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C-105 Drag Estimation 

ARF'A RULE PRmRF.SS REPreT - Tl'?.BRUARY 1955 

l. INTRODUCTION 

F.A. Woodward 
February 23, 1955 

The area rule program at Avro has bPen carried out in four rhases: 

(a) 
(b) 
(c) 

(d) 

Investir-ation of Numerical Procedure 
Model Program 
Application of Method to Drag Reduction of C-105 Aircraft at 
the Design Mach Number. 
Comparison ~ith Experiment. 

Phases (a) and (b) were carried out more or Jess simultaneously, while 
work o~ phases (c) and (d) is still continuing. 

It has been found that the result obtained depends very strongly on 
the r::ethods used, both in the determination of the area distributions of 
the models and in the numerical calculations. Results differing by as 
much as a factor of 5 can be obt&ined using different methods on wing-body 
combinations having high s1opea in the area distribution curves. Also, 
if the method of approximating the slope of the area distribution by a 
Fourier aeries is used to calculate the drag, the result depends quite 
strongly qn the number of terms in the series as well as the degree of 
accuracy obtained in representing the area distribution of the model. 

The method finally adopted at Avro is an extension of the method out­
lined by Holdaway in reference 1, and consists of approximating the slope 
of the area distribution curve by a 100 term Fourier series. In ordPr to 
ohta in a good degree of accuracy in the determination of the Fourier Coeffi­
cients, the slope curve is represented by 300 points. (In this way, more 
than 100 terms in the series may be calculated without too great a loss in 
accuracy). A high speed computing machine is required to carry out the 
integrations in a reasonable tife, IT'he area curve is ohtained by cutting 
oh1ique slices from an a '~curate, model of the aircraft, and measuring the 
resu1tJng arflas hv means of a p1animeter. In regions of rapidly changing 
slopes, larger sca)e models of the regions are used, in order to improve 
the accurec~ of the rerresentation. 

The wave drags calcuJated by this method have been used as a basis 
for suggesting rossible changes to reduce the drag of the C-105 aircraft 
at the design Vach number. By means of two small modifications to the 
aircraft lines in the regions of the intakes and the rear nacelles, and 
the addition of a larger fairing between the tail pipes, a drag reduction 
of 37% has been realized. Comparison of these results with optimum bodies<2 ) 
of the general configuration has also been '.carried out., 



2. I:1VESTIGATI0N OF NUMERICAL PROCFDURF.S 

for 
The fundamen'tal numPr1cal probJ em involved is to develop a method 

eva]uating the integral 

I _J_l ) I 
D;q = - 21T 50 A"(x) bA"([)log Ix-( dt d:x (1) 

A11 (x) is the second derivative or the area curve with reBpe~t to 
the length along the body, :x. Three methods have been invest1gated 1n 
an attempt to choose the one most suited to this program. The area 
cHstrfoution chcsen for this purpose was the unmodified c-105 cross­
sectional area, corresponding to M = 1.0. 

(a) Legendres Integral Form 

In reference 3, it is shown .,hat the fcrm (1) may be replaced 
by the non-singular form given below, which is better suited for numerical 
integration: 

l [" A' (x)_7'2 dx 
5 
o x(l - x) 

_J__ 
+ 4TT l /4' -72. J

0 
A_(_x_) _A_'_(~-) 

L X - ~ _) d~dx 

Although the integrals in (2) are non-singular, some difficulty 
is still met for~ very close to x. Carrying out the integration, the 
value of D/q is 67.5 rt.2. The high vulue of this integral is due to the 
high sl9pes of the area distribution used, in the regions of the intakes 
and the tail. It was felt that the value of the drag obtained by this 
method should prove to be the up~r limit o~ the drags cslculate<l by 
Fourier series methods, providing a sufficiently large number of ter~s 
was ta1<:en. 

In view of the time requ:lred to carry out a numericel integra­
tion such as (2), only two examples ~ere wor~ed out. It would have been 
interesting to compare results with Fourier series evaluations for smoothf'r 
bodies, hut time limitations have rrevented this. The general trend was 
established, horevf'r, that the Fourier series method to be out1jned in 
section (c) did t8'ld to the upper Jimit given by (2). It should be pointed 
out that no arproximations are made to the area distribution of the body 
being considered in this method. 

