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FOREWORD
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Section T

INTRODUCTION

Safe and reliable landings of STOL and VTOL aircraft on steep
descent paths in congested environments, low visibility and strong wind
must be achieved if the all-weather air transport systems envisaged for
the future are to become a reality. A central feature of the overall
problem is the design of vehicle control and terminal guidance systems
that will result in small enough dispersions of the flight path and ve-
hicle attitude at some decision height. Figure 1 illustrates the nomi-
nal flight path with which we are concerned, i.e., the path that would
be followed through the planetary boundary layer with an ideal guidance
and control system. It consists of an approach that terminates at point
A with airspeed VA’ a descent at angle Yp to point B where airspeed is

Vg possibly different from V,, and a subsequent flare and touchdown,

A’
The present investigation deals with the landing descent only and has

not yet been extended to cover the flare and touchdown manceuvres. Note
that in Figure 1, the common case of Yg = constant (that is, a straight
line descent) has been shown, although a curved path descent could equally
well have been chosen. Point B is at the decision height, where the choice
is made whether to land or to abort. This decision depends, when the
flight path perturbations are present, on whether or not the trajectory
(more precisely the state vector) falls within a certain 'window'. The
problem for the analyst and designer is to predict, for a given situation,
the probabilities associated with this decision. It is not our purpose

in this paper to deal with the required window size, nor with the proba-

bility levels needed, important as these questions may be. We are con-



cerned here rather with arriving at estimates of the dispersions of the
vehicle's state vector at the decision height., 1In particular, the appli-
cation of a boundary layer wind tunnel to this problem will be discussed
and data presented in support of this approach. Accordingly, under the

heading Approaches to Solution of the Problem, various approaches to this

problem are outlined, with the description of a simplified approach using

gtationary probes being given under Theory of the Stationary-Probe

Method. Under Experimental Facilities and Experimental Results,

the development of facilities at UTTAS for lsborabory simulation of
the planetary boundasry layer 1s desgcribed and the measurements which
are required for application of the stationary-probe approach are
presented.
Ideally, the state variables with which we would be concerned
in discussing errors at A and B include the position vector, the velocity
vector and the attitude, nine scalar variables in all. The angular vel-
ocity is probably unimportant. Also, in practice, it is probably good
enough to define the window at B in terms of a severely restricted set
of variables; for example, x, y, V and z,
0f the factors that contribute to dispersion at the target plane
(Figure 1) we can usefully separate out three (apart from guidance sys-
tem errors):
(i) the mean wind profile,
{ii) errors in initial conditions at A,
{iii) turbulence.
The way in which these three contribute to state errors at the target

plane is illustrated in Figure 2 by the intercepts of an ensemble of tra-



jectories with the target plane - an ensemble related to a given wind
field, R is the point at which the reference trajectory (see Figure 3)
associated with correct initial conditions and zero turbulence pierces
the target plane. The reference trajectory accounts for the mean wind
profile, which may include cross wind, rotation of wind direction with
height and local effects of buildings or terrain (the wind in Figure 1
is shown coplanar with the trajectory only for convenience). Curve (a)
in Figure 2 represents the dispersion around R associated with initial
errors at A that may occur with an assigned probability Pl' These may
be the outcome of a stationary random process along the nearly horizon-
tal path that precedes arrival at point A. A given initial error in
position and/or velocity and/or attitude yields a single point in the
target plane. The continuous curve (a) derives from a2 continuous set of
initial errors. Pl is the probability (e.g., .995) that the trajectory
falls inside (a)}. Curve (b} on Figure 2 shows the additional disper-

sion at probability level P, associated with turbulence during the des-

2
cent and a particular set of initial errors. We assume that the errors
resulting from the initial conditions are independent of those produced
by the turbulence, and hence that the joint probability is the product of
the separate probabilities. If, furthermore, as will frequently be the
case, the dispersions from the two sources can be linearly superposed,
only one curve like (b) need be obtained - for zero initial error - and
combined with every point of (a} to yield the envelope (c). The proba-
bility that the trajectory will lie inside (c) is then P = P1P2.

In order to further clarify the different vehicle trajectories

between A and B with which we will be concerned, the reader is referred



to Figure 3. The nominal path is equivalent to the glide slope and is
that which the vehicle would follow if there were no dispersive factors
at all or if it had an ideal guidance and control system. The reference
trajectory is the path the aircraft would féllow if there were no initial
condition errors and no turbulence. It reflects the departure from the
nominal path caused only by the mean velocity,and would be zero for an
ideal control system (and thus R = B). Finally, the actual path flown
by the aircraft includes the effect of all three of the factors listed
above and its departure from the reference solution represents the eff-
ects of initial condition errors and turbulence.

