in their measurements on cones, do
not mention if the boundary layer was laminar or turbulent at
the base. Using the present method for calculating the bound-
ary layer and estimating transition, one finds that the bound-
ary layer at the base was laminar for their experiment.
Butsko, Carter, and Herman19 state that the boundary layer
was turbulent on their flared afterbody. It is believed that CPf)
would be less sensitive to the boundary-layer character on
these geometries, because the separation point does not de-
pend on Reynolds number, i.e., it is fixed at the edge of the
cone or flare. Therefore, the above correlation, Eq. (5), is
used for both laminar and turbulent separation on cones and
flared afterbodies.

Fins
Aerodynamic surfaces used on missiles or bombs quite

often have blunt trailing edges. Although the base area of the
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Table 2 Base pressure coefficient for circular arc afterbodies
(from Ref. 17): Sb/Sc
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surface may be small, the base drag can represent as much as
10% of the total vehicle drag and, therefore, should not be
neglected. Only one reference20 was found which gives any fin
base pressure data. These data can be adquately represented
by the equation

(6)

where CP = fin base pressure coefficient, tb = thickness of fin
trailing edge, and c = fin chord length at a given span wise
location.

Solution Procedure
The equations described in the previous sections are im-

plemented in the following manner. The potential flow equa-
tions are solved using a sufficient number of sources (generally
between 20 and 40) in order to define the body geometry. The
body surface control points are distributed in such a manner
that there is always a control point at each of the junctures of
the different body components. This procedure permits better
body definition and, therefore, a more accurate potential solu-
tion when there are discontinuous slopes at these points. The
number of control points assigned to each body component is
determined by the ratio of the length of the component to the
total body length. Within each component, the axial distances
between control points are equal. The first control point of the
nose component is located at an axial station equal to one-half
of the axial distance between the remainder of the control
points for that component.

For open bodies, a control point is located at the aft end of
the body and an extra control point is located aft of the body.
For open bodies with boattails, the extra control point is
located aft of the body at a distance equal to the axial distance
between control points of the aft body component. The radial
coordinate of this extra control point is located by projecting
the body surface aft to the correct axial coordinate. For flared
bodies and cones, comparison with experimental pressure
distributions indicates that the extra control point should be
located aft of the body on a line drawn from the body surface
at an angle equal to five-eighths of the flare or cone angle. The
axial distance to this extra control point is the same as for a
boattailed body.

The nodes, or junctures, of the linear source/sink elements
are located on the x-axis, midway between each of the surface
control points. Several numerical experiments were conducted
in order to determine the relative location of the start and end
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of the singularity distribution to the beginning and end of the
body. It was found that best results were generally obtained
when the body and singularity distribution started at the same
point. For closed bodies, the singularity distribution also ends
at the aft end of the body. For open bodies, the final
source/sink element extends aft of the body to a point midway
between the final two control points. Numerical experimenta-
tion has shown that this relative distribution between control
points and singularity element gives the best conditioned set of
equations for the potential solution. The condition of the
coefficient matrix is generally improved by decreasing the
number of control points.

The surface velocity and velocity gradient are calculated
directly from the potential solution at the control points. A
double quadratic interpolation is used to determine the radial
coordinate of the surface and the surface velocity at in-
termediate surface points. Once the velocity and velocity-
gradient distributions are obtained from the potential solu-
tion, they are used to solve the boundary-layer equations.
While the potential solution is solved for typically 20 to 40
points, the boundary-layer equations are evaluated at a larger
number of body points; normally 200. For geometries with
continuous body slopes, computation of the boundary layer
and transition from laminar to turbulent flow is straight for-
ward. However, for bodies with a discontinuous body slope,
e.g., cone-cylinders, the computation is altered in order to
emulate physically observed phenomena. It is well-known ex-
perimentally that at a discontinuous body slope, the laminar
boundary layer usually separates, transitions, and reattaches
as a turbulent boundary layer. In this solution procedure, the
length of the separation bubble is approximated by attempting
to calculate the turbulent boundary-layer solution after
laminar separation. For the first few axial steps after laminar
separation, the turbulent boundary-layer calculations may ex-
ceed the turbulent separation criterion. It is assumed that the
boundary layer has reattached at the first step at which the
iterative solution of the turbulent boundary-layer equations
converges.

A total of three sets of potential flow and boundary-layer
solutions are used to obtain the final solution for the body.
These three iterations have been found necessary to properly
account for the coupling of the potential flow and a thick
boundary layer on the body. This coupling is especially pro-
nounced for a body on which the adverse pressure gradient
takes the boundary layer to incipient separation. For example,
in order to minimize drag, artillery projectiles are typically
designed such that the conical boattail angle and length pro-
duce a boundary layer near separation, if not separated.