(b) R.A.E. Method of Fourier Analysi~ 

A method for evaluating (1) has been rroposed by the R.A.E., 
Farnborough in Ref~rence 4. In this method, the area distribution curve 
is ap~roxilllElted by a 36 term Fourier series, and the resulting simpli­
fication introduced in e½uation (1). The drag calculated by this method 
for the unmodified C-105 WbS .found to be one fifth that calculated by 
integral for the same area distribution. This is due to two effects; 
firstly, the number of points used is insufficient to represent an irre­
gular body such as the C-105, and secondly, the fact that the &rea diB­
tri ~ution is represented by the Fourier series and then analytically 
differentiated rather than representing the actual slope of the area 
curve by the Fourier series as in Holdaways Method. The representation 
of any curve by means of a Fourier series always tends to smooth out 
irregularities in the curve, thus the slope of any body approximated 
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(b) F.A.E. Method Of Fourier Analysis (Continur>d) 

bv a Fourier series, as 1n this method, wi)l always he less than the 
actual slope. A greater number of terms might well have been used in 
this ca]cuJation, however, at the time that this ,•ork was one, no set­
up was avaiJab]e on the high speed computer to han0le the additional 
work involved, so an at.~,enpt to use a largPr num1ier of terms was not 
made. It is fe]t, ho"'8ver, that the R.A.E. method should give good 
resuJts for bodies which have very smooth area di~trjbutions. 

(c) Holdaway's Method of Fourier Analysis 

Holda1ra.ys method(l) aprroximates 
bution curve by a 24 term Fourier series. 
lated from the simple formula 

!2 
q 

= 
24 

rr Ina2 
4 1 n 

the slope of the area distri­
The drag can than be calcu-

(3) 

Carrying out the calculation for the 24 term series, the value is found 
to be D/q = 46 ft.2, which is J2% lower than that found by Legendres 
method. For a 100 term series, passin6 through 300 points, the total 
D/q = 55 ft. 2 , about 18% lower. (It should be noted that the 24 term 
result •was also evaluated by approximating the slope curve by JOO points, 
in an attempt to pick up all the peaks accurately. If only 24 points 
are used on the slope curve, the results cannot be expected to be very 
re) iable because it is very likely that the Fourier series curve so 
approximated will completely miss some of the important regions of high 
slopes). 

If the Inan 2 serfos is examined term by term, it can be seen that 
the series is gradua]Jy converging. Presumably, the final convergent 
answer, ta~ing an infinite number of terms wilJ 1,e the same as that 
given by the Legendres formula. It is fe]t that the Fourier series 
aprroxjmations wouJd converge more rapidly to the final va]ues of D/q 
for smoother wing-body combinations than that used :!n this investigation. 

I 

The method finally decided on for further calcuJations was the JOO 
term Fourier series, modified Holdaway method. With the high epeed 
computer avai]able, a comrlete calculation can be carried out in just 
under three hours, given a table of JOO v~Jues of the area curve slopes. 
The fact that 100 terms may not be sufficient to converge to the com­
plete wave drag coefficient is allowed for when evaluating the results. 
It is usualli possi~le to estimate the degree of convergence by ex~min­
ing the Inan series term by term. 

In most ceses, with relatively smooth bodies,' convergence is fairly 
good. However, it should be noted that on the average the drag calculated 
for 24 terms is about 18% lower than that calculated usfog 100 terms. 
This fact is used to help analyze the experimental results presented by 
Holdeway in references land 5, in order to ascertain the agreement 
betwi-en the theory and experiment. 



J. MODEL PF OGRAM 

The model program cons i sted of taking an accurate .03 scale model of 
the aircraft and making plastic copies of it. These copies·, rainted hJack, 
~ere set on newels to pre~etermined locations within a bax and in.tyrn en­
cased in plastic. This resu)ted in a rectanguJar block of plastic which 
was conveniently handled. The cut Jines desired were scribed on the sur­
face of the bloc'·, Rnd cut.ting was carrfod out on a bandsaw to these Jines . 
After some practise, very good r eauJts were obtained. 

The required outline of the embedded model in the slice was sharply 
defined by the paint line. This area ~as measured by means of a plani• 
mett>r. 

In regions where the slope wa! changing VPry rapidly, 1/16 scale models 
were made, and the procedure repeated. This gave much closer estimates of 
t hese critical areas. In the case of the fairing between the jet tail pi pes, 
owing to the lack of suitable models, geometrical layouts were made to deter ­
mine the sections. This latter technique is considered to be practical only 
as an interim phase in preliminary drag estimates, owing to the difficulty 
of laying out accurate oblique sections of complex shapes. 

Photographs showing the number of models cut up to calculate the area 
distributions for two Mach numbers, with five rotation angles each, an 
enclosed in the appendix. Also shown are the details of some of the models 
used and examples of the oblique sections obtained. 

4. APPLICATION OF THE METHOD TO DRAG REDUCTION OF C-105 AIRCRAFT 

Typical area distribution curves for the C-105 aircraft are shown in 
Figure 2, for M = 1.50. The area of the stream tube entering the intakes 
has been added to the fuselage area in front of the ducts, and an area 
corresponding to the jet exhaust area has been added to the rear, These 
areas are calcuJated to be 11 ft.2 and 22.4 ft. 2 respectively, at M= .1. 50. 

