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SECTION 1
INTRODUCTION

The effects of external store carriage on aircraft performance can be
significant, especially for fighter aircraft carrying fuel tanks or air to
ground weapons. Degradation in top speed and range must be accurately
estimated to determine if a particular store configuration is practical from
a mission standpoint. Flight testing can provide answers, but it is extremely
expensive and time consuming. For this reason, only selected aircraft loadings
are usually tested.

To estimate performance parameters for a greater number of configurations,
wind tunnel test dataareofcen used. A scale model of the clean aircraft and one
with the aircraft loaded with the store configuration of interest is tested.
Curves of lift versus drag coefficient are constructed, and the drag increment
due to external stores is calculated for a particular flight condition, i.e.,

1ift coefficient.

Because of the nature of any measurement process, an uncertainty is
associated with the wind tunnel data. The total data uncertainty is a com-
bination of uncertainties in tunnel test conditions, model positioning, and
model instrumentation. Since the 1ift coefficient value for the flight con-
dition of interest rarely appears as a test point, a fitted curve must be
constructed from the data. This curve fit process is another source of possible
uncertainty. This report investigates the uncertainty associated with wind
tunnel drag data and presents a method that can be used to calculate it for a

specific flight condition of interest.
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SECTION II
GENERAL METHOD OF UNCERTAINTY CALCULATION

Uncertainty associated with CD at a given condition is caused by
uncertainties in the measurement process and those induced by the curve fit
procedure. This requires that the uncertainties associated with each factor
be propagated to arrive at a final result. The method chosen here is the Taylor
series method of error propagation.

A derivation of the Taylor series method can be found in Reference 1. Some
of the assumptions used in the derivation are:

1. Response, Z, is defined as a function of the measured variables
Xis Xos vees Xn.

2. Z is continuous in the neighborhood of u_ , u, s «cos U, . M, »
X1 X9 Xn X1

s ...s U, are the mean values associated with x;, Xz, ..., Xn which all have

X2 Xn

error distributions about the point of interest.

u

3. Z has continuous partial derivatives in the vicinity of uxl, ”xz’ cees
u
*n
8. X1 X25 -0es X, are independent of each other.
5. (ux1 - x1), (ux2 = Xp)s euns (uxn - xn) are small or
32 , 322 , ..., 322 are small or zero.
? 2 2
X, 3)(2 axn

The assumptions will be satisfied if the functions considered are restricted
to smooth curves near the point of interest with no discontinuities and with higher
order derivatives either small or zero.

The results of the derivation show that:




If

Z1=f (Xl, Xos ceces Xn) (1)
then
S(2) < L2 S(x) 10 412 Sk 1 s e 41510y T ()
St hix 1 3 Xy 2 e ax. ~'n

where S(Z), S(X;), S{X2), ..., S(Xn) are the precision indices of the response,
Z, and the variables Xy, X5, ..., Xn. The precision index is the computed
standard deviation of the measurements (i.e., random error). It is defined as
T 1 on
I - 3)2
S=| 73 E(X' X)} (3)

Xi and x are, of course, the value of x of a particular point and the mean
value of x, respectively. If the sample size is large, the precision index is
approximately equal to the actual population standard deviation (¢) associated
with the random variable Z.

Depending on the confidence level attached to the response, the uncer-
tainty is simply a function of the precision index or standard deviation.
This assumes that no bias or systematic errors are present. For drag increments
caused by external stores, this is a reasonable assumption. The drag increments
are calculated as differences between data taken during one test with the same

model and instrumentation. While bias errors may be present, they are approximately

equal for different model configurations. When the increment is determined, the
bias errors should drop out. This assumption is of critical importance in the
following discussions. It would not be true if raw data from separate tests
were compared or if different instrumentation was used during one test.
For the case of interest, C; and Cp are both random variables since both
' are measured during testing. With the assumption that measured values of CL
and Cp are normally distributed with mean values ue and ey the uncertainty

associated with Cp on the fitted € - Cp curve is found as follows.
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Figure 1 shows a number of data points. From aerodynamic considerations,
Cp is considered a second order polynomial function of CL. That is:
= 2
Cp=a,+2a C +asC (4)
Using the regression coefficients 3, 1s and a,, the values of Cp at the data

point (CLI) and the flight condition of interest (CLz) can be found.