After each boundary-layer solution, the drag characteristics
of the body are calculated. The toal drag of a body in incom-
pressible flow is due to two sources: viscous shear and the
pressure distribution. For these calculations, these two areas
are further subdivided. The drag due to viscous shear is di-
vided into three parts: that from the laminar boundary layer
on the body CDf, that from the turbulent boundary layer on
the body CD , and that due to the laminar and turbulent
boundary layers on the aerodynamic surface CD . The por-
tion of drag due to pressure is subdivided into six components:
drag due to the pressure on the base of the body CD ; drag due
to the pressure on the base of the aerodynamic surfaces CD ;
drag due to pressure in the nonseparated flow portion of the
body CD ; drag due to the pressure distribution in any
separated^ region CD ; drag due to the pressure distribution
about any attachment lugs CD^ ; and drag due to the pressure
distribution about any firing buand Q)bnd.

The boundary-layer solution and drag due to aerodynamic
surfaces are calculated in the following manner. The surface
planform is assumed to be trapezoidal with the tip chord
parallel to the body axis. The points on the surface for the
boundary-layer solution are determined by using a rectangular
grid. Typically, each aerodynamic surface will have six grid
points radially. Axially, grid points are determined by the

spacing of the body surface points. The velocity at each of
these grid points is calculated directly from the potential solu-
tion for the body. The pressure gradient at each grid point is
calculated along the axial grid lines using only the axial veloc-
ity component. The boundary-layer solution is calculated
along each axial grid line independently of the other axial grid
lines. The skin friction drag exerted on the aerodynamic sur-
face is calculated by integrating the shear stress distribution
over the total surface area. The drag is converted to a drag
coefficient, CDas, using the body reference area.

The present "method has been implemented on a VAX
11/780 computer. Typical run times are on the order of 80 cpu
seconds for a body with two sets of aerodynamic surfaces. The
body is typically modeled with 30 source elements for the
potential solution and 200 surface points for the boundary-
layer solution. The computer time quoted includes three
coupled potential/boundary-layer solutions with three sets of
drag calculations.

Results
Pressure Distribution

Figure 3 compares the experimentally measured pressure
coefficient21 with the present method for a cone-cylinder-
conical boattail body. This body was tested at a Reynolds
number, based on length, of 7 x 106. Because this body was a
quality wind tunnel model, a surface roughness of
ks = \x\Q~5 ft was used in the calculations. For this con-
figuration, the boundary layer remained laminar until the
nose-cylinder juncture. The strong adverse pressure gradient
at that point caused boundary-layer transition. There was no
separation on the boattail.

It can be seen that the agreement between theory and experi-
ment is quite good. The maximum number of source elements
which could be used in this calculation was 25. A greater
number caused the surface streamline to undulate excessively
between control points. As was noted by Christopher and
Shaw,6 the potential flow method used in the present work has
difficulty in maintaining a constant body slope. In contrast to
the behavior of the method for Rankine bodies, where increas-
ing the number of source elements smoothed the body, bodies
with constant slopes show greater streamline oscillations when

Fig. 3 Pressure distribution for cone-cylinder-boattail body.
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the number of source elements is increased. In extreme cases,
the oscillations can become quite severe, rendering the poten-
tial solution meaningless.

A number of other comparisons between the present
method and experiment have been made but will not be shown
here. These comparisons were similar to those given in Refs. 4
and 7. The method gives good results for streamlined shapes
which have a continuous variation of body slope over their
length. Good results have been obtained for cone half-angles
of 15 deg or less, but poor results were obtained for cone half-
angles of 20 deg or higher. The only significant difference be-
tween the present results for pressure distribution and those of
Ref. 4 is that the present method predicts peak pressure at
points of surface discontinuity more accurately. As discussed
earlier, this is due to the improved location of the body surface
control points in the potential flow solution.

Drag Predictions
In order to make accurate calculations of the drag of a

body, one must have an accurate estimate of the surface
roughness. Table 3 shows a compilation of equivalent sand-
grain roughness values for a variety of common surfaces
(from Refs. 10 and 22). In determining the values of roughness
used for the drag comparisons in this report, an effort was
made to correlate the character of the different surfaces from
Table 3 with the actual surface of the body in question. There
are several difficulties, however, in attempting to estimate the
surface roughness. First is the nature of the effect of surface

Table 3 Values of equivalent sand grain roughness
for typical surfaces

Type of surface Ref.

