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EXAMPLE OF SIMILARITY METHODS APPLIED TO BASE DRAG COEFFICIENT
OF CONICAL AFTERBODIES IN AXISYMMETRIC FLOW (JET OFF)
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1. NOTATION
Sl British
a, coefficient defined in Equatiof6.4)
a, coefficient defined in Equatiof6.5)
Cp, base drag coefficient
Cp pressure coefficient
ép transformed pressure coefficient
CpcyI pressure co_efficient at base of right circular cylinder in
axisymmetric flow
0 transformed pressure coefficient at base of right circular
Pyl cylinder in axisymmetric flow
Cplocal local pressure coefficient definedguation(5.1)
Cpmin minim_um pressure coefficient at given set of free-stream
conditions
d, base diameter m ft
d, maximum diameter m ft
f.0 1,650 ] arbitrary functions of quantities in square brackets
(I afterbody length m ft
M free-stream Mach number
p ambient static pressure N?m  Ibf/ft?
Plocal local static pressure N/m?  Ibf/ft2
q free-streankinetic pressureypM? 2 N/f  Ibf/ft?
S, base area m? ft?
SkeF reference area m? ft?
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Ba half angle of conical afterbody or boat-tail angle deg deg
Bnm[ ] beta function of quantity in square brackets, see Appehdix
Y ratio of specific heat capacities of air
Al ] residual about correlation of quantity in square brackets, see
AppendixB
A[ ] transformed residual about correlation of quantity in square

brackets, see Appendix

9, transformed Mach number, see Equa{ibr) radian  radian
@1 transformed Mach number, see Sectoh.1 radian radian
o, transformed Mach number, see Equa{iér) radian  radian
SR transformed Mach number, see Sectoh

) probability function, see Referente

T thickness parameter

)(2 “Chi-squared” test statistic, see Referefice

INTRODUCTION

This Data Item provides an example of the application of the similarity rules introduced in Reference 4
(Data Item No. 97025) to treat a complex aerodynamic case in a relatively simple way. The particular case
is the correlation of measured values of base drafficient of conical aftdrodies in axisymmetric flow

with no jet.

Similarity rules are used only to identify tfeem of variables that are to be used in a process of correlation

or curve-fitting. In this Data Item, the process of curve fitting is approached intuitively and is not based on
any specific statistical process. The exercise can therefore be adapted to other equally complicated
aerodynamic phenomena without compromising any part of the approach.

In studying base drag coefficient of afterbodies in axisymmetric flow two initial considerations arise. Firstly,
the geometric parameters that govern the flow over an afterbody have to be identified; secondly, the range
of Mach number over which a correlation can be sought must be determined. In identifying the geometric
parameters it may be noted that any geometric shape may result from the compromises that arise durinc
design. A relatively crude approximation to the shape of the afterbody on conventiorst & to use a
truncated cone to envelop the aft fuselage or the after parts of engine nacelles. In the absence of jet flow
and based on the idea that such an afterbody tends to a right circular cylinder as its diameter ratio tends tc
unity (or the boat-tail angle tends to zero), aelation can be sought in terms of a base pressure coefficient
that also tends to the value for a right circular cylinder as diameter ratio approaches unity.
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3.1

3.2

Although there is no general solution to the (simplified) differential equatiotiefosonic axisymmetric

flow (see Referencd), it is supposed that correlations may be sought for measured base drag coefficient
data throughout the subsonic, transonic and supersonic ranges of Mach numbed Sliguve a typical
collection of measured data; the appearance of these data is similar to that of many other collections of
information for different afterbody geometries. There may exist a formulation in terms of similarity
parameters that will serve to describe such material to tolerable precision. However, all the similarity rules
are based on thessumption that no strong shocks or significant separations exist in the flows. Thus any
correlations for base drag may turn out to be purely empirical.

A correlating parameter may be sought from the solutions to the subsonic and supersonic (linearised) case:
considered in Referenek Equation (3.26). If even an oblique theoretical basis for a correlation can be
shown, confidence in using theroslaion for interpolation (if not for limited extrapolation) is increased.

SIMILARITY RULES FOR AXISYMMETRIC FLOW
Linearised (Subsonic and Supersonic) Cases
The similarity rule folinearised axisymmetric flosan be represented (see Referénéauation (3.26)) by

Cy(1-M%) = fi[r(1-mH"7. (3.1)

This form of the rule is not very convenient if a practical extension to cover the whole Mach number range
is sought since, for a Mach number of unity, the dependent variable in the equation is always zero. In such
cases, when values of pressure coefficiatreconstuted from the correlation, the value will not
change over arange og valueg of the thickness parameter, . An alternative representation can be found b
dividing both sides by“(1-M*) " and rearranginTgto obtain

R P L ¢ BV (3.2)

Equation(3.2) can be used to seek a correlation for linearised (subsonic and supersonic) flow. However, it
must be borne in mind that no subsonic flow can be similar to a supersonic flow. This follows because the
forms of the solutions to the approximatffatiential equatins are different between theo cases. See
Section4 of Referencel.