The current generabtion of STOL airplanes - externally blown
flaps, deflected slipstream, tilt wing, tilt duct, tilt rotor,
augnentor wing - are limited to approach speeds of 50 knots or more
and to descent angles of less than about 16° (Reference 1). Present
developments are expected both to demand and to lead to even gteeper
glide slopes for STCL airplanes, perhaps by the use of reverse thrust
combined with powered lift (Reference 2). Helicopters and other VTOL
aircraft are of course capable of degcents at all angles up to 90°.
Many past studies of the response of vehicles to turbulence,
during lending as well as in cruise, have determined the long
term response by using a statistically stationary model of the input.
This yields as cutputs, among others, the mean-square values of the ve-
hicle response variables. From these, with the common assumption of a
Gaussian process, probabilities can be calculated (References 1, 3, 4).
Although this may be a reasonable approach for CTOL airplanes with glide
slopes of about 3° and high landing speeds, turbulence is of greater

relative importance at low air speeds and the steeper angle of penetration



of the boundary layer makes the stationary model suspect for STOL and
VTOL. Furthermore, an examination of data for a representative STOL
landing indicates that ignoring the vehicle's transient response to the
onset of turbulence as it penetrates the planetary boundary layer is
also questionable. That is, from Reference 1 (CL 84, Case 12) in a
typical landing at an airspeed of 60 knots and Yg = 13.3°, the vehicle
has the following characteristic oscillatory periods and wavelengths

with the stability augmentation system on:

Mode Period Wavelength
(sec) (ft)
Longitudinal, long 26 2640
Longitudinal, short 5.8 590
Lateral 8.5 860

The path length from an altitude of 500 ft. to a CAT TIB decision height
of 100 ft., which would include most of the intense shear and turbulence,
is only 1,740 ft. Thus we see that the characteristic distances are not
small relative to the approach path length even though this is an essen-
tial condition for the transient response to be ignored*. It should be
noted as well that the mean gradient itself has a strong effect on the
characteristic modes of aircraft (Reference 5 , Sec. 9.9), an effect not
included in the table above. Both the phugeid peried and its time to

half amplitude may be increased by as much as 100% in a strong wind shear.

The regearch reported herein was undertaken to answer same

of the questions raised in the preceding discussion.

*The values in the above table are for the open-loop response of the
vehicle and these would be modified when the loop is closed by a human
pilot or an autopilot. A more exact assessment of the importance of

the transient response could thus be made once a loop closure was selected,



Section IT

APPROACHES TO SOLUTION OF THE PROBLEM

For purposes of design and operation, one wishes to know how any
given landing system (vehicle + contrels + terminal guidance) will per-
form in a statistical sense at any given airport in any given wind. It
is clear that this entails a knowledge of the wind prefile and turbu-
lence, including local effects of terrain and nearby structures, that
pertain to the airport in question. Presumably this information might
be obtained in the field, but this is currently a costly and time con-
suming process that would be undertaken only rarely. The only feasible
alternative, and one that can provide reasonably good results for the
lower part of the atmosphere, say below 1,000 or 1,500 ft,, is experi-
mental measurement in a facility capable of simulating the atmospheric
flow in this region - that is, in the planetary boundary layer. 1In a
boundary layer wind tunnel, for example, one can model the geometry of
the local airport and environs and collect data systematically and re-
latively inexpensively. One of the principal limitations of these faci-
lities at present is their inability to include the Coriolis effects
that result in the shift in wind direction with height, and hence to sim-
ulate faithfully the outer region of the boundary layer. However, the
region of most intense shear and local effects of terrain and structures

can be fairly well reproduced (see Experimental Facilities).

Assuming then that we have a laboratory facility available which
can provide reasonable simulations of the atmospheric boundary layer, we
now consider the possible alternatives for determining the effects of tur-
bulence alone on the aircraft, We assume the aircraft is beginning its

descent through the boundary layer from some known initial position A and



we wish to determine its dispersion from the reference trajectory as a
result of the turbulence it encounters - that is, we wish to determine
the value of P2 associated with a given 'window'. The reference tra-
jectory itself may be determined from a knowledge of the mathematical
model of the aircraft/guidance system and the mean wind profile (see

Theory of the Stationary-Probe Method and also Reference 6).

There are basically four distinct approaches one may take toward
solving the above problem, each requiring different assumptions. These
solutions are described below in descending order of faithfulness.

(1) Obviously the most nearly 'exact' solution would be to build a faith-
ful, free-flying model of the aircraft and have it seek to follow
the prescribed nominal flight path from A to B {Figure 1) at corr-
ectly scaled speed with the correct guidance and control laws. By
making many descents under a given set of conditions, the ensemble
statistics of the state vector at the target plane could be coll-
ected. To get good statistics would take many 'flights' in the
tunnel in order to define the all-important tail of the probability
curve with adequate accuracy. This technique may net in principle
be beyond the state of the art, but it would appear to be inordinately
expensive, and would certainly require a very large wind tumnel in
order that the models of the aircraft not be too small. It does have
the advantage, however, of requiring no basic assumptions other than
that the laboratory simulation of the boundary layer is satisfactory,
and this of course is required for any wind tunnel solution.