High quality glass
Metal or wood, highly polished
Metal or wood, polished
Drawn tubing
Natural sheet metal
Smooth matte paint, carefully applied
Camouflage paint, average application
Camouflage paint, poor application
Steel, wrought iron
Asphalted cast iron
Dip galvanized metal, new
Dip galvanized metal, old
Natural cast iron
Concrete, excellent finish
Concrete, poor finish

lxl(T6

2 x l O ~ 6

7 x l O ~ 6

5 x l O ~ 6

13xl(T6

21xl(T6

33xlO~ 6

lOOxlCT6

ISOxlO"6

400 xl(T6

500xlO~6

900xlO~6

830xlO~6

lx!0~3

lx!0~ 2

10
10
10
10
22
22
22
22
10
10
10
10
22
10
10

roughness on drag. Schlichting12 gives a good description of
surface roughness effects on skin-friction drag. He points out
that skin-friction drag depends upon the density distribution
of the roughness elements, the shape, the height, and the man-
ner in which they are distributed over the surface. Therefore,
roughnesses of particular surfaces are given in terms of an
equivalent roughness of uniform sand-grain roughness ks. For
certain types of roughness, e.g., rivet heads, he gives a table of
their equivalent sand-grain roughness.

The equivalent sand-grain roughness is the average diameter
of the sand grains. When specifying a surface finish of metal,
this approximately corresponds to the average peak to valley
height of the actual surface roughness. The standard specifica-
tion given on engineering drawings, however, is the average
surface roughness. This average surface roughness is approx-
imately one-fourth of the average peak to valley roughness ac-
cording to General Electric Standard Roughness Specimens.

The second, and more important, problem in correlating the
actual surface roughness to an equivalent sand-grain
roughness is the lack of documentation on surface quality.
None of the reports describing the acquisition of the drag data
used to verify the theory give a precise, quantitative descrip-
tion of the surface finish. Neither do they give a detailed
description or photographic documentation of vehicle joints
or fasteners. Faced with this dilemma, a careful effort was
made to estimate consistently the surface roughness on all of
the bodies based on the equivalent sand-grain roughnesses
given in Table 3.

Table 4 contains drag predictions from the present method
and drag measurements from a number of experiments.23-29 In
selecting these experimental data for comparison, only free-
flight data were used, except for the two missile configurations
in the Table. For the missile configurations, wind tunnel data
were used with the base drag removed from the measurements.
That is, for the missile configurations, the drag quoted for
both the present method and the experiment assumes CDb = 0.

DIMENSIONS IN CALIBERS

Fig. 5 M107 artillery projectile.

Table 4 Comparison of drag predictions with test data3

Body

M549/785

M107

AEDC cone

NASA flare

B83

B61

Missile 1

Missile 2

CDt

0.0003
(<1)

0.0012
(1)

0.0058
(2)

0.0013
«1)

0.0026
(1)

0.0037
(2)

0.0067
(2)

0.0067
(2)

cDt

0.0829
(66)

0.0613
(55)

0

0.0111
(3)

0.0686
(28)

0.0795
(41)

0.1467
(36)

0.1467
(37)

C»P

0.0154
(12)

0.0172
(16)

-0.0055
(-2)

0.0721
(16)

-0.0062
(-3)

0.0593
(31)

0.0103
(3)

0.0103
(3)

C»>

0.0247
(20)

0.0272
(24)

0.2979
(100)

0.3657
(81)

0.1300
(53)
0

0

0

C»s

0

0.0022
(2)

0
0

0
0

-0.0089
(-5)

0

0

C^bnd

0.0023
(2)

0.0024
(2)

0
0

0
0

0

0

CAug

0

0

0

0

0.0299
(12)

0.0337
(17)

0

0

CDas

0

0

0

0

0.0074
(3)

0.0186
(10)

0.2373
(59)

0.2300
(58)

C»asb

0

0

0

0

0.0142
(6)

0.0067
(4)
0,

0

Dtheory

0.126

0.112

0.298

0.450

0.246

0.192

0.401

0.394

CD̂exp

0.118

0.123

0.300

0.460

0.250

0.190

0.400

0.400

^theory

^exp
1.07

0.91

0.99

0.98

0.98

1.01

1.00

0.99

ReL' Ref.
x!0~6

9

7

2

8

39

38

11

11

23

24

25

26

27

28

29

29

Numbers in parentheses = % of predicted drag.
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In Table 4, all of the drag components due to pressure are
referenced to the freestream static pressure, i.e., if a pressure
drag component is zero, then the integrated average of the
pressure producing that drag is equal to P^.