The curves shown have had modifications made to the intake Jips and a 
Jarge.r f~iring added between the taiJ pipes, as iJlustrated by fi gure 3. 
The drag coefficients, based on the wing area, are given as a function of 
the angle of rotation 9 in figure 4, both for the original and modified 
f use1ages. 

Integrating figure 4, the ~ave drag figures obtained are : -

Unmodified 

Modified 

= 

= 

.0190 

.0119 

&.sed on the unmodified figure, a reduction of J7% in the wave drLg has 
been achieved. The major contribution to this lower drag has been the 
reduction of the slopes in the area distribution curves sho~ in f _igure 2. 

In reference 5, Holdaway reports that changes in the wave drag coeffi­
cient resulting from area rule modifications of a given wing-body combina­
tion tend to be underestimated when comparing the t heory with the experiment . 
It is thus expected that the reduction in the wave drag coefficient noted 
above should be fully realized. 

., 
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COMPARISON WITH F.XPERD.!ENT 

It was felt that the results of the 100 term Fourier series method should 
be compared with as much experimental evidence as was available, in order to 
obtain a rat ional basis for estimating the total drag of the aircraft. Experi­
mental results are given in references 1 and 5 for a series of wing-body com­
binations, for which area rule drag calcu]ations have been carrjed out using 
24 term Fourier series. In Figure 5, the resu]ts have been replotted showing 
the measured D/q as a function of Mach number for the four models. Surer­
imposed on these graphs are Holdaway1 s calcu1at.ed wave drag f:igures, added 
to the calculated turbulent skin friction at the corresponding flach number. 
In add1tion, the wave drag ea] culated using a 100 term se-ries for the scal~d 
down C-105, added to the calcu]ated turhulent skin friction, is shown for 
comparison with model A. 

It can be sPen that the resuJtfog caJcu]ated supPrsonic drag is t.oo low, 
as compared to thP measured values, in a]J cases. 

In carrying out the calcu}atiom1 for the C-]05 drsg enr]vsfa, it wes 
found that the dreg obtained by means of a 100 term FouriPr series was arproxi­
mately 18% higher than that obtained for a 24 term series, over the comrlete 
range of Yach numbers, For smoother bodies, such as those tested by Holda~ay, 
the 100 term resu]t is expected to give a drag only about 10% hjgher than 
that sho'!TD on the graph , due to the more rapid convergence of the aeries, This 
would indicate that, at the higher Mach numbers, the wave drag as . calculated 
by the 100 term Fourier series will be approximately 10% lower than the experi ­
mental result. The calculated wave dreg has thus been factored up by 10% in 
the following two examples. 

This hypothesis was borne out when the drag of an 1/8 scale "crude model 11 

of the C-105 was compared to that calculated by arPa rule at M = 1.50, The 
experimental results were obtained from free flight rocket firings made by 
the Avro Aircraft Company, and are shown in Figure 6. The drag estimate is 
broken down as follows:-

Estimate A B 

1. Wave Drag (100 term series) .018 . 022 

2. Turbulent Skin Friction (M = 1.5) .006 .006 

3, Bose Drag (based on N. A. r,. A. TR 1 O'il) .007 .007 

Tot.al CD 
0 

. 031 ,0'35 

Two estimates are shown for the wave drag, to cover a range of possible 
vaJuPs. As oblique cuts 'ffere made on tMs model for only 3 rotstion angles, 
some uncertainty arose as to the final caJcuJated wave drag. Both the most 
pessirnisti c and the most optimistic vaJues ere shr,wn in estimate A and B 
above. Had cuts been made at fjve rotation ang1es, 1'1h:ich is the normal rro­
cedure, very littJe uncertainty would have been possible. 

Adding JO% of the ca]culated wave drag to the average of the two esti­
mates, the total CD0 is .035. This agrees wel] with the experimental resu]ts. 
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6 . DRAG ESTIMATE Fffi C-105 

In the Jight of the forgo1ng analysis, it is con~idered that a reason­
able estimate of the drag at zero lift of an aircraft at supersonic speed:, 
can be obtained by adding the wave drag ca]cu]ated by Area ru]e to the s'k:in 
frfotion drag at that Mach number, rJus any corrPctfon required for the base 
drag. 

For the modified c-105, at M = 1.50, ~!'11s breakdo~n is as foJJows:-

]. 

2. 

3. 

' J 

Wave Drag (JOO term series) 

Turbulent Skin Friction (M = 1.5) 

Base Drag (based on Ref. 6) 

Total Co
0 

(theoretical) 

I 
.01]9 

.0053 

-.0010 

.0161 

Allowing for a 10% underestimation of the wave drag, , the total CD 
arrived at is .Ol7J. This is considered to be a reasonable estimate o~ the 
total drag at this time and is supported by the limited number of experi­
mental results available. Further rocket firings of 1/8 scale C-105 models 
are planned, and it is expected that the results so obtained will agree well 
with that obtained by the area rule method. 
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