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SUMMARY

This paper encompasses that part of error analysis which deals with errors
resulting from the instrumentation used in measuring pertinent wind-tunnel
parameters. The parameters, for this discussion and analysis, are limited to
those required for the wind-tunnel model measurements. The pertinent parame-
ters, their standard deviations, and the theoretical derivation of them, are
given. BASIC programs and plots for the standard deviations of dynamic pres-
sure, Mach number, and Reynolds number are included for the National Transonic
Facility. A literature search was made back to 1934 and it was found that
information of this kind is almost nonexistent.

INTRODUCTION

In any successful research endeavor, it should be possible to experimen-
tally validate the results. 1In addition, the same or other experimenters
duplicating the parameters of the experiment should be able to get the same
results within experimental error. When this cannot be achieved, it must be
concluded that the theories or formulations that were to be validated were
incorrect or that large errors of some kind entered into the experiment, which
prevents duplication of results within the experimental error.

In numerous reported wind-tunnel measurements, it is indicated or can be
inferred that correlation of measurements between similar tests has not reached
a level of desired consistency. The purpose of this paper is to determine the
extent to which the accuracy and precision of the measuring instrumentation
contributes to the total error. Though it is not dealt with herein, the two
other types of errors are those introduced in establishing and measuring perti-
nent tunnel parameters and those entering into the acquisition and reduction of
data.

Before any results can be compared, it is imperative that their accuracies
and precisioms be reported in a consistent manner. The major experimental
errors are either systematic or random (accidental). Although systematic
errors do exist and occur, they are not statistical and can be corrected or
eliminated. Therefore, they are not further discussed in this paper. This
work assumes that the errors are random (accidential), which means that they
are variable in magnitude, follow no pattern in occurrence, and can be either
negative or positive. General references 1, 2, and 3 show that the arithmetic
mean of the measured value is the one that most closely approaches the true
value of the measured quantity. The standard deviation, which is the root-
mean-square value of the deviations, best describes the scatter of the mea-
sured values from the mean value. 1In reporting any experimentally measured
results, therefore, the accuracy (arithmetic mean) and the standard deviation
of the mean value 0/Vn should be given or the mean and o preferably with
n included. When graphing these results, either set of values should also be
shown. 1In the following pages and in appendix A it is shown how to obtain



the standard deviations of significant parameters of wind-tunnel measurements.
Knowing the number of observations taken to obtain the standard deviation, the
standard deviation of the mean value is obtained. From these and their mean
values, it can be determined where accurate and precise measurements are more
critical and necessary. This may require more research and development to
advance the state of the instrument art as well as the other areas involved

in the final wind-tunnel data accumulation.

Since the current problem is a manifold problem, this paper deals only with
the accuracy and precision of the measuring instrumentation being used in wind-
tunnel testing at present, the theoretical analyses which show where the errors
are produced, their criticality and how they combine, the development of the
second-order strain-gauge balance interactions and how they combine, and why
higher-order terms are ignored. Then, using the parameters for the National
Transonic Facility (NTF) at Langley Research Center and the instrument errors
for the instruments used in this facility in the derived formulas, the follow-
ing standard deviations were obtained: O(Reynolds number), O(Mach number),
o(dynamic pressure), J(normal-force model), oO(axial-force model), O{(pitching-
moment model), O{(yawing-moment model), O(rolling-moment model), and subsidiary
sigma values for items such as normal-force coefficient, side-force coefficient,
lift and drag coefficients, etc. Programs have been written (see appendix B)
for the Hewlett-Packard 9830A calculator for obtaining J(Mach number),

O (Reynolds number), and O(dynamic pressure), and results for the NTF have been
plotted. Assuming the values for the parameters and the instrumentation for the
NTF remain unchanged, potential users of the NTF should find the error results
of this report useful. If changes in the values do occur, these can readily be
taken care of in the data section of the Hewlett-Packard program.

Use of trade names or names of manufacturers in this report does not con-
stitute an official endorsement of such products or manufacturers, either
expressed or implied, by the National Aeronautics and Space Administration.

SYMBOLS
A reference area
Ap local area (base) where Ap acts across base of model
Bj balance output including second-order terms; for example, By is

balance normal-force output; see equation (11) (i =1, 2, . . ., 6)

b reference length

Ca axial-force coefficient

CaB base axial-force coefficient
Cp drag coefficient

Cp base drag-force coefficient




lift coefficient

rolling-moment coefficient
pitching-moment coefficient
normal-force coefficient
yawing-moment coefficient
pressure coefficient

side-force coefficient

mean geometric chord

specific heat at constant volume
axial-force component on model
normal-force component on model

side-force component on model

jth component factor interacting to contribute to ith component;

for example, Ky, 2 is side-force component factor interacting
to contribute first-order terms to normal force; see table I
i=1,2,...,6; 3=1,2, .., 20

Pb
Py
Pt

P

reference length

Mach number

rolling moment
pitching mament

yawing moment

number of observations
static pressure

base static pressure
local static pressure
stagnation pressure
free-stream static pressure

dynamic pressure



d, free-stream dynamic pressure

R Reynolds number

S reference surface

T absolute temperature

Te total temperature

o angle of attack

B sideslip angle

Y ratio of specific heat of tunnel gas at constant pressure to that
at constant volume

He dynamic viscosity

a( ) standard deviation

There are six balance components (Fp, Fy, Fy, My, My, and Mz). A super-
script "(2)" on any of these subscripts indicates the second-order term of that
component. For example, FN(Z) is the second-order term of the normal-force

component. Any two of these components together indicate the interaction of
the second term upon the first. For example, FyFy is the cross term whereby
the side-force component contributes to the normal-force output.

ERROR ANALYSIS

When considering the following sections, it should be understood that small
errors in the independent variables are assumed in the resulting formulas. If
the errors become so large that second- or higher-order terms are not negligi-
ble, then the errors are derived by using A values and not exact differen-
tials. It is assumed that random errors are being dealt with whose magnitudes
are variable and whose occurrence is disordered. It is also assumed that their
distribution is normal or Gaussian if systematic errors are removed and good
sampling practices employed. In those equations that are applicable, the val-
ues used for the constants are for air. Where different substances are used,
the appropriate constants for that substance should be used.

The general texts on errors given in the references show that the mean
value of a measured quantity (assuming random errors only) approaches the true
value of that quantity. If systematic (bias) errors exist, then the mean value
becomes displaced from its true value and results in inaccuracy. Systematic
errors are not statistical and by definition can be eliminated when they are
discovered. The general reference texts also show that the root-mean-square
value of the measured quantity equals its standard deviation from the mean
value. The mean value and the standard deviation can thus define the accuracy
and precision of a random measurement and should always be used together when
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this is done. If a function £(X,y,z) is dependent on the three independent
variables X, vy, and 2z, the standard deviation may be obtained by taking the
exact differential of the function, e.gq.,

of of of
df = — &x + — 6y + — Oz (1)
ox 3y 9z

If df 1is the deviation from £, then the right side of equation (1) must be
the sum of the deviations of the three independent variables. Using superposi-
tion and the definition of O, then

1/2
2 2 2
. of of of 2
g = — +|— 0 +|— C
(f) ™ (x) 3 16°2] 5 (z) (

) - 2 f(x,y,2)
The mean value of f 1is as follows: £ = E ——,
n=1 n

This section is a summary of the standard deviations which are wvalid over

all Mach numbers and assume the use of differentials (small errors). The deri-
vations for these values as well as the remainder of the balance output errors

are shown in appendix A.