[}
L

- 2
ag tay O *ap (2 (5)

=a ta C +a CLi (6)

L,

The difference between the values of CD is:

- = = - 2 _ 2
Cp, =~ Cp, =8Cp=ar (G -C )+ap(c?-¢C7) (7)
Cp, can be redefined in terms of Cp, and aC,.

= = - 2 2
Cp, = Cp,*2Cp = Cp, + & (cL2 cLl) + a, (cL2 cLl) (8)

Now assume that

CDz= f (CDl’ CLI’ CLz) (9)
Using the Taylor series method of error propagation:

2 , 2
aC02 aCp, 3Cp, 2 1, (10)

s(Cp,) vy S(Cp )1

The partial derivatives in Ecuation (10) can easily be evaluated from the

definition of Cy, in Equation (8).
2

They are:
3CD
-ac—z =1 (lla) ‘
D,
L]
BCD
2
— =-(a, +2a, C 11b
BCLI ( 1 2 Ll) ( )
4
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= a; + 2a, CL2 (11c)

BCLz

The term§ S(CDI)’ S(CLI), and S(CLZ) in Equation (10) require interpretation.

They are the precision indices of CD and CL at point 1 and that of CL at point
2. The CL at point 2 is simply the desired flight condition. It can be thought
of as a mathematical and not a random variable and can be exactly defined.

Therefore:

S(CLZ) =0 (12)

CL1 is a measured data point, and because of this, it is a random variable
with a mean and standard deviation. S(CLI) can be thought of as the uncertainty

associated with the measurement process. If S(C,) is constant or it changes

L)
slowly in the vicinity of the flight condition of interest, S(CL ) should be a
1
close approximation to the value that S(CL) would have if CL were a measured
2
data point. Figure 2 indicates that S(CL) does not vary much over the angle of

attack range of interest (a = 2 - 60). Because of this, S(C where CL1 is

RE
the data point nearest the flight condition of interest, can be used to indicate
the uncertainty associated with the measurement process. Calculation of S(CL)
is discussed in Section III.

Recall that the value of CDl used in Equation (8) to define CDZ was not the
measured value at CLl; it was the value obtained from the curve fit equation.
In other words:

- 2
c a_+ a; CL1 + a, CLl (13)

D, o]

2
Therefore, S(CDI) is actually the precision index of ch’ S , introduced by the

curve fit process. A method for calculating S(CDl) is found in Section IV.

Given the values of S(CLl) and S(CDI), the final calculation of the uncertainty

in CD at a given flight condition can be performed as follows:

6
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u (CD) =t, S (14)
tn is the nth percentile point for the two tailed, student "t" distribution.
Various percentiles or confidence levels can be chosen. The following discussion
is based on a 95-percent confidence level. The ninety-fifth percentile point,
to.95» depends on the number of degrees of freedom, which is a measure of the
sample size used to determine the precision index. For S(CLI)’ ty.95 is usually
taken equal to 2 since S(CL) is based on a large sample size. This value is not
appropriate to use for S(CD). The Ajrcraft Compatibility Branch uses a five-point

curve fit around the appropriate C, to find CD. For this case, the degrees of

L
freedom are:

v=n-k-1=2 (15)
where:

n - number of points used =5

k - number of variables in regression equation = 2 (i.e., CL’ CLZ)
For two degrees of freedom:

ty 95 = 4.303
The equation for uncertainty can be rewritten as:

u(cy) = {[to.95C S(CDI)]Z + [to'gsc (a + 2a, CLI) S(cLl)]z}‘/z (16a)
D L

%

2 2 2 2
(4.3032 ¢y )2 + 22[(a + 22 C ) S(C )12 (16b)

1

The value U(CD) is the uncertainty in drag coefficient at a given flight
condition for a given configuration. More important is the uncertainty in the drag
increment between the clean aircraft and the aircraft with the external stores.