Non Linear Transonic Case

In principle, the case of transonic, axisymmetric flow has to be treated separately and the reasons for this
are summarised in Sémn 3.7 of Referencd. However, because there is no genaedtment available

for this case, it is proposed to use herditiearisedversion of the solutions as the basis of correlation. In
consequence, an assessment must be made of any significant limitations of the restétatipieo

The operation is justifiable because the ratio of two functions of a variable is still a function of that variable.

T Part of this procedure may not feemally justified because it is implied that the domain of the independent variable is being limited in
an unspecified manner. If, however, the procedure leads to a feasible correlation over the available range of infornthi®rsthen
sufficient justification for arempiricalapplication.
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4. BASE DRAG COEFFICIENT AND BASE PRESSURE COEFFICIENT FOR CONICAL
AFTERBODIES

4.1 Relation Between Drag Coefficient and Pressure Coefficient

Base drag coefficient is defined as

_ Ib(plocal - p)ds,

c. = (4.1)
D
b ASRer
which can be written
C _ IbCplocaIdSb % IdeD (4.2)
Dy, = S ' '
REF
.r bdsb
ie. =2 ¢ (4.3)
Do Srer P
or C = Ei%%z x C (4.4)
Dy, d0 Py '

In Equationg4.3)and(4.4) C, is the mean value of the base pressure coeffiaignt, s the base diameter
andd,, is the maximum diameter of the body (which is most often used as a reference). It follows that a
correlatlon oprb can be readily converted into one@grb ; this is the procedure followed in SBctions
andé.

4.2 Limiting Case

When the afterbody length, , tendségo or to infinity, or the boat-tail anglg, ,tendsto zero or 90 deg,

the afterbody becomes a right circular cylinder. Because it is useful when establishing a scheme for
correlation to deal with variables that tend tg predictable limits, and the right circular cylinder is the limiting
case here, a transformed pressure coeffic'(égt, , iIs defined where

ESDU Copyright material. For current status contact ESDU.

cp:cpb—cprI (4.5)

and is the independent variable to be correlated. By doing this and couchingréfaico in terms that
ensure that the limits to which it tends are zero at the extremes of the geometric variation, the Iue of

will tend to C . It follows that, as a first step, it is hecessary to establish a sound correlation fo? the base
pressure coeﬁYC|ent on a right circular cylinder.
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5. CORRELATION OF BASE PRESSURE COEFFICIENT FOR RIGHT CIRCULAR CYLINDER
IN AXIAL FLOW

5.1 General

The database for the base pressure coefficient for a right circular cylinder in axial flow is extensive but of
uncertain quality in some cases. Some of the data are of considerable age, of unknown provenance o
obtained from tests in very small transonic wind tunnels with large blockages and possible problems with
shock reflections creating mtference fields in the wake close to bwaly. Since the exercise undertaken

is empirical, it is appropriate to include all the available information. The data are plotted in Eigare

a function offree-stream Mach numbendpection shows that at low subsonic Mach number the data tend

to some limit that is not readily identifiable. At high supersonic Mach number, the data tend to zero or to
some small negative value of pressure coefficient.

5.2 Identification of an Independent Variable

The process followed in this Section is not an exercise in similarity. The only independent variable to be
considered is the free-stream Mach number — no variation in geometry is treated. To identify, at least, the
theoretical lower limit to the pressure coefficient as described in Sécfiaronsider the definition of local
pressure coefficient,

_ (plocal - P) _ 2(plocal - P)
Piocal - q - yMZp '

(5.1)

The absolute minimum value of local pressure is zero (vacuum). The pressure coefficient is then

coo- = (5.2)
min yMZ

and is often called theacuum limit.This is the absolute minimum value of pressure coefficient which can

ever be achieved under any conditions. As Mach number increases, the vacuum limit tends to zero. Becaus

thisreflects the trendhown by the measured pressure coefficient data, it is reasonable to trRtgM3e

as the basis for corrdian.
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In seeking to use a quantity as an independent variable in a correlation it can be inconvenient if that quantity
is not finitely bounded — as is the case in EquatoR) where the vacuum limit tends tamas infinity as

Mach number tends to zero, and tendzeim as Mach number tends to imify. There are several strategies

that can be used to transform the limit to a form that has finite bounds. The strategy used here is to introduce
the “transformed Mach number@0 , given by

a2 .
®, = tan {VMZ} (5.3) -

so thatwherDsM <o ther/2= @0 >0 . Inthisinterval @B 1z sin[@o] >0 ,andsoitis worthwhile
to explore the possibility of usingin[©,]  as the basis of a relation.