Standard deviation for Mach number (ref. 4):

-1 (3)

M =

+ 1
- 1 P

<

1/2
pe\" Y/ 4 pe\’ /
— —I){ opp) 2 +|—) o(p) 2 (4)
P MYp | &

1/2

2 2
o (M) Y -1 [O(Pt)} |:0 (p) ]2
+ (5)
M Pt P

g (M)




Standard deviation for dynamic pressure (ref. 4):

q = — pM2 (6)

o | =<

5 1/2
M2
g(q) = [-—2— 0(p)] + [YpMO(M)]2 (7)

1/2
o (q) frouﬂ |'20(M)]\ (8)
a \\ P J‘f

Standard deviation for Reynolds number per meter:

1/2
-4/1 -6/7
<Pt> / (%t) /
o o 110.3
R Pt
— = 4.790 x 104 5 pt5/7p2/7 + (9)
L Te T¢
(-
1/2
4/7 6/7
R
o — = |(4.790 x 104)2< P - (E— 5
L Pt P+
.
2 1/2
2
x (-1)|[ — ———————1pp O(Ty) | + — - — 5
Pt T, 3 Pt Pt
2/7 2/7
5
—-E—> T + 110.3 P} oo +110.3 -1/2
T\Pt Pt Pt

5 [<p >4/7 b >6/7}
x + — - — - — 5
Ty 2 Ty 2 P 2 |L\Pt Pt

({Equation continued on next page)




o 11717 o 13/f\
-4 — + 6 — 1/2
Pt Pt 4/7 6/17

-5/7
2
x o(py) | + G Y L0 N D R L
7 Pt Pt 7T \Pt

+

p \/7 -1/2
<——> T, + 110.3 " e
: : (% > / <p ) /

T2 p 2 ant

x g(p) (10)

For an interaction correction of a six-component strain-gauge balance, it
is assumed that each component contributes second-order terms and that the
second-order terms are small. Taking two components at a time to obtain the

6!
second-order terms (refs. 5 and 6), results in 6Cy = ET?E—;;T = 15. Fifteen
cross terms plus 6 first-order terms plus 6 squared terms result in 27 terms
for each of the 6 model components obtained from the strain-gauge balances.
These terms are listed in table I. The symbolization (see table I) of a con-
tribution of side force, for example, on the normal force is Kj  times Fy
for the first-order term and K113 times Fy for the second-order term. This
notation is more easily grasped in the following matrix equations. Terms
involving higher than second order are usually too small to be significant and
will be ignored. The balance output column matrix is

B Normal-force output from balance
By Side-force output from balance
_iB3| _ | Axial-force output from balance _ a. .
B = Bz Pitching-moment output from balance | LB1] =T 2 s 8
Bsg Yawing-mament output from balance
LB6 Rolling-moment output from balance
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If we let B equal the matrix in the left column, Y equal the matrix
in the middle column, and Z equal the matrix in the right column of equa-
tions (12), and let K equal the 6 x 6 matrix and K; equal the 6 x 21 matrix,
then

B=KY+K“Z

Since B equals the output from the strain-gauge balances and Y equals the
actual loads applied to the balance, solving for Y yields

k-1ky = k1B - K"Ky 2

Since K-1K, if K-! exists, is the identity or unity matrix K 'k = 1] and
Y=KB - K‘1K1Z. From this, O(Y) can be obtained, which is the same as
O(Fy), O(Fy), O(Fp), O(My), O(Mg), or O(My).

Since obtaining Y is prolonged and tedious and since it, as well as 0(Y)
is not available as yet, the development in this paper proceeds with the outputs
of the strain—gauge balance components, matrix B and 0(B), that is, 0(By),
o(B3), J(B3), O(By), O(Bg), and O(Bg). From this it is shown how to obtain
the extrema and thus the errors of the Y matrix. As shown in equation (13),
o(By) /By = f£(Fy,Fy,Fp,My,Mz,My, the interaction coefficients, and measurement
errors). Since the only time Fy, Fy, Fp, My, Mg, and My are known is
at balance calibration, the K factors are obtained using known loads having
known load standard deviations and using statistical methods for arriving at
the expectation values for K and O(K). The measured values of K are
obtained by applying the loads singly and in combination and observing the
effects on and the values of the outputs of interest. Once this information is
obtained, wind-tunnel measurements can be made. For example, suppose measure-
ments of the output of the normal component of the balance are made. If the
loads on the model are not known, all of them may be assumed to be acting.

Each balance component output is then multiplied by its sensitivity constant
which was obtained during balance calibration. This yields the uncorrected
balance outputs; i.e., CyBy, CyBa, CaB3, CypBs4, CpBs, and C;Bg. These
outputs are then corrected by taking the products of the interaction coeffi-
cients and their uncorrected balance outputs and subtracting them from CyB
which yields a corrected Bj. Corrected Bjy, B3, By, Bsg, and Bg are
obtained in the same manner. The process is reiterated until the corrected
balance outputs converge to a value which is within 1 percent of their last
value. With these values, the standard deviations of the balance outputs can
be found by using equation (13) in the body of the paper and equations (A21)
to (A25) in appendix A. Once the corrected loads are determined, the calibra-
tion curve shows the corresponding balance outputs. The positive and negative
standard deviations can be projected onto the calibration and in turn onto the
axis for the actual load values. For linear calibrations, these projections
would show the load standard deviations. For nonlinear calibrations, these
projections would show the extrema from which the errors are obtained. It is
important to note that all of the interaction coefficients K, excluding sys-
tematic errors, have random errors associated with their measurement, and for
this reason they are treated as random variables because they can vary between
the extremes set by their error limits.



The standard deviations of By, Bj, B3, By, Bg, and Bg are typified
by equation (13). The derivation for o(B,)/By, in which all the K factors
are considered to be random variables, is as follows:

0(Bq)
- ={ (1 + 2FNK]'7 + Ky ,13Fy + Ky, 14Fp + Ky 15My + K1,16Mz + K ,17MX)2
1
Fy 2 O(Fy) 2
“\5,) |7 *+ (Ky,2 + 2FyKy g + FNKy, 13 + FaKy 1g + MyKy 19
N

oFY 2ro(Fy) 12
MzKi,20 + MxKy, 21) o + (Ky,3 + 2FpKy 9 + FyKy 14 + FyKy,18

+
1| Fy
,[Fa 2ro(Fp) 12
+ MyKy 22 + MgzKy 23 + MyKq, 24) g:} P + (K1,4 + 2yKy 10
+

LMy 2ro (My) 72
FnKi 15 + FyKy 19 + FpKy 22 + MgKy 25 + MKy 26) g]— ¥y

+ (K1,5 + 2MgK1 11 + FyNKy 16 + FyKy, 20 + FaKy, 23 + MyKy 25 + MxK1,27)2

\2 2
Mg \4["0 (Mz)
x (;‘>[ " } + (Ky,6 + 2MgKy 12 + FyKy 17 + FyKy 21 + FaKy 24
1 7