The increment is defined as:

ACh = C -C (17)
D DStores DClean
From Reference 1, the uncertainty is:
Uacy) = (e, JZwulc,  )H)* (18)
Stores Clean
8




SECTION II1
DATA POINT PRECISION INDEX
Section Il described a method to calculate drag data uncertainties for
a point on a fitted CL CD curve. Because of the random nature of the assumed
independent variable, CL’ the final calculation for U(CD) requires a value

for the precision index of CL. This can be done in the following manner:

CL can be defined as:

CL =6%-[FN (cos a cosIM + sin a sinIM) (1)
+ FA {cos o sinIM - sin a cosIM)]
If
C = X1y Xos ouns xn) (20)

then the Taylor series method of error propagation yields:

! S(6) = (125 s0a)12 + LA Six))? + ... +1 28
39Xy 3Xo X

L
L S(x )12} (21)
n
It is apparent that the equations become more and more complex as the
‘ number of independent parameters increases. In addition, these variables
must be independent or nearly so of each other for Equation (21) to hold.

Assumptions need to be made on the nature of the measurements. These are:

(1) The uncertainties associated with some of the independent
parameters are sufficiently small that their effects on the uncertainty
of the dependent parameter are negligible. This is assumed to be the case

for IM and A.

(2) The measured forces, FN and FA, are independent of one another.
‘ ' Using these two assumptions, it can be said:
. CL = f (FN, o, FA, Q) (22)
Therefore:
S(C ) = {[ C S(FN)12 + [ C, S{a)}2 +[ C S(FA)j2 + [ L s(Q)]z}z (2
SFN » 3FA 20
9




After evaluating the partial derivatives, Equation (23) may be rewritten
as:
5(¢,) = {[(cos o costM + sin o sinh) 22 4 ¢ 5(s)12
+ [(cos o sinIM - sin o cosIM) §£%%l 12+ [CL §$Q)JZ}% (24)

For a given test point, o, IM, Q, A, Cy, and C_are defineg. S{FN), S(FA),
S{a), and S{Q) are functions of test conditions and instrumentation. Equations
for these parameters can be developed in a manner similar to that used for
Equation (24). S(a) and S(Q) depend on the wind tunnel where the data are taken.
S(FN) and S(FA) are dependent on the tunnel and model instrumentation. Equations
to calculate the quantities for a specific case of interest should be obtained
from the applicable test facility. The computer program described in Section

V uses equations that apply to the Aerodynanmic Wind Tunnel (PWT/4T) at Arnold

Engineering Development Center (AEDC).

10
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SECTION IV
CURVE FIT PRECISION INDEX
A method to determine the precision index of CL for use in Equation (16)
was just described in Section III. The other input required to solve for U(CD) is
S(CD1)' Recall that it was defined as the precision index of the curve fit process.
To calculate this quantity, certain assumptions on the nature of the CD data
are made. These are:
(1) Cp is a random variable.

(2) At a given Cs possible values of C, are approximately normally

D
distributed.

(3) Over the C_ range where the curve fit is applied, S(CD) is nearly
constant. This allows a simplified curve fit procedure to be used (see pp 106-108,
Reference 2).

Since it is possible to calculate S(CD) for a given data point in a manner
similar to that used for S(CL), the validity of the third assumption can be
verified. Figure 3 shows a typical example. The angle of attack region of
interest is about 2 to 6 degrees. As the figure indicates, S(CD) does not vary
significantly over this range.

Recall from Section II, the € -Cp curve is assumed to be of the form

Chp=a,+acC +ay C 2 (25)

L L
For a second order curve fit, the normal equations to solve for as ap
a, are, in matrix form:

[B] [a] = [g] (26)

where

11




Figure 3. Precision Index of Drag Coefficient versus Angle of Attack
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n n n 2
I C T C
= b i= by
(g} = n n 2 n 3
r r €. r C
i=1 i i=1 i i=1 i (27)
n n n
poc’ ¢’ ¢
=l i=l M i=t M
"
[a] = | a (28)
L%
- .
n
RRRCY
i=l )
n
r C ¢
[l = | =1 Ly ‘D4 (29)
n 2
r C c
j=1 Ly DiJ
Solution for the regression coefficients is given by:

_1
{a] = [B] [g]
Where [B] ! is the inverse of [B]. For a five-point curve fit, n is equal to five.