The first two entries in Table 4 are for artillery shells,
M549A1/785 and M107. The external geometries of these
shapes are shown in Figs. 4 and 5. These shapes have secant
ogive noses, cylindrical midsections, and conical boattails. For
the potential solution, these bodies were modeled with 30
source elements. The experimental data for these shapes were
taken from free-flight tests of production type rounds, not
from smooth wind tunnel models. The surfaces of these
rounds are characterized by nose fuse slots, mismatch of the
diameters of the threaded sections, and by chipped and
scratched paint. The surface conditions are, therefore,
relatively rough and ill-defined. A value of ks = 3xlQ~4 ft
was chosen to model these bodies. In both cases, the
roughness was sufficient to cause the boundary layer to transi-
tion early on the nose.

As shown in the table, the drag predictions are within 10%
of the experimental measurements for both of these artillery
projectiles. In each case, the major component of drag is due
to turbulent skin friction. These values range from 55% for
the M107 to 66% for the M549. The base drag component
varies from a low of 20% for the M549 to 24% for the M107.
On these artillery projectiles, the firing-band drag contribu-
tion is 2%. For supersonic speeds, however, the firing-band
contribution increases significantly due to wave drag. Flow
separation was predicted on the boattail of the Ml07 shape.
The drag contribution of the pressure within the separated
region was 2%. Although the boundary layer remained at-
tached on the M549, the shape factor H was just below the
separation criterion, indicating that the boundary layer was
just barely attached. The shape factor on the Ml07 grew
slowly until near the midpoint of the boattail length and then
it exceeded the separation criterion.

The third entry in Table 4 is for a 10 deg half-angle cone
called AEDC cone. The body geometry is shown in Fig. 6.
This body was modeled with 20 source elements. Because it
was a ballistic range free-flight model with good surface qual-
ity, the surface was considered to be natural sheet metal and
ks = 1 x 10~5 ft. This shape was predicted to have a laminar
boundary layer over the entire body length. The predicted
drag coefficient is within 1% of the test value. To those un-

DIMENSIONS IN INCHES

Fig. 6 AEDC cone.

21.68 28.45

TANGENT OGIVE
RADIUS = 16

DIMENSIONS IN INCHES

Fig. 7 NASA flare.

familiar with drag of cones at subsonic speeds, it is surprising
that all of the drag is due to base drag. The skin-friction drag
is offset by the negative contribution of the surface-pressure
drag. Because of the good agreement with experimental
measurements and the high percentage of base drag of this and
other conic bodies, the accuracy of the base pressure estimate
for conical bodies is confirmed.

The next table entry, designated NASA flare and shown in
Fig. 7, has a tangent ogive nose, a cylindrical midsection, and
a 20 deg conical flare. It was modeled with 15 source elements
and was assumed to have a surface roughness of natural sheet
metal, ks = 1 x 10 ~5 ft. The predicted drag is within 2% of the
experimental value. As with the cone, the majority of the
drag, 81%, is due to base drag. For this body, the boundary
layer was calculated to transition at the nose-cylinder junc-
ture. The presence of the large adverse pressure gradient just
ahead of the cylinder-flare juncture caused the boundary layer
to separate and reattach on the flare.

The next two entries in Table 4 are for bomb shapes. As
these bombs typically have a quality painted finish and few
joints and surface irregularities, a value of ksa = 3Qx 10~6 ft
was used in the calculations. Both bodies were modeled with
30 source elements. On both bodies, boundary-layer transition
occurred just aft of the nose-cylinder juncture. On the fins,
transition occurred approximately 10 in. aft of the fin leading
edge. The experimental drag coefficients were determined
from a large number of free-flight drop tests. When examining
the drag components of these bombs, it is informative to con-
trast the differences in pressure drag components between the
two bomb shapes. Such a contrast shows the tradeoffs which
are made when one tries to reduce drag through boattailing.

The first bomb shape is the B83 shown in Fig. 8. This body
is a secant ogive-cylinder. The drag prediction on this bomb
shape is within 2% of the experimental value. For this body,
over half of the drag, 53%, is due to the base pressure. This
high value occurs because the body does not have any boattail.
Because the body has a zero body slope over most of its
length, the drag contribution of the pressure distribution is
negative, -3%. The high pressure near the nose tip is over-
come by the low (less than P^) pressure near the ogive-
cylinder juncture yielding negative drag. The other large drag
component, 28%, is body skin friction. The two attachment
lugs contributed 12% and the fins accounted for 9% of the
drag; 3% due to skin friction, and 6% due to fin base
pressure.