* The theory underlying the study is approximate.
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Establishing a Relationship Between Base Pressure Coefficient and Transformed Mach Number

The first step is to plot base pressure coefficieninagain[©,] and, to this end, the data from Figlire

are repotted in Figure2. The general trend in the data suggests that there is a reciprocal relationship between
the two variables. So, by transforming the dependent variablesin[t@o]/CprI a pattern emerges — as
shown in Figure3. The function—(1+ 6.5sin1'2[®0]) is also shown on Figuiz— where it can be seen to
represent the data at each end of the range of valuga[@® ]

To get a clearer idea of the way in which the independent variable changes with transformed Mach number,
a further calculation is done. So, forming

sin[©]

Cp = + (1+6.5sin"70,]) (5.4)
cyl Cp |
cy

~

and preparing Figuré, it is established by inspection that the datch a maximum ain[©,] = 0.7 and
are tangential to the horizontal axis at the limits of the independent variable.ifeterAppendixA it
appears that the data may well be describedPy a -funciibe relationship

- .4 .2 2
Cpcyl = 28sin [0,](1 - sin[6,]) (5.5)
is also shown in Figur#and represents the datawell. It a -functiosin%[@o] and can be re-written as
- .4
Cpcyl = 1.75sin [ 20.] . (5.6)

The full relation connecting base pressurefficient on a right circular cylinder is then obtained by
substituting from Equatio(b.6) into Equation(5.4) and re-arranging so that

_ sin[@o] 5.7)
(1.75sin" 20,] - 6.5sin>@,] - 1) |

pcyI

This function is shown in Figufgtogether with the measured data and the vacuum limit. Note that, because
the denominator of Equatidb.7)is never greater than —C Iz —sin[©y] . Since @ in radians)

- sinB,>- 0, it follows thathC I>— ©, and so the furiction described always respects the vacuum
limit. Y

The distribution of the data about the function described in Equ@gi@his discussed in AppendB. It
is shown there that the correlation has a precision of £0.0025 at the 0.95 level of confidence.

A summary of these useful functions is given in Apperfdix
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6. CORRELATION OF BASE PRESSURE COEFFICIENT FOR CONICAL AFTERBODIES IN
AXIAL FLOW

To implement the similarity principles expressed in EquatioR) it is necessary firstly to use the data to
identify 1, the relevant thickness parameter for this class of flows.

6.1 Identification of a Thickness Parameter
6.1.1 General

It is not immediately obvious what combination of geometric features of an afterbody may be used to
characterise thickness. The flow at the base is strongly influenced by the flow on the boat-tail. This, in turn,
is conditioned by the angle through which the flow is turned at the start of the boat-tail and the length of
the surface over which it travels before separation occurs at the sharp corner at the base. It may therefor
be expected that a study of tkiéect of afterbody legth at a constant value of boat-tail angle may aid the
process of identification.

As well as seeking to find a thickness to transform the dependent variable of Eq8ajpit is also
necessary that the thickness be applied to the independent variable there. The form of the transformed Macl
number is related tp1—M?2] |, see Equatl(GnZ) To limit the range of the independent variable, use is
made of the transformed variab®, = tan [1-M?]

6.1.2 Effect of ratio of length to diameter

As a simple illustration consider Figue This is a plot of all the available data for a boat-tail angle of

5.6 deg in the form of the paramel(@pb—cpc I) plotted against the transformed Mach numtggy, A
range of afterbody lengths is covered and there is little obvious organisation in the set of data. However,
referiing to Equation(3.2), it is noted that the effect of a thickness parameter that is always greater than
unity is to move the data (for a given length) towards the origin for (transformed) pressure coefficient and
away from the origin for (transformed) Mach number. To ensure that this happens, even for length to
diameter ratios that tend #ero, the thickness parameter tosbeght must contain the fact¢t +1,/d,)

or something similar.

In Equation(3.2), the form required is the reciprocal of the square of the thickness so, if the transformation
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. (C,, —Cy )
Cp = bt (6.1)
b (1+1,/d,)
is applied, and the result plotted against a further transformed Mach number defined as,
-1
©, = tan [((MZ —1)(1 + Ia/dm)z], (6.2)

then Figure7 results. The formulation of Equatiofs.1) and(6.2), which is based on EquatidB.2),

achieves a collapse of the data so that a single curve can be produced to fit the values (at the chosen fixe
value of boat-tail angle). Note that the thickness formulation for the effect of length is the simplest that can
be obtained that satisfies the criterion suggested above.
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