(2) A considerably simpler approach would be to drive a rigid model

equipped with a force balance down the reference trajectory 'open



loop'. As noted above, this trajectory corresponds to zero initial
errors and zero turbulence and can be calculated in advance. Using

a six-component force balance and by making appropriate corrections
for gravity and inertia forces, the transient aerodynamic inputs to
the vehicle could be obtained. These time histories could then be
used with a mathematical model of the vehicle to compute errors in

the state vector at the target plane. In this approach, it must be
assumed that the aerodynamic forces obtained on the reference tra-
jectory are approximately the same as those that would have been

found on the actual trajectory and hence large perturbations from the
reference path would introduce significant errors. If desired, one
could further assume that the aircraft guidance system has sufficiently
high performance that the reference path is very close to the nominal
glide slope. In this case, of course, the model could be driven along
the latter path rather than the former. As with the previous solution,
a large number of repetitions would be needed to cobtain adequate
statistics,

(3) The third approach would be somewhat like (2}, but instead of measur-
ing aercdynamic forces with a proper vehicle model, we would measure
turbulence inputs from which these forces could in principle be cal-
culated by linear aerodynamics. That is,

£(t) = L{g(t]}
where ;(t) is the six component force vector, L is a linear operator
and g{t) is the m component 'gust vector'. When L is not state-

dependent, the simple transfer function form results; that is,

£(s) = T(s)g(s)



(4)

in which T(s) is a 6 x m matrix containing constant gust deriva-
tives (Reference 5, Sec. 13.3). The use of this approach requires
that this matyrix be determined either from theory or experiment and
that the vector g(t) be defined and measured. This measurement
could be performed with hot-wire or other turbulence-measuring de-
vices, and various levels of approximation are possible by making
different assumptions concerning the makeup of g(t) (Reference 5,
Sec. 13.3). The advantage of this solution, of course, is that only
probes rather than actual vehicle models are required. When ;(t) has
been generated in this fashion for any one trial, it can be used in
the same way as ;(t] measured by method (2) to compute the vehicle
response. As with methods (1) and (2), this approach would require
a large number of trials to obtain adequate statistical reliability
of the results. A brief study of this technique is presented under

Feasibility of the Moving Probe Technique.

Finally, the approach that uses the simplest equipment is one which
employs neither moving models nor moving probes but instead collects
the flow statistics at fixed points. This method is the one presently
being used in an experimental investigation at UTIAS and is described

in detail under Theory of the Stationary-Probe Method. It has the

principal advantages of using fixed probes and not requiring a large
number of replicates, but it does require many individual measure-
ments to be taken and more assumptions than the previous methods.
Unlike (3), for which nonlinearities (other than those excluded by
the ; - ;_relation hypothesized above) can be included, method (4)

requires a completely linear system. From the standpoint of validity



for linear systems, of course, it is equivalent to (3) insofar as it
yields approximate mean-squares and mean products of the deviations
of the state variables at the target plane. However, it is less
faithful than (3) in that one can only take the next step and proceed
to statements about probabilities with the aid of an assumption about
the form of the probability distribution function - for example, that
it is Gaussian. In addition, ergodicity of the turbulence signals

is a necessary {(but weak) assumption.

10



Section IIT

THECRY OF THE STATIONARY-FROBE METHOD

We postulate that we have an adeguate mathemztical medel of the
beam-following system comprising the vehicle, its controls {(human or automatic)
and the guidance loop. This model may be denoted sgynbolically in state vector
form by

Fe) = £y,t) + B(y) gle) (3.1)

Where_y(t) is the n x 1 state vector (inciuding all closed-loop control
variables), g(t) is the m x 1 "gust” or turbulence input vector, and B is
an n x m matrix of coefficlents that in general are state dependent. The
time variable is included in f to allow for the possibility that the descent
might have some programmed variables - for example, flap angle or propeller
pitch or wing tilt - as functions of tirme.

Consider now the reference solution, for which the initial conditions
are the nominal or ideal ones and for which the wind is laminar and steady
with respect to its mean profile. ILet the reference solution be denoted_yo(t)

50 that from (3.1}, with g(t) = O for a laminar wind,

34(8) = 2zt (3.2)

This reference solution provides the constant position error at the target
plane asscciated with wind shear. It of course also provides errors in
airgspeed, bank angle, etc., at the farget plane, which may be important factors
in the decision to be taken as to whether to land or abort.