The second bomb entry is the B61, shown in Fig. 9. The B61
has a streamlined nose followed by a cylindrical midsection

0.0 23.82
130.38

123.47 144.21

DIMENSIONS IN INCHES FIN THICKNESS AT
TRAILING EDGE = 0.4

?'
18

Fig. 8 B83 bomb.

117.88
109.51 141.64

DIMENSIONS IN INCHES FIN THICKNESS AT
TRAILING EDGE = 0.2

Fig. 9 B61 bomb.
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11.47
0.0 5.6 10.513.00

38.38 44.06

T

SHARP
TRAILING EDGES

Fig. 10 Missile 1 with canard control.

4O.45 42.79
36.45

DIMENSIONS IN INCHES SHARP TRAILING EDGE

Fig. 11 Missile 2 with tail control.

from 22 to 56% of length. The boattail is parabolic with a
spherical tail cap. On the body, separation occurs at 99% of
length. The drag estimate on this bomb is within 1 % of the ex-
perimental value. About half of the drag, 41%, is due to
laminar and turbulent skin friction on the body. Because the
body has a spherical tail cap, it was modeled as a closed body.
Therefore, by the present definition, there is no base drag. The
B61 aft contour allows the pressure to recover above
freestream static pressure before separation occurs. The
pressure drag in the attached flow region was 31% and within
the separated region it is estimated to be —5%. The drag on
the two lugs accounted for a surprising 17% of the drag and
the fins accounted for 14%. As an independent check on the
lug drag, the lug drag given in the table was compared with
wind-tunnel data on the B61. The wind-tunnel experiment
determined that the lug drag component was 0.033, which is
essentially identical to the prediction in Table 4.

The last two entries in Table 4 are for missile shapes shown
in Figs. 10 and 11. Both of these bodies have the same conical
nose and cylindrical body and were modeled with 30 source
segments. The differences occur in the type and shape of the
aerodynamic surfaces. Missile 1, Fig. 10, has a large wing and
small canards for control. Missile 2, Fig. 11, has a highly
swept wing with large control fins. These bodies were wind-
tunnel models tested with a sting mount. The wind-tunnel base
drag was subtracted from the experimental measurements.
Therefore, neither the calculated nor experimenal drag values
shown in Table 4 include base drag. The bodies were high
quality wind-tunnel models, thus a surface roughness of
ks = 1 x 10~5 ft was used in the calculations. Boundary-layer
trip strips were placed on the model approximately 3 cm aft on
the nose and 1.02 cm aft of the wing and canard/tail leading
edges. In the theory, therefore, the boundary layers on the
aerodynamic surfaces were forced to transition at the loca-
tions of the trip strips.

Table 4 shows that the drag predictions for both configura-
tions are within 1% of the experimental measurement. For
both configurations, the major drag contributor, 58%, is due
to the aerodynamic surfaces. This quantitatively illustrates the
drag penalty one must pay if high maneuverability is desired.
The wings on these bodies had sharp trailing edges so there
was no fin base drag. On the body, the major drag contributor
was skin friction. If base drag had been included, the drag of
Missile 1 and Missile 2 would have been 0.531 and 0.524,
respectively.

Conclusions
A design method is presented which provides the designer

with accurate predictions of the flowfield and drag com-
ponents of bodies of revolution, with and without aerody-
namic surfaces, at zero angle of attack in incompressible flow.
A number of comparisons between the present method and ex-
perimental measurements of surface pressure distributions
have been made. The present method gives good results for
streamlined shapes and geometries without a blunt nose. Good
results were obtained for cones and cone-cylinders with cone
half-angles of 15 deg or less, but poor results were obtained
for cone half-angles of 20 deg or greater. For large cone
angles, it was found that the computed surface streamline
tends to undulate between the body control points degrading
the solution.

Comparisons between drag prediction and measurement
were good for a wide variety of vehicle geometries. For pro-
duction artillery shells, the drag predictions were shown to be
accurate to within ±10%. The drag predictions for cones and
flared bodies were shown to be accurate to within ±2%. For
fin-stabilized bomb shapes and missiles with large wings, the
method was shown to be accurate to within ± 1 %. Based on
these comparisons, and many others not presented here, the
accuracy of the predicted drag coefficients should be
conservatively within ± 10% for freestream Mach numbers
less than the critical Mach number of the geometry.

The computer code SANDRAG is easy to use and requires
only simple inputs. Extensive testing and verification of the
code has been conducted. The breakdown of the total drag
into its various components allows the designer to ascertain
quantitatively all of the drag contributors. This information
can then aid the designer in directing efforts toward those
areas where the potential for drag reduction is greatest. This
method can also be used for parametric investigation of the ef-
fects of geometric changes on the flowfield and drag.
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