In this study, the value of S(C.) is based on the mean response u .
D chcL,cL2

The term u. may be thoughtof as the true value of C for a given (.

c, C
Lol G2
In other words, if many values of CD were measured at a given CL’ the mean of

C, would tend to u as the sample size increased to infinity. Based
D CD'CL,CL2

on this, S(CD) js defined as:
S(Cp) = sV [x,"] (811 [x, ]

(31)

13
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where

S = estimated sample standard deviation
-

_ igx [Cp, - (3, + a1 €y + 2 CLi2)12 E (32)
. n-k-1
x,” = 1 CLFC cLFCZ] (33)
L
X = | Clpe (34)
U

The FC subscript indicates the flight condition of interest where the calculation
is made. For a more detailed discussion of the method used to calculate

S(CD), see a statistics text such as Reference 3.

14




SECTION V
COMPUTER PROGRAM AND SAMPLE CALCULATION

Appendix A contains a computer program developed in the Aircraft Compatibility
Branch to calculate uncertainties in drag coefficient where CD is found from a
fitted CL-CD curve. Required inputs are explained in the program. The uncertainty
can be determined for confidence levels of 99, 95, 90, and 80 percent, i.e.,

x percent of measured data points should 1ie within the uncertainty band above
and below the fitted curve. The confidence level is changed by using different
t values as explained in Section II.

As noted earlier, the equations used to define S(CL) are applicable to the
four-foot transonic wind tunnel at AEDC. Changes would be required for other
tunnels.

Assumptions are made to simplify the equations for S(CL). These include:

(1) Only aircraft pitch excursions are considered, i.e., Bz0.

(2) Uncertainty in angle of attack is constant and equal to 0.1 degree.

(3) S(a) equals one half the uncertainty in o (0.05 degree).

(4) A small sting roll angle is assumed (0.04 degree).

(5) Model weight does not vary between configurations.

(6) To a first approximation, model angle of attack is equal to
sting pitch angle.

(7) Balance uncertainties [S(FNB), S(FAB)] are functions of normal and
axial forces only (i.e., no side load or rolling moment interactions are present).

(8) There is no model roll angle relative to the balance.

(9) The precision indices of model weight measured by axial and normal
force gages are equal to the precision indices of the balance.

(10) Tunnel total pressure is less than 1500 1bs/ft2.

(11) S(M) is constant and equal to 0.002 which is 40 percent of the

uncertainty.

15




The assunmptions are reasonable for the data of interest. Only pitch excursions
are considered because the performance problem concerns mainly flight at a constant
angle of attack.

Appendix A contains sample calculations of U(CD) for a specific case. The
example is for a clean aircraft at M = 0.8 and CL = 0.3. If the equation for
U(CD) is examined using the values of S(CD) and S(CL) from the example,

it shows that most of the uncertainty in CD is a result of the curve fit. Note

all the confidence levels are shown in the example, and U(CD) decreases as the
confidence level is lowered. To be more precise, the values S(FN), S(FA), S(a),
and S(Q) used to find S(CL) should be redefined for each confidence level

instead of using the 95-percent values. Since the contribution of S(CL) to U(C

D)

is not large, this is not significant.

16
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS
A method has been presentéd that shows how drag coefficient uncertainties can
be calculated for wind tunnel data. Because of the need to examine CD as
a function of CL, the uncertainties in C, are due both to the uncertainties in

D
C, and those of the curve fit. While the method of calculating the precision

L

index of the curve fit is general, that used to determine S(CL) will depend on
the wind tunnel and particular test instrumentation. Consultation with the
applicable test facility will be necessary to work out suitable equations for
S(CL).

The example given in Appendix A indicates that the uncertainty can be fairly
large for a high confidence level. Reducing the confidence level results in a
considerably smaller uncertainty. It would be very useful if data uncertainties
associated with flight tests were given a thorough analysis. Determination of

these uncertainties would increase the confidence in performance estimates based

on flight test data.
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APPENDIX A

COMPUTER PROGRAM FOR UNCERTAINTY CALCULATION
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