+

o 1% 2o (Mx) 72 FyK1,2\%70 (K, 2) T2 FaKy,3\2
MyK1,26 + MgKi, 27) 4| — + +
' ’ B )| M By /| Ki,2 ]

O(K1,3) P [MyKy,4\FO(Ky, )2 [MgK, 5\ 0Ky, 5) P /MKy, g\2
— | 4 + +
Ki,3 By Ki,¢4 | By L ¥1,5 | By

X

(Bquation continued on next page)
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I—O’ (K4 , 6) 2 <FN2K-| 7> (o] (K] 7 )-I (FY2K'| '8>2I-
X | —| +
| K1,6 By K,7 | \ B L

(FAZKT > 0 (Kq,9) T2 (MY2K1,10>2 0(K1,10) 7 (
+ +
K1,9 By K1,10

o (Ky,8)
Ki,8
My2Kq 11

2
r
By

2
oKy, 1) 1P <Mx2K1,12> O(Ky,12) P  [FnFyK1,13
+ +
K1 1 By K1,12 By

FNFAKY , 14 0(K1,14> FyMyK1,15 0<K1,15)
K1,14 K1,15

2 0(Ky,13) 2
Ky,13 ]
} <FNMzK1 '|6>

MyK1q, 19> 0(Ky,19) 2
Ky,19

FyMsKy 20 0(K1,2o)
L K1,20

(K 16) (FNMXK1 A7\ &, 17) P (FYFAK1 18\ 9Ky 18) P
+ +
K1 ,16 K1,17 K1,18
( } <YMxK1 21)

MyMzKq | 25 c’(K1,25)
| K1,25

(FAMXK'I 24> 0 (Kq,24) P
K1,24

-2 A 1/2
0(Kq, 26) MzMyKy, 27\ 0 (Ky,27)
X | ———| +
Ky, 26 J By K1, 27
The derivations for o(Bj)/By, O(B3)/B3, O(By)/By,

0(Bg) /Bg are given in appendix A.

ok, 21) 2P [FaMyKy, 22\ 0Ky, 22)7 <FAFYK'I 23\ 0 Ry, 23)
+ +
K1 21 Ky, 22 . K1,23
2

MyMxK1, 26 2
By

(13)

0(Bs) /Bg, and
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and Bg.

BEquations (12) are the force-moment equations for By, Bj,

of interest to wind-tunnel researchers, these are summarized.

Body-axis measurements (balance axis) if balance is aligned with model

Baj,

Axial-force coefficient = Fp/qS
Normal~force coefficient = Fp/QS
Side-force coefficient = Fy/qS

Pitching-moment coefficient = MY/qSE

Yawing-moment coefficient = My/gSb

Angle measurements

Sting angle
Angle of roll
Angle of sideslip

Angle of attack

Stability-axis coefficients

12

Drag coefficient = f (Cp,%,Cpg) Cp cos O + Cy sin a

I
(@]

v

L]

Lift coefficient

£ (CN IG'ICDB)

|

Q)
=
|

= Cy c0s @ - Cp sin @
Side-force coefficient = f (Cy,B)

Pitching-moment coefficient = £(Cy)

Rolling-moment coefficient = £(C;,0) =C; cos & + Cy sin o
Yawing-moment coefficient = £(C,,%) = C, cos & -~ C; sin @
Base axial-force coefficient = A,(py, - P)/4S

Base drag-force coefficient = f£(Cpg,®) = AL(Pp - P,) cos &/dS
Lift-drag ratio L/D

Plot of Cp versus Cp

Cp = (P} = P,)/9,

B4'

B5,

At this point, since we have the parameters that define measurements




Using the preceding list, the standard deviations for these coefficients
are enumerated in the remaining equations. Where it is believed to be neces-
sary, the full derivation for obtaining them is given in appendix A.

1/2
o(Axial-force coefficient) 9(Ca) O(Fa) 1 o(q) 72 o(s) 2 »
= = + + (14)
Axial-force coefficient Ca Fa [ q ] [ S }
a(s)
S is self-explanatory.
. 2 1/2
O{Normal-force coefficient) o(Cyn) (Fy) I:O(q)‘2 [O(S)]2 (15)
= = + +
Normal-force coefficient Cy Fy q J s
1/2

o(Side-force coefficient) 9(Cy) [O(FY)]Z a(q) 72 a(s) 72
+ [ ] + [ ] (16)

Side~force coefficient Cy Fy q 5

o(Pitching-moment coefficient) 9(Cp) [U(MY)}z . [O(q)]z . [O(S)]2

Pitching-moment coefficient Cm My q S
_ /2
0(c)
+ | — 17
L c
O(Rolling-moment coefficient) o(Cy) 0 (M) [G(q)}z . [U(S)}z
- — = = +
Rolling-moment coefficient o My q S
1/2
ag(b) 2
+ (18)
b
- i ocy  [[omp T 2 2
O(Yawing-moment coefficient) n Z N o(q) a(s)
= = +
Yawing-moment coefficient Cn Mg, q S
1/2

[O(b)}z
+ (19)
b

13



The standard deviations for the angle measurements are not derived but
measured. The technique for obtaining the angles is to use an accelercometer
employing a null servo system. By this means a strut angle can be measured to
a relative precision of 20 = $0.02° and a model angle of 20 = 20.03°. The
accelerometer must be isolated from vibration which has an adverse effect on
it. Tunnel investigators would like to obtain 20 = #0.01°. This is possible
to obtain but is not routinely feasible at present.

sin a 72 cos o 72 cp |\
o(Cp) = [——] O(Fy) 2 + [—————} 0(Fa)2 + ¢2 0(2 4 [ ——

(Pt - P)S (Pt - P)S Pt -
!~ \2 / ~ \ 2 \1/2
“D “D
x O(py)2 + ————) a(p)2 + (——) o(s) 2 (20)
Pt - P S
0 (Cp) sin OFy 2 O(Fy) 2 cos OFp 2 O(Fp) 2 Cpo 2 o(0) 2
= + + | —
Cp Cp (pt - p)sS FN Cp (pt - p)s Fa Cp ¢

1/2

2
pe \Y O(py) p 2[0(9)}2 I:O(S) ]2
+ + + (21)
Pt - P Pt Pt - P P ]

2
oos O 2 2 r sin o 2 2 5 2 CL
g(Cp) ={| ————| O(F)% + | ————— | O(Fp) ¢ + Cp* 0(®) % + | ————

(P - P)S L(Pt - p)s Pt = P
) 5 1/2
Cg CL
x O(pg)2 + [———| o(p)2 + <——> a(s) 2 (22)

P - P S

a(Cr,) cos OFy Z_O(FN) P sin oFp Z—O(FA) 2 Cpo 2 o (o) ‘lz

= + + ———
Cy, CLipe - PIS|| Fy | CL(Pt - P)S|| Fa CL !

1/2

2 =2 2 2 -2
P¢ 0(p¢) o o(s
. . (P ,' (p)} L [ol )J (23)
Pt - P Pt Pe - P/ L P S
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Of course, other factors contributing independently to any of these stand-
ard deviations, such as the error in Cp and Cj due to grit effect, internal
friction effects, etc., must be added in. Fy, Fp, @, P¢, P, and S may be
dependent on other parameters, so their errors would be formulated on more
fundamental parameters. This continues until the last desired quantity is
formulated in as fundamental a system as desired. The latter is usually mass,
length, time, temperature, and charge. This would be the suggested error-
analysis format recommended for use in instrument work. For wind-tunnel appli-
cation or for any other specialized field application, the error-analysis format
would be stated in terms of basic parameters and could be presented thusly:

2 2 2 1/2
(sin a)o(Fy) (cos Q)T (Fp) Cp 0(q)
g(Cp) = + +c2 o2 + | — (24)
qs L gs a
where
2 2 2
Cp O (q) o (p) 2CD o (M)
[ = CD + ——
q p M
cos o 2 sin a 2
o(Cy) = ( >0(FN)2 + ( >O‘(FA)2+CD2 g(a)2 + ¢p,2
gs gs
1/2
[o(p)]z |’20(M)}2
x + (25)
P L M
O'(Cy)
(Same as eq. (16)) (26)
Cy
2 2 1/2
0 (Cp) [O(My)- [g(q)}z _g(s)]z g(c)
= + +|— + (27)
Cm My L g . S c

15




O'(Cz) Mx sin o 2 cos o 2
= o(a)? +
o] gsb gsb
Mx cos QO 2
x 0(b)2 + | ——— | 5(8) 2 (28)

ag(C;) ﬁ_O'(Mx)_lz . qr({(ﬂ_lz .

_ P, f
S N R N R

2
0(Mgz) g P
+ + (@ cot a)2 (29)
My a

‘ 1/2

My sin Q 2 My sin Q 2 My sin a 2

t | ———Jo(@2 + | ————|o@A)2 + [ —— | o(b) 2 (30)
g2sb qs?b qsb?
» 1/2
o (cp) o (Myp) o (o) 12 g (b) T2
= + 02 (tan O + cot a)2 + 2 (31)
Ch My a | b

16




2 2 2 2
) 002 + () oo 2 [po % a2 | B BT
0(Cap) = — | O(pP + {—— ) O(Pp + g (A + | ———— o(q)
AB gs °°) gs . \ gs b L qzs J

5 1/2
A, (Pp - P
+ | —————] 0(5)2 (32)

qs?

2 2 2 2
o(Cap)  [[0(Bp) Pb l’o(pb) b, \Jomy

= + +
CaB _ P Pb = Py/| Pb Pb - P,/ | Py
1/2

(c<q>}2 [o<s>]2
+ + (33)
| S

Ah(Pp - P,) sin a 2 A cos O 2 Ap cos a 2
o(Cpp) = o2 + |———— ] opp) 2 + |———] o(py 2
qs qs

gs

2
Pb - Py Ay, (pp - pw) cos a
+{|———] cos a O(Ab) o(q) 2
gs
2
Ay (Pp — Py
+ | ——————— | (cos a)20(s)2 ~ (34)
qs?
2 2
0{(Cpg) G (Ap) Pb g (pb) O(Pw)
= +
CpB Ay Pp = Py Pp - P,
1/2

2[o<a>]2 [o<q>]2 [o<s>}2
+ (o tan @) + + | — (35)
a q S
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2

FAz + FN2 FA 2
o(L/D) = o(m2 + o (Fy) 2
(FA cos O + FN sin 0L)2 (FA cos a + FN sin 0.)2
) 1/2
Fn
+ O (Fa) 2 (36)

(Fp cos a + Fy sin a) 2

0 (L/D) (FA2 + FN2 + 4FAFN cos O sin ) o 7 o (a) 2
L/D B (Fy cos o - Fp sin 0) (Fp cos O + Fy sin 0) o
. 2 -2
(Fy — 2Fp sin a cos Q) Fp O(FA)‘
+
(Fjy cos & - Fp sin @) (Fp cos a + Fy sin q) Fp |
1/2
2 2
FaFyn O(FN)
+ (37)
(FN cos O -~ FA sin a) (FA cos QA + FN sin Q) FN
- - 1/2
(P7 — Po)
0(Cp) =/a, g0 ]2 + a2 0(p)? + | ——| 9(ay ? (38)
q,.2
-
§ 2 2 2 1/2
0 (Cp) p; \Jo®p) Po \J0(y 0 (d)
= + + (39)
S P; = Py P P} ~ Py Po Ay

Some of these formulations can be used immediately and in a general way.
As an example, the National Transonic Facility (NTF), a cryodenic tunnel using
nitrogen is being built at this Center. Tentatively, the following parameter
limits are being used for its design:
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Specific heat of nitrogen YN2 at one atmosphere . . . . . . . . . 1.4 to 1.45
Specific heat of nitrogen at nine atmospheres . . . . . . . . . . . . . . 1.74
Stagnation pressure py from M = 0.2 to 1.0, N/m2 e e e e e« . . 8,963 x 103
Mach number . . ¢ ¢« ¢ & ¢ ¢ ¢ o ¢ ¢ ¢ o 4 « o o o o o s s o« o « ¢« « 0.2to1.2
R/, Ml v i i i e e e e e e e e e e e e e e e e e e e e 4. .0 to03.94 x 108
Q, N/m2 absOlute =« « « « « = « o ¢ o o o ¢+ o 4 o o« + o . 0 to 3.352x 10

The total temperature varies from 339 K to the temperature of liquid nitrogen
for the value of p at that Mach number.

Using the preceding information, programs were written in BASIC and run on
the Hewlett-Packard 9830A calculator for O(M), O(q), and O(R/%). The pro-
grams are in appendix B and the plots of the standard deviations are shown in
figures 1 to 4. These standard deviations are dQue to instrument errors only,
and other independent sources contributing to the error of these variables must
be included to obtain their total standard deviation.

DESCRIPTION OF INSTRUMENTATION

Some of the basic instrumentation types whose parameters are used in this
error analysis are described. The error values are real and were obtained
from the manufacturer's error~band quotation and from data obtained from the
instruments.

The acoustic manometer is essentially a U-tube mercury manometer. (See
fig. 5.) A sound signal is simultaneously sent through both legs of the manom-
eter from which the differential mercury height, and thus the differential
pressure, is obtained. This manometer is used over the following ranges, and
the errors given by the manufacturers are shown as 30 values:

1.034 x 105 N/m2 < pg < 2.758 x 105 N/m?; 30 = 2.069 x 10! N/m?2
4.826 x 104 N/m2 < p < 2.758 x 105 N/m?; 30 = 2.069 x 10! N/m?
2.758 x 105 N/m? < p. < 4.826 x 105 N/m®; 30 = 4.137 x 10! N/m?
1.931 x 105 N/m2 < p < 4.826 x 105 N/m?; 30 = 4.137 x 10} N/m?

For higher pressures, a fused-quartz Bourdon tube gauge is used. (See fig. 6.)
As the tube is deflected by a change in pressure, it is restored electromag-
netically to a null position, thus minimizing errors. The current required to
hold the tube in its null position is a measure of the pressure. Its 30 error
is 0.006 percent of full scale plus 0.012 percent of the reading. In normal
tunnel operations, for pressures greater than 4.826 x 103 N/mz, only one fused-
quartz Bourdon tube type of transducer is used whose full scale exceeds the
estimated total tunnel pressure. In the NTF, however, two will be used with
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full scales of 6.895 x 10° N/m2 and 1.034 x 106 N/m2. A sensor will activate
a switch which will cut the lower pressure instrument off just before its full
scale is reached. The data will be marked at the same time to identify the
recording transducer. The full scales of the fused-quartz Bourdon tube pres-
sure transducers start at 6.895 x 104 N/m and increase in multiples of ten.
There are also pressure transducers with full scales which start at

1.034 x 103 N/m“¢ and increase in multiples of ten. In fact, using three pres-
sure capsules and staying within the pressure limits of these capsules, any
full scale may be obtained by adjustment of the electronics.

Acoustic manometers have at least three times the precision of the
fused-quartz Bourdon tube type, but since their price is more than three
times as high, they are used only when warranted by the precision require-
ments. (Acoustic manometers have almost the accuracy and precision of a

+ A Lo wmmmmiswd
primary standard.) In tunnel "crb acoustic mancmeters are used for measuring

pressures below 4.826 x 103 N/m2. For higher pressures, fused-quartz Bourdon
tube pressure transducers are avallable with full scales of 5.171 x 102 N/m
6.895 x 10° N/m , and 1,034 x 106 N/m . The last value is sufficient for
tunnel work. However, these instruments can be obtained at very much higher
full scales. By the same token, if the accuracy and precision of the fused-
quartz transducer are adequate, they can also be obtalned with full scales of
6.895 x 104 N/m , 1.034 x 103 N/m , 2.068 x 102 N/m , and 3.447 x 103 N/m .
This is also essentially a static-type transducer.

Stagnation temperature measurements are made with platinum resistance
thermometers. (See fig. 7.) The operating range of these thermometers is
from 8 to 533 K. In steady-state operation, ¢ = 0.3 K.

The six-component strain-gauge-balance calibration fixture is shown in
figure 8, This fixture, as well as manual loading, is used to calibrate the
strain—-gauge balances and obtain the coefficients for the interactions and
second-order terms.

RESULTS AND DISCUSSION

This discussion is limited to some typical results rather than all the
results that can be obtained and is used to illustrate what can be done. It is
based on parametric data applicable to the NTF. 1In figure 1, which is a plot
of 0O(M) versus Mach number, 0O(M) is dependent on the pressure parameter. By
using basic relationships and dimensional analysis, and by following procedures
shown in appendix A, J(M) can be written with dependency on other parameters.
The sharp breaks in the curves of figures 1 and 2 occur because different types
of pressure instruments, as well as the same type with different full scales,
are used. Since the errors are a function of the full scale of the instruments
used and/or their indicated value, a break occurs in the error curve when the
pressure transducer is changed. Since these error calculations are based on a
fixed total pressure, the breaks appear when the static pressure, which is a
function of total pressure and Mach number, changes to a value requiring a
change of transducer range with a corresponding change in error values. It is
apparent that the greatest absolute errors in Mach number occur at the low
Mach numbers. This is apparent from the relationships in equation (4) and
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p =pe(1 + M2/5)'7/2, and from the errors in p and p¢ at different Mach
numbers. It would be preferable not to try to interpolate values for pres-
sures not plotted, because of the instrument error changes with pressure range.
Instead, curves should be plotted for any additional total pressures of inter-
est. The previous comments also apply to figure 2, which is a plot of 0(q)
versus Mach number for various total pressures. In figure 3, which is a plot
of O(R/%) versus Mach number at a temperature of 77.8 K, the greatest abso-
lute errors are encountered at the highest Mach numbers and increase with
higher total pressures.

It is profitable to examine the standard-deviation equations in the body
of the paper because they are algebraic. Discrete points of error buildup can
thus be pinpointed to large multiplying coefficients. These points can be
verified with actual numerical values. Time can then be more efficiently
allotted for finding the means of eliminating or reducing these large sources
of error. Examination of equations (13) to (18) shows that second-order terms
as well as terms produced by interactions increase the errors in the strain-
gauge-balance outputs. In addition, the errors made in measuring the interac-
tion coefficients increase this error still more. Errors of this type result
in nonlinear calibrations. There are other causes for producing nonlinear
calibrations but these can usually be isolated. When nonlinearities attribu-
table to the aforementioned causes are found, the production sources should be
attenuated within the bounds of desired accuracy and precision and the limits
imposed by the state of the art.

Figure 4 shows that the standard deviation obtained for Mach numbers using
only fused-quartz Bourdon tube pressure transducers of different full scales
gives 2 to 3.5 times the error obtained in figure 1, where different types of
pressure transducers were used. These larger errors still fall within accept-
able limits for most research testing.

Equations (13) and (24) to (28) give the relative errors for the strain-
gauge-balance outputs. Although this may be the desired end information for
some researchers, the actual loads and their errors are probably the more
desired information. This information can be obtained from the calibration
curves by finding the load corresponding to the balance output and applying
the sigma values to obtain the extrema of the loads. The explicit, theoretical
solution for the actual loads is omitted in this paper because it is believed
that it more properly belongs in a paper dealing with the strain-gauge balances
alone. These same equations show also that since the K coefficients appear
everywhere as multipliers and are used in the iteration process, it is neces-
sary that they be determined with a high degree of confidence in accuracy and
precision.

CONCLUDING REMARKS

The work herein represents a beginning to a systematic approach to error
analysis for measurement instrumentation for the National Transonic Facility
(NTF), which is located at the Langley Research Center. This work can be
easily applied to any wind-tunnel measurements. It was long overdue in that a
thorough search of the literature back to 1934 revealed almost no such work.
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Also, the work that was found constituted only a very small part of the effort
being undertaken. Again, it is very simple to apply the error analysis of this
paper to almost any instrument measurements. However, throughout this work
random errors are assumed; that is, there is just as much likelihood of the
errors being negative as positive. They are variable in magnitude and dis-
ordered in occurrence. It is also assumed that systematic errors are removed
and good sampling practices employed.

Pertinent wind-tunnel parameters, their standard deviations, and their
theoretical derivation are given as are BASIC language computer programs and
plots for obtaining the standard deviations of Mach number, dynamic pressure,
and Reynolds number versus Mach number for the NTF. These standard deviations
are for the instrument contribution only. It can be determined from the equa-
tions and graphs which parameters are producing the largest errors or undesir-
able errors and take the necessary steps for minimizing them or making them

insignificant.

Finally, the author has noted that in many technical writings and investi-
gations, the measurement errors are not reported, or are erroneously reported,
partial errors are reported as total errors, or for whatever reason, the errors
are glossed. The author hopes that this work, in some way, will encourage
investigators to analyze their measurements, isolate and eliminate errors that
have no role in statistical measurement, find the causes of and minimize their
statistical errors when possible, and, finally, report their findings (their
measured values) with their appropriate related errors.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

November 13, 1979
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APPENDIX A

DERIVATIONS OF STANDARD DEVIATIONS OF PERTINENT WIND-TUNNEL PARAMETERS

Derivation of o(M) for All Mach Numbers

(y-1) /v
2 Py = P
M2 = + 1> -1 (From ref. 4, p. 4, eq. (44)) (Al)
Yy -1 P
-1
R ,-Pt - b (-1 /Y
M: +] —1 (Az)
Y - 1|_ P
e [ ]
-1 (y-1) /vi-1
1l 2 (Pt -p >(Y Al 2 /Y- 1><Pt -P >
dM:— +] -1 + 1
2ly -1\ p Y-\ v P

- -1
Pt - P Lov-1 /v -p - (Pt - P)
X + 1 dp (A3)
P / p?
-1 -1
1 2/Pt - P /Y‘I 1 2(Pt - P /Y"Pt
M= — — +1 —dpy + — — +1 —|dp (n4)
2M Y\ P P ™M Y\ P p2

-1y
1 {2/Pt - P 1 Pt
aM = —|— + 1 — \dpy - — dp (A5)
2M|Y\ p P p
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-1
1 {2 [Pt 2 dpy dp (26)
dM = —|—| — pt — - —
2M|Yp\pP Pt P

1 Pt/P¢ -1/ dpt dp —pt[(]_])/Y] <dpt_ig>
M N e Pt P mypl(-N/YI\pe P

- 1-1
B 1/Napy ) py L ) /Ylap -
mypl (-1 /Y] mypl(2-1) /v]
Mo pla-1 /] ]
2 pt - p (Y' )/Y
Y +1 -1
-1 P
y - 1<dPt dp>
P P
i Y t -
- -1/
2i| — -1 —
P Pt
Y - 1<dPt dp>
Y \p P
™ ¢ 29)
M
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_ -1 ﬁ- 2
o (M) <Y - 1)[ p \{Y 1)/Yil O(Pt) 0(19)]
- 1 - (B (A10)
M 2y pt p

From equation (7)

(Pt'Z/Y)U(Pt)z . {Pt[“‘l)/Y]}zd(p)z
{MYP[<1 WP Tl A2

g (M)

pz(pt“z/Y)O(pt) 2 4 {pt[“‘”/ﬂ}zmp) 2
{Myp[(z-l)/Y]}z

1 pt ‘2/Y pt 2 pt -2/Y
= — o(pe)2 + (—| [ — o (p) 2
MYpY\p P P
=1/v Pt 2
=|— < ) O(pe)2 + | —) o(p)2 (A11)
P MYp, P

Derivation of q Over Compressible and Incompressible Range

YpM?
q = —2— (From ref. 4, p. 4, eq. (31b)) (Al 2)

Ing=(lnY+1lnp+21nM) -~ In 2 (A1 3)

d@ OSp 20M
49 % M (Al 4a)

9 P M

[
(6]
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2 2
o(q) o(p) 20 (M)
= + (Al 4b)
q P M
2 M2 ’
ol = \[YPMO(M)] +— o (A15)
Derivations of Reynolds Number in U.S. Customary Units
S
T 198.6
— +
R PtM ’ Y /Tt (v=-2) /(y-1) Tt Tt
- = —_ (From ref. 4, p. 19, eq. (B3))
8w Y = DeyTe\T 198.6
+ Tt
1/2 T 198.6
(1.4-2)/(1.4-1)[— ¢+
r Pt ||/Pe\2/7 s 1.4 (Tt> T¢ Te
Lo (\p ££2 m, \T T, +198.6
(1.4 - 1)4290 ———
sec2-OR Te
1/2
2/7
pe\ || — -1]5 2/7 -3/2
R P /2.8563 x 102 sec <Pt>
% 1 p
Tt3/2 1b—sec\ Te /2 fe p
2.270 x 10-8
Ty + 198.6 £2
2
p 198.6
— +
Pt T¢
X Tt
Tt + 198.6
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1/2 h
0 2/17
6
pt<~—-> -1l5 (1.2583 x 108) £t 37 2/7
R P /Pt p , 1986
3 T¢ (°R) 1b \p Pt Te |
(A1 6)
1/2

-4/7 -6/7 2/1
R Pt Pt Pt |/ p 198.6 ft
— =1.2583 x 108{|| — - — 5 — | — + OR —
L P P Ty Pt Ty 1b

The only noncancelable dimensional item is p¢/T¢. If this item is in
1b/ft2/°R, then Reynolds number is in ft~!. In the metric system, the deri-
vation proceeds in the same manner. The 198.6 is a temperature in degrees
Rankine and must be changed to degrees Kelvin to get a dimensionless ratio.
This conversion yields

-4/7 -6 /7 2/17
R Pt Pt Pt |/p 198.6/5 ft
— =1.2583 x 106{|{ — - — 5 — = + —)K/CR
P P Tr / \Pt Ty \9 OR 1b

1
X (0, 3048 m/ft) (A17)
4.4482 N/1b

=

Since reference 4 used the U.S. system and the constants contain degrees
Rankine, when metric is used, an uncompensated T¢ in the denominator is in
degrees Kelvin and must be changed to degrees Rankine to correlate. Therefore,

1/2
-4/7 -6
R 8.6221 x 104 J|/Pe / Pt z p¢>/7p2/7T  110.33p,
- = — -l — 5 + -
% 9 OR P P Te 7,2
5K

Derivation of Reynolds Number in SI Units

1/2

-4 -6

p\ 7T e\ -p3/7p2/T  2(110.33py)

= 4.7901 x 104C| — - 5 - Ty
P Tt2 Tt3

d

= |

P

Al 8) continued on next page)
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1/2
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\p 7\p

Qs
=|n
[}
S
-
O
o
—
X
—
o
o>
S
ko) l@
o
~_
|
TN
Le
o] |ﬁ
\/I
[+)
1
o
I
. 1
P
Ik
\/N
=3
(a4
[ I |
]
N
[\
o
(=)
(2))
-3 | e
cr
O
-3
(a4

2
o\ -1/2
Pt <5> P P . ) i P
' Ty 2 P\ Pt Pt T\Pt
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(Equation (A20) continued on next page)
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-12

p p
] LL t t

2/7 ]
P
57 ——> Ty + 110.33
P (2 Pe (5 Pt)
X | —— + - —
2 -
\Pt/ Ty Ty NAR
172
4,7 6,7 2
-1,2)4( = - 6 —
4/1 /7] |71/ <pt> or )
« ([ (2 5 a (p) (A20)
Pt Pt 7
]/

Derivation of Remaining Standard Deviation of Strain-Gauge Balance Outputs

0(By)
5, (K2,1 + 2FyKp 7 + FyKp 13 + FaKp 14 + MyKp 15 + MzKp 16 + MxK2,17)2

2

Fn\ [O(FN)

x | — + (1 + 2FyK2,8 + FAK2,18 + Msz’]g + MZK2,20
By Fyn

2 2
Fy\ |9(Fy)
+ ((K2 3 + 2FpKp 9 + FyKo 14

+ MyKp o1 + FNK2,13)2<;_

2 Fy

2 2
H(Fa\ |7(Fa)
+ FyKa,18 + MyKp 22 + MgKp 23 + MgKo 24) E; -
A

(Equation (A21) continued on next page)
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+

(K2, 4 + 2MyKp 19 + FnK 15 + FyKp 19 + FaKp 22 + MgKp 25 + Msz,zs)2

X

My \“ [0 My) 2
— + ((K2,5 + 2MzKp 11 + FNKp,16 + FyKp 20 + FaK2 23
By My

2
5 Mz\ |0(Mg)
MyKp 25 + MxK2 27) 4| —
B2

+

" } + ((Ky,16 + MxKp 12 + FyK2, 17
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+

2 2
9 Mx O(Mx)
FyKp 21 + FaKa 24 + MyKp 26 + MzKp 27)4| —
Ba My

2 2 2T 12 2
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+

+
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5 2 ) 2 2
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K2, 11 B2 K2,12
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K213 By K2,14
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(Equation (A21) continued on next page)
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+
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+
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+
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x —
B3 Fy
2

2

[P\ [9(Fy)
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(Equation (A22) continued on next page)
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+ +
B3 K3, 2 Bj K3,22
2 2 2 2
(FAMZK3,23> 0(K3,23) <FAMxK3,24> 0(K3,24)
+ +
B3 K3,23 B3 K3,24
2 2 2 2
<MYMZK3,25> 0(K3, 25) <%YMXK3,26> 0(K3, 26)
+ +
B3 K3, 25 B3 K3,26
2 N\ /2
MgzMyK3 27\ |0(K3, 27)
+ (A22)
B3 K3, 27
Gg(By) 5
B, =| \(Kq,1 + 2FyKy g + FNKg,13 + FpKg 18 + MyKg 19 + MgKg 16 + MyxKy 21)
2
Fy\ [0(Fy
x EZ Fy + ((K4, 2 + 2FyKq g + FyK4,13 + FaKg 18 + MyKq 19

(Equation (A23) continued on next page)
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+

Fy

FY \2 |i0' ( FY)

2
MzK4 20 + MxK4,21>2<g;/ J + ((Kg,3 + 2FpKq o + FyKy 14

+

2 2
5 FA O(FA)
FyKg,18 + MyKg 22 + MzKy 23 + MyKgq 24)4 —
By Fp

+

(1 + 2MyKg 10 + FnKg,15 + FyKg 19 + FaKg, 22 + MgKg 25

+

M 2CI(M)2
Y Y
2 _—
MxK4,26) <B4> [ ] + ((K4, 5 + 2MzKq 11 + FyKg 16 + FyKy4, 20

+

2
MZ g (Mz)
FpKg,623 + MyK4 25 + MzK4, 27) 2 EZ " + ((Kg,6 + MxKq,12
Z

+

)
2 Mx g (Mx)
FnKa,17 * FyKq,21 + FaKe,24 + MyKa, 26 + MaKe, 2709 oo ) | =

2. 12 2. 2 2 2
FNK4,1> T(Kg,1) FyKg, 2\ [0(Kg, 2) <FAK4,3 [f(K4,3)}
+ + +
By L Kg,1 | By LK4,2 ] By Kq,3

2 2 2. 2 2 2
<MZK4'5> (Kq,5) ] (MXK4’6> (g, 6) ] <FN2K4,7> 0(K4'7)]
+ + +
By | K4,5 By | K4, 6 By Kg,7

-

2 2 2

2 2 2 2 2 2
<FY K4,8> O(Kq,8) (%A K4,9> 0(Kg,9) , <My K4,10> 0(K4,10)]
+ +
By K4,8 By Kg,9 By K4,70

2 2 , 2 2
(Mz2K4,11> 0(Kg,11) (Mx K4,12> O(Kg,12)
+ +
By Ka,11 By K4,12

(Equation (A23) continued on next page)
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NFyK4,13

By

NMyK4,15

2
0(K4,13)
K4,13

2

By

WxK4,17

> 0(Kg,15)
K4,15

2

N

\

By

yKq, 19

\ [0(K4,17)]

/| K7 ]

By

YMxK4, 21

2
> 0(Kq,19)
K4,19

2

|

By

> 9 (Kg,21)
Kg, 21

2

|

(FAMZK4 ,23
+

By

) 0(Kq,23)
Kg4,23

2

|

(MYMZK4 ,25
+

By

> O(Kg4,25)
Ky, 25

O(Kg,27)

|

(MzMxK 4,27
+

By

;

Kg4,27

2 2
<FNFAK4,'I 4> O(Kg,14)
+
By Kg,14
}2

2

2

2

2

2

2
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2

2

2
<FNMzK4,16> 0(K4,16)]
+
By K4,16

2 2
(FYFAK4,1 8 [0(K4,1 8)

\ By / [Ks,18 |

2 2
<FYMZK4 , 2o> 0(Kg, 20 ]
+
By Kg4,20

2 2
<FAMYK4, 22> [(0(Ky,22) |
+

By

| Kq,22 |

2 .2
<FAMXK4,24> 0 (Kyg, 24)
+

By

| Kq,24

-

2

2
<MYMXK4, 26) U (Kq, 26)]
+
By K4, 26
1/2

(A23)
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0 (Bsg)

5 =\ (K5,1 + 2FNK5 7 + FyK5 13 + FpKg 14 + MyKs5 15 + MzKs5 16 + Msz,w)2
5

X

FN C(FN)
— + ((K5, 2 + 2FyK5 g + FNKg 13 + FpKs 18 + MyKg 19

Bs Fn
2
) Fy\ [0(Fy)
+ MzKs 20 + MxKs, 21) g - + ((K5, 3 + 2FpK5 g + FnKs 14
Y
2 2
) Fa\ [0(Fp)
+ FyKs 18 + MyKg 22 + MgKs 23 + MxKs 24) —B; =
+

(K5, 4 + 2MyK5 10 + FyKg 15 + FyKs5 19 + FpKg 22 + MzKs 23

+

o[ M 2 o (My)
MyKs5 24) g My + ((1 + 2MzR5 11 + FNKs 16 + FyKs, 20

+

MZ U(Mz)
FaKs, 23 + MyKs, 25 + MxKs, 27)2 g " + ((K5,6 + 2MxKs5 12
Z

+

2 2
2 My U(Mx)
FnKs,17 + FyKs, 21 + FaKs, 24 + MyKs, 26 + MzXs, 2709\ o0 ) 1=

2 2 2- 2 2 2
<FNK5,'|> 9 (Ks,1) ] <FYK5,2 0(Ks,2) ] . <FAK5,3> 0(Ks,3)
+ +
Bs Kg 1 ] Bs | 5,2 | Bg Ks, 3

2 2 2 ~2 2 2
<MYK5,4> c’(K5,4)7 <MXK5,6> 0(Ks, 6) (FN2K5,7> °(K5,7)]
+ + +
Bj Ks, 4 Bg | K5,6 Bs Ks, 7

= .

(Equation (A24) continued on next page)
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(Ks5,9)

<F

Bg

2 2
> 0(K5,8):l
Ks5,8

(Ks5,11)

M22K5,1
Bg

2 2 2 2
[FFys 13\ [0(Ks,13)]  [FnFaKs,14) [0(Ks,14)]

2
1> o
K5, 11

) 2
<FA K5'9> {O’
+
Bg Ks,9

(K5,12)

2 ) 2
My K5,12>
+
Bg

:

K5,12

Y2K5,10

(Ks,10)

2
M
+

\

Bsg

K5,13

2
(K5, 15)

A

Bg

2

K5,14

O(Ks5,16)

J

Bg

<FNMYK5,15> o
K5,15

2

2
F\MzKs5,16
+
Bs

)

2

K5,16

<FNMXK 5,

Bg

17> 0(Ks,17)
Ks5,17

2

2
FyFpKs5 18
+
Bg

(FyMst,

Bsg

yMxKs,

19> 0 (K5, 19)
Ks5,19

2
0(Ks,21)

|

[0 (K5 1g)

K5,18

|

Bg

<F

Bg

AMzKs,

Y

K5, 21

0 (K5, 23)

2 2
} <FYMZK5,20\ 9 (Ks, 20)
4-‘

K5,20

0{Ks, 22)

<FAMYK5, 22
+

Bg

<F

Bs

2
23>

K5, 23

>2

Ks5,22

0(Ks, 24)

2
FaMxKs, 24
+
Bg

(Bquation (A24) continued on next page)
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2 2 2
MyMzKs5 25\ [0(Ks, 25) (MYMXK5,26> 0(Ks, 26)
+ +
Bs Ksg, 25 Bg Ks,26
. N\ /2
MgMyKs5 27\ |9 (K5, 27)
+ (A24)
Bs K5, 27

0'(B6)

5 =| ((Kg,1 + 2FyKg,7 *+ FyKg,13 * FpKg 14 + MyKg 15 + MzKg 16 + MxK6,17)2
6

X

Fy\ [0(Fy
ol e + ((Kg,2 + 2FyKg,g8 + FnKg,13 + FaKg 18 + MyKg 19
6 N

+

3

.FY O(FY)

MzKg, 20 + MxKe,21) 2 ) | + ((Kg,3 + 2FaKg,9 + FiKe,14
Y

+

2 2
2 FA O(FA)
FyKg,18 + MyKg, 622 + MzKg 23 + MyKg 24)°( —
B6 FA

+

(Kg, 4 + 2MyKg 10 + FnKg,15 + FyKe,19 *+ FaKe, 22 + MzKg, 23

+

My \2 [0 (My) 2
2’4 Y
2
MxKg¢, 24) <EZ> { My ] + ((Kg,5 + 2MgKg, 11 + FyKg,16 + FyKe, 20

+

2
) Mg ag (Mz)
FpKg, 23 + MyKg, 25 + MxKg, 27) ;g My + ((1 + 2MyKg 12

<+

2 2
) Mx\ 0] (Mx)
FNKe,17 + FyKg, 21 + FaKg, 24 + MyKg 26 + MgKe, 27)\ —
Bs/ My

(Bquation (A25) continued on next page)
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2. 2 2
0 (Rg,1) <FYK6,2>
+
K¢, 1 Bg

2

12
0 (Kg, 2)
K6, |

0 (Kg,3)

2. 2 2 12
0 (Kg, 4) <MZK6,5> 9 (Kg, 5)
+
6,4 Be Ke,5 |

<FAK6 ,3
+

Bg

2

>2

K¢, 3

[

) 2 2 ) 2
(Mz K6,11> 0(Kg,11) <Mx K6,12>
+ +
Bg Ke, 11 Bg

2

FNFyKe, 13
+
Bg

2

:

2

<FN Ke,7
+

2
0(Kg,13) <FNFAK6,14> O(Kg,14)
+
K¢,13 Bg Ke,14

2

FnMyKe, 15
+
Bg

2

[0 (Rg,16)

Bg

Ke,7

Bg

2

2

0(Kg,15) <FNMZK6 ,16
+
Ke,15 Bg

- 2
U(K6'17)W

FaMxKeg,17
+
Bg

;

2

| Kg,16

[0 (ke,18)

2

<FYFAK6 ,18
+
| K6,17 Bg

_ 2
U(Ks,wﬂ

)

2

LK6,13

[0 (K¢, 20)

2

<FYMZK6 ,20
+

Bg

L 6,19

)

| K6,20

) 2
Y K6,10> F(Ks,m)

| -(

(Kg,12)
Kg,12

Kg 10
L "€,10

]z
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FyMyKe, 21
+
Bg

> O(Kg,21)
Kg, 21

2

2

R

2

FpMzKg , 23
+

Bg

> J(Kg, 23)
Ke, 23

2

Bg

aMxKeg, 24

MyKg, 22> [U(Ks, 22)

Kg,22

2

|

MyMzKg 25
+
Bg

) J(Ke, 25)
Ke, 25

2

Bg

) 0(Kg, 24)
Ke,24

2

\1/2

<MzMxK6 ,27
+

Bg

> 0 (Kg, 27)
Keg,27

|

2
MyMxKg, 26
+
Bg

) [O(Ks,zs)
Ke, 26

|

2

2

2
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TYPICAL BASIC PROGRAMS FOR OBTAINING SOME STANDARD DEVIATIONS FOR

WIND-TUNNEL MEASUREMENTS

16 FRINT "PROGRAM FOR SIGHACHD WS.M AT MARIOUS STAGHATION FPRESSURES LUESIHG"
26 FRINT "DIFFEREMT TWPES OF PRESSURE TRAMSDUCE WALTID FOR ALL MACH HUMBERS.
2R PRIWT "FOR UWZE 0OH THE HEWLITT-FRCEARD MODEL CEBRSIC CRLCULATOR:.”
43 FRINT
S8 FRINT
=8 FRINT " FILE ="

FRIMT

t PRIMT "THIS FROGEAM WAS WRITTEM IM I.3.U. FEB.22.19 TB B E.RIND"
FRIWT “PF GRAM FOR STIGHMACMIYS.M WALID FOR ALL HHIH HUMEBERS, "

FREINT
FRIMT

PRINT
FRINT
FRINT

DR R

PRIHT'

FEIMT "
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F FULL =CALE OH FRE

! TAGHATION PR
ATIC PRE: !
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1-1!1 a2, SE~G14

LR

24
=5
4] u=1.4
B Gl=1-0G
A PEHD F1
B FPRIMT
SE6 FRINT “Fi="P1"H-MtZiSTAGHATION PRESSLRE"
318 FRINT
220 FOR M=@, 2 - 5 B, 1
A FZ=p1s T (=P
A IF FL: A Fl <= B AWD P2 <= B THEM 3&&
8 IF Pl:B OR P2:B THEHW 359
B F=C
BOGOTO 396
B F=p
290 E2=lfE-@TsF+PIel  2E-B40 S0
408 Si=(sE-RAS*F+F1+1.2E-04
418 IF Fl:A THEH S84
4z IF Fi 4= H AMD F2 <= H AHD F1 »= T AMD
451 <10 HHD = T AMD FL1 == 1 AHD FPZ

i
FRINT
GOTO-
FLOT
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FRINT
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FREIHT
2B FRINT
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TABLE I.- LOAD CORRESPONDING TO A GIVEN SUBSCRIPT

Load “pabscript - | Toad “aabscript -

Fy 1 F\My 15

Fy 2 FMy 16 :
Fa 3 FiMy 17 |
My 4 FyFp 18

My 5 FyMy 19

My 6 FyMy, 20

Fy? 7 FyMy 21

Fy? 8 FaMy 22

Fp2 9 FaMg 23

My? 10 FaMy 24

My2 1n MyMy 25

My 2 12 MyMy 26

FyFy 13 MgMy 27

FNFa 14
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Figure 5.-

Acoustic U-tube mercury pressure manometer.
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