Now consider a set of perturbation solutions (i.e., small departures
from the reference solution) associated either with small deviations in the
initial conditions or with turbulence. The constraint of 'smallness' is imposed
to yield a linear system for analysis, and the usual confidence in linear

flight-dynamic sclutions leads to the expectaticn that they will be of practical
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wtility for realistic levels of disturbance., The perturbation 1s denoted by

Ay(t), so that from (3.1)

F,(6) + a3(s) = £y, + Ay,8) + Bz, + &) g(t). (3.3)

How to first order in Ay(t), we have

E(IO + 4y,t) = ﬁ(ﬂost) + A(L) Ay(t) (3.4)
where
of 5F
1 1
%, "%y,
Aty =] :
af or
m m
3y, Sy,

(where ¥i and fi are the ith elements of y and f)which, on subgtitution inte
(3.3), serves to eliminate the reference solution. Also, since_gﬁt) is
taken as smell, the second term of {3.3) to first order is;g(yo).g(t).

Finally, the perturbation eguabicn can be written as

59 = M8 2y(6) + B(¢) g(5) (3.5)

since yo(t) is a known function of time.
Equation (3.5) can now provide the second and third contribubions to
errors at the target plane referred to in the Introduction. The initial

condition errors are found by solving (3.5) with g(t) = 0 and y(0) # 0; the gust

response is treated with y(0) = 0 and g(t) # C.

3.1 Response tc Turbuience

Since we are primarily concerned here with the perturbations Ay(t) in
response Lo gusts_g(t), we ghall simply write y for Qz'in the subsequent
development. The differential eguations for the perturbations, (3.5), are linear

and have & golution which may be written as follows (Reference T):
£

y(8) = 1(t,0) B (o) y(o) + f B(5,6') g(s)an (3.6)

o]

where the initial time L = O has been selected at point 4 in Figure 1.

12



H(t,t") is often referred to as the impulsive response matrix., It is
the golution to the system
A, ') = A() B(t,t') + B(t) 6(s-t")

H(t',47)= 0 (3.7)

where B(t-t') is the Dirac delta function. This system can be written in a
more convenient form for computation by integrating with respect to the
variable t over a range to tc t where t;o < t' < t. This results in the sysftem

H(b,b')
H(E' ")

1!

Alt) 1(t,s")
B(e")

for t > t'. This set of equations is then sclved by direct integration on

(3.8)

i

a digital computer.

L

In the present context {dynamics), the 1% cotum of H, say b, may

be viewed as the response of the system {3.5) to & unit impulse in the 1™

input: g,i(t) = 6{t-t"). If A(t) were nobt time-dependent, an explicit

enalytical expression for I would be available: H(t,t') = exp{(t-t')Al B(t"),

(see Reference 7).
For the remainder of this section, we shall locus atbention exclusively
on the contributions of turbulence to y(t), and shall set y(0) = 0. We proceed

to find the mean products yiyj by considering the elements of the dyadic {i.e.,

T
outer) product yy . From (3.6), with y(0) = 0, the ensemble mean of _sz al time

t is : .
<y > =< [ aGeelnte) e den | 0 s)els(5),501 ar>
o} (o]
t &
:f j H(t,t,) <§[5(;1),311§T[£(u2),t2] >ET(t,t2) dt, dt, (3.9)
o 0

An explicit dependence of g on position_r’ has been sghown in (3.9); that is

[

z(r,t) is the random gust input at time t at the position r in the trajectory.
>

13



Thus it is seen that the gust input to the aircraft varies with time for two
reasons: (1) the explicit time dependence, and (ii) the dependence on r
which, in turn, varies with time.

In general, for two arbitrary positions_; and Ips We can define the

1

correlation matrix by
_ T
Rlzysrpstprty) = < glrys5)g (£p0t,) > (3.10)
The dependence is shown fo be on the difference (tg—tl), and not on tl and t2
individually, because the turbulence is assumed tc be stabtionary. If it were
zlso homogenecus {which it is not) R would similarly depend only on the

difference (52-51).

Returning now to {3.9), the crucial peint to note is that r, and I,

are not arbitrary but are in fact the position of the aircrzft at times tl

. . T
and t,, respectively. Thus, the correlation < 5[£(t1)’t 1 glr(s),t 1>
called for by (3.9) is a 'constrained' version of the R defined in {3.10). This

special type of correlation matrix will be denoted by GQ the flight path correlation
matrix, that ig, -

Note thatjg depends only on the two variables tl and tg. Moreover, it is

symmetric with respect to these twe variables in the sense that

T
R (tz0ty) =R {tpst,) (3 12)
This follows from the fact that, from (3,10},

T _ LT \T
Rilrpsnysty-ty) = < lelr)ao ) (zptp) 17 2

T
< alrpstpe(zgst) >

= R(gy53pstpm ) (3.13)

and it has important implications for the number of measurements needed forﬂq.
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For example, if jg(tl,te) is known for all t, 2 t,, then {3.12) provides GR

l}
for all t2-< tl. In any case, (3.9) is now written

£t
< y(t) ¥y (8) > zf fﬂ(t,tl) R (tl,tg}f(t,tz) dt at, (3.14)
(0] o]

and this is the main result of this section.

In utilizing (3.14), two assumptions may be made bhat are consisbent
with linear analysis. 1In the first place, when.ggis caleulated using (3.11), the
reference trajectory_i(t) may be used in place of the actual (perturbed)
trajectory. In effect, one neglects a 'perturbation on a perturbation' - a
second-order effect. The second assumption is similar; to obfain results in
the target plane, the upper limit of the integration in (3.14) may be taken as
the time of arrival for motion along the reference trajectory rather than the
time associated with an actual trajectory.

Note that the integrand in (3.14) contains cne ingredient, g% , that
depends only on the turbulence field and on the kinematics of the flight
trajectory and another, H, that is basically a system property. Normally, H
is calcula ted from a dynamics and control analysis (see (3.8)) while Ei can be
measured in the atmosphere or, as in the present case, in a suitable
laborabory simulation of the flow. Although there is no fundamental impediment
to measuring ézfor the reference ftrajectory, it 1z experimentally much more
convenient to measure it for the nominal (straight-line} trajectory. The
difference between the two is due to the mean wind profile, as explained in
the introduction; however, with an acceptable autopilot, this difference
should be small and thus the assumption!g (reference trajectory) %.ég

(nominal trajectory) should be a reasonable one.

To agsist in understanding what (3.1&) means, consider the girmple

15



case in which there is only one input, say vertical gust w, and one output,
say normal displacement error z . Thus g{t) is w and y(t) is z,. Then (3.14)

gives the mean-square of Z, directly as
t t
2
= L t, .1
<z (&) > ‘Jq L[‘hzw(t,tl) gq el bpato)a (E,5,)dt, db, {3.15)
0 0

Here h7w(t,tl) 1g the error z, at time t that results from a unit impulse in w

at time tl. The crogs-correlation

R (b0 = < wlr) b )wl(r,t,) > (3.16)

is the ensemble mean of the products of w at the two {fixed) locations r, and

r., on the nominal trajectory that correspond to the two (fixed) times tl and

t2 (#igure 3). Finally, the assumption of ergodicity of the turbulence permits

us to replace the ensemble mean of (3.16) with the time average

@W’W(tl’tg) = W(rl,t)W(re,tﬁt—’Fj, T = tg_tl (3-]«?)

Notice that the time delay in this relation is such that the signal from the
upper probe 1s always delayed with respect to that from the lower probe.
(Reversal of this delay would correspond to a taske-off manosuvre.)

The important point in the above derivation is that it leads to a
measuremrent made with stfationary probes instead of moving ones. The resulsl
(3.17) is simply the cross-correlation of w measured at the points ry end ro

with time delay (¢t This kind of turbulence measurement is the sort

2“t1}'
commonly and routinely made in many aerodynamics laborabtories using conventional
hot wire anemometry technicues. The general result, referring back to (3.10)

and (3.11), is

T
é?(tl,te) = Egﬁl’t)ﬁ (52,b+¢),7 = te—tl (3.18)
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To recapitulate, {3.14) is the basic equation from which the mean
squares and products of the state variables of interest can be computed at
the decision window. To carry out the computation, one needs three things:

(1)  the computed reference solution,

(ii) the compubed matrix of impulse response functions, H, and

{iii) the turbulence input matrix.ég, either measured or otherwise

approximated.

The elements of (3.14) must then be evaluated numerically to produce mean squares
and mean products of Vpe Zpo etc., at the target plane. Finally, these mean
values can be used with the assumption of a Gaussian process to compute the
probabilities P2 (Figure 2} associated with a given dispersion. That is,
in compubting the probability that the state variables at point B lie within
a specified decision window in state space, one uses the normal multivariate
probability function (Reference 5 , Fg. 2.6,31) which makes use of the mean

products (the off-diagonal components of {3.14) as well as the mean squares).

3.2 The Inpukt Vector

The degree of approximation in the final computed results of
dispersion at the decision window, and the difficulty of measurement, both
depend very much on the choice of gust input vector_g(t) (see Reference 5,
Sec, 13.3). The simplest case occurs when the variation of the turbulence
over the vehicle is neglected, and the three turbulent velocities &at the

C.G. are taken as the inputs. In this case the components of g(t) in ?’I
-

are given by ug(t) u(t)
s®) = | v | adin FTyor g(e) = | v(e) (3.19)
w (t) a(t)

See Fig. 1 for the orientation of these frames.
For a more faithful representation of the turbulence, one may add gradients in

the velocites, such as dw/dy, which produces rolling moments, and Ow/Ox,
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which produces pitching moments. Which additional terms will be needed in any
particular application depends on the vehicle, the turbulence and the accuracy
desired. Although adding gradient terms to g{t) generally complicates the
measurements, there is an exception with respect to streamwise gradients.
Assuming that the turbulence corponents are being measured in the ?:T
coordinate system, which is most convenient, the correlations of derivatives
with respect to x can be derived from Taylor's hypothesis of frozen turbulence
{which is usually a reasonable approximation for the flows considered). That

assumption relates spatial and temporal gradients by

3 3
"=

where W is the local mean wind speed (in the x direction}. Thus, for example,

dw 1 ow
w AL = )
X= gx W ot (3 20)
and the cross-correlation of this derivative at tl and t2 is
Rw (b t) = == R (t,58,) (3.21)
x xt 1072 WlWé LA 12 .

where W W2 are the wind wvalues at the two reference points. But the correlation

l}
of the time derivative of z variable is related to that of the variable itself;

that is,

2
d
B, (bro%2) = e Balepte) (3.22)
172
go that the correlation of W, can be derived from that of w by

1 82

(t58) = w5 (ty5%,) 2
ﬂwxwx 1’72 W W, Etlétg (wa 122 (3.23)

and similarly for other X gradients. The double differentiation required by

(3.23)can in principle be performed with sufficient accuracy if the &*ww data
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are good enough. With respect to y gradients, no comparable general method is
available, and recourse would be needed to measurements with special probes
{for example a small airfoil that could measure rolling moment) or to theory

{for example Reference 8).

3.3 Time History of Aircraft Position

As indicated in the previous section it is necessary to determine

G{(tl,te) for t, > tl for pairs of points along the glide slope. Before this

can be carried out it 1s necessary to find the relationship between time and

rosition for an aircraf't flying down the glide slope. Thus when the two
hot-wire probes are positioned at specific points on the glide slope the

particular value of (t ) required for the evaluation of g&(t

oty l’t2) can be
determined., If we assume that a good first order estimate of these times can
be based on alrspeed undisturbed by turbulence and perfect tracking of the
glide slope then the following analysis will produce the required results,
Consider the motion of the aircraft along the zlide slope as shown in
Pigure L, It flies at airspeed V at some angle y relative to the mean wind W

so that its motion relative to the ground is at speed V_ and angle 7E' Thus

i

at any particular height =, we may obtain the velocity vector diagram shown.

If we let W, V and VE represent magnitudes of the respective velocity vectors,

then the vector sum V., = W + V yields
~E 4 -
V., cos ¥_ = -W + V cosy (3.24)
Fi) E
and
VE gin Yo T V siny (3.25)
where VE’ W, V, 7 and 7p are functions of z in general. Solving, we get
2
Vp = -Wcosyp + [Wz(coseyE—l) + V 11/2 {3.26)

and.
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v = sin-l[vE sinyE/V] (3.27)

where Eg. (3.26)corresponds to the case of Ty < 90O (V/W > 1). Thus if £

W and V are specified, the above eguations may be solved for V_ and 7.

E

The time & to reach any point on the glide path defined by height z

is found as

2 dz
t(z) = "L{\ VE(ZjéinyE(z) (3.28)
“n

In the present analysis V and 75 will be taken to be constants corresponding to
g constant airspeed landing approach along a conventional straight (LS beam.
t(=) has beern evaluated on a digital computer tc cover all cases run in the
wind tunnels. A typical listing of t(z) is found in Table I and illustrated

in Fig. 5. These data were generated for tests in the small (8" x 8") tunnel.
Note that in the illustrated case t = C is referenced to z = 858 ft, in full
scale while the top of the boundary layer is taken to be 10C0 f£t. Thus, for
this example, if the upper prcbe is located at z' = 5.5 in.and the lower at

z' = 4.0 in.then the correlation functions are determined with the signals

from the upper probe time delayed by (té-ti] = (.02128-.00576) = .01552 =sec.

3.4 S8caling and Psrameter Selection

Before the fixed probe technique of this section can be applied and
before en analysis of the moving probe technique can be performed (see
Section IV) it is necessary to determine the proper scaling to employ in the
wind tunnel and to select a representative range of veloclity parameters,

When measurements of fturbulence properties in a boundary layer wind

tunnel are to he made with hot wire probes the basic scaling problem is assumed

to be one involving length and time. {See Section 5.1 for a further
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discussion of boundary layer simulation.) The length scale is used to
obtain proper turbulence scales and distances relative to the glide slope.
The time scale is used to cobtain proper velocities and frequencies of events
taking place in the turbulent field.

Let unprimed symbols represent full scale parameters and primed

]

. T . . . ,
symbols represent wind tunnel parameters. Length scaling is cobtained by

representing the full scale boundary layer thickness Z, by the wind tunnel

G
boundary layer thickness Zé. Thus, in general, length scaling becomes
‘:
£ Sy £
where
— t/ .2
8p = Z4/2, (3.29)

Time scaling is arrived at through velocity scaling and length scaling. The

full scale gradient velocity WG (the wind speed at ZG) igs represented in the
tunnel by W) (the wind speed at Zé).

Thus in general, velocity scaling becomes

v

i}
2
<

where

(€8]
I

g = WL (3.30)

Combining length and velocity scaling one obtains time scaling

S,
A A
' = L = — — = -
£t = 7 = v 3 t
-‘ul
where

g, = sﬁfs (3.31)

¥ ?his convention is not applied in the case of the turbulence components (u v w)
in order fto simplify the notation required. The context will indicate whether
full scale or wind twwmel scale applies when these symbols are used.
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The following table summarizes the scales established for the

present wind tumnels for n = 0.16.

ZG or Zé wGor Wé SE SV St
ft. fps
Actual Atmosphere ! 1000 68%
8" x 8" tumnel 7/12 34 5.83x10‘u 0.50 1.17x1073
W4 % 66" tunel | 3 90 3.00x10°5 1.36  2.20x107°
|

¥ In the case of the 44" x 66" tunnel simulation the actuasl atumosphere Wy was
assumed to be 66 fps.

The tunnel velocity scales have been selected to ensure ease of
measurement of flow properties, In the case of the 44" x 66" tunnel the
scale of turbulence generated by the flow was an additional consideration,
As peinted out in Ref. 11, Reynolds number simulation is not necessary in
generating an acceptable boundary layer provided that the floor of the

tunnel is aerodynamically rough, as was the case with the present tunnels,

In Fig. 1 the velocity W{z) represents the time-averaged mean
velocity of the wind in the frame?} . If we restrict ourselves to the case
of a neutrally stable atmosphere and further neglect Coriolis effects, then
the variation of this velocity with height can bhe reasonably well represented

by the so-called power-law profile, that is,

w(z) /W, = (Z/ZG)n (3 32)

Both ZG and n depend on the roughness of the earth's surface, with
typical values as suggested by Davenport (Ref. 9) given in the table below.
While these values are by no means exact, they do give a reasonable estimate
of the mean wind speed if this speed is not too low. Turther characteristics

of the planetary flow are described in detail in Refs. 10 and 11.
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SURFACE TYPE n Eb, FT

Flat, open country 0.16 1000
Woodland forest 0.28 1300
Urban 0.35 1600

As discussed In Sec. I, present maximum values of 7E for STOL vehicles

are ~ 16°. Sinece in the present case we are concerned with both 3TOL and VTOL
vehicles, we select values of 7, of 15°, 45% and 90°. As for W(z), its value

is adequately specified by the value chosen for the gradient wind WG. This

wind may range from zero to values of 120-140 fps. Higher values are not of
interest for the present investigation since this represents an upper limit on
STOL landing airspeeds and we reguire that V/W > 1 for all W. Also, the lower
range of W is not pertinent since shear-generated turbulence will be very small in
this range and only thermal instability effects will be of prime concern. Finally,
we will assume consbtant values of the airspeed V for any given flight and straight
glide slopes, Typical values are determined by vehicle landing asnd stall speeds
and by maximum allowable descent rates. Thus if we use the parameter V/W, to

G

represent alrspeed vealues, the considerations outlined above lead to the
following criteria:
(i) ~ 10-20 fps < W, < ~ 120 fps
+ » -~ .t /
(ii) Ve~ 120 fps — (V/WG)M 120/W,
(1ii) v/w, >1

These criteria are displayed graphically in Fig. 6.
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Section IV

FEASTBILITY OF THE MOVING PROBE TECHITIQUE

Four approaches to solving the problem of the statistics of the
alrcraft position after its flight through the planetary layer have been
described. 1In the present section, we shall consider in detail the third
approach - that 1s, the use of a probe moving through the flow at properly
scaled velocities and measuring the relevant transient turbulence inputs
on each of many repeated runs.

With reference to Figure 3, we are concerned with the fiight of the
vehicle from A to B through the simulated planetary boundary layer. We will
assume that the reference trajectory is approximately the same as the glide
slope and that thisg 1s a straight line. Thus the moving probe will travel
the iinear path between A and B.

If-we consider the case of the gimplest possible input vector, i.e.,

u(t)

go(t) =] v(®)
w(t)

then the moving probe must be able to simultaneously measure three turbulence
components, If we extend cur range of interest to include gradients of these
velocities, however, then specially designed probes will be required, and it
is emphasized that these prcbes must be such as to allow these gradients to be
gbtained simulfansously with the turbulent velocities. Then for any given run
of the probe down the glide path, a set of time functions will be measursd
which can be used as numerical inputs to the aerodynamic mathematical model

to determine the wvehicle force inputs and ultimately its location in the
target plane at B, An ensemble of the runs will then provide the desired

statistics.
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Thers are two main advantages of the moving probe aporoach over the
staticnary probe solution. PFirst, and probably most irporiant, is the fact that
ne assumption is regquired akbout the statisties of thke dispersion of the vehicle

location in the target plane; that is, P, (Figure 2) can be determinad

2
regardless of whether it is Gaussian or not. Second, we can apply the
measured inputs to any system, linear or non-linear, so long as its
mathematical model is knewn. In order to capitalize on these advantages,
however, we require a probe that is capable of simultaneous measuremsnts of
all the desired input signals and which can be moved through the simulated
flow at a precisely controlied speed.

Tor the present analysis it will be assumed that our large (44" x &6

wind tunnel is te be employed. The parameberg selected for study cen be

found in Table 2. In addition the following walues were used:

Wé = 3L fps

W, = 68 fps

2., = 3 ft

%4

8, = w('},r’wG = 1/2

Consider a moving probe arrangement such as that shown in Figure 7
for ’p = h50. The probe is guided by some form of rigid track and is driven by
a chain {or belt) which is mounted on a pair of sprockets. To achieve minimum flow
interference effects, the sprockets should be locabed outside the tunnel, with
openings provided to allow the chain to pass through, A tynical run consists
of the probe initially at rest at the Lop of the tumnel and accelerated to
its gppropriate velocity Vﬁ at A, the height of which we choose to be ZA = 31",

It then moves at the velocities dictated by the computations of Sectien 3.3

until it reaches some point B, say at zé = 3", which corresponds bo She full
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scale decision height. At this stage it is decelerated and brought to rest

by the time it reaches the floor., For the cases of 7E = 150 and 900, different
tracks would be used and the actual distances of probe travel would of course

be different if the same values of z'were retainad for A and B. For this type

of arrangement, then, Table 2 shows the velocitiss and Limes at the start (A)

and end (B) of the probe runs slong the clide path for the complebte range of the
parameters concerned. It is seen that even with the half-speed scaling used here,
quite large probe velocities may in scme cases be required. Thus large accelerations
will of course also be required. The case for n = 0.35, Vfwc = 1,9 and ?E = hﬁo

is seen to be the worst, although it would seem reascnable not to be too concerned
with this particular one since it is probably beyond our range of infterest. We

will consider the same case for V/W

G

complete probe speed profile for this particular run is shown together with

= 1.5, however, and in Figure 8 the

ancther legs extreme cage. The very large accelsrations that will be required
in some of these runs are clearly seen, with the most extreme values occurring
Just before B is reached and during the probe deceleration. Chviously the
reduction of the larger of these accelerations would alleviate the mechanical
design and control preblems involved, and the possgible methods for doing this

are discussed in the following section.

4,1 Frozen Flow Assumption

It ig clearly seen in Fig. 8  that the largest accelerations during
a given run could be significantly reduced if larger values for Zé were chosen -
say 6" instead of 3". The disadvantage of this approach, of course, lies in

the loss of the data for the lower altitudes. That Is, if zj were 6", the

minimum full scale height for which data could be obtained would be
267" for the n = 0.35 flows (with Z, = 1600') and 167' for the

n = 0,16 flows (with Z, = 1000'} and these are larger than we would
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like. Another possibility for reducing accelerations is the reduction of

the simulated flow velocity scale factor below the 1/2 value used hera,

However, this results in reduced signals and difficulty in obtaining

satisfactory mean velocity profiles in some cases, and is best avoided if
possible. A superior method is provided by making the assumption of horizontally
frozen flow - that is, the turbulence measured at any level in the flow behaves as
though it were the result of a field of turbulence frozen in time which is
carried along by the mean flow W.

In Fig. 9 , the probe leaves point A in a typical run along A B at the

correctly scaled velocity Vé. It reaches point D after t' seconds and

if we assume horizontally frozen flow, the turbulence it measures is that which was at
point ¢ at t' = C and has been carried to D by the mean flow. Thus the

length CD is W'(z')t'. Similarly, the turbulence measured at any point on

the correctly scaled run down the true glide path comes from a specific

known location (path ACG) upstream where it was locabed at t' = 0. Thus if

we have the probe travel along soﬁe new path such as AEK which is further from
ACG than the original path, it must be moved at a slower speed VéF to allow

the turbulence sufficient time to travel the added distances such as DE,
Consequently the horizontally frozen flow hypothesis allows us to move the probe at a
slower speed along a different path to measure the identical signal we

would get at the correctly scaled speed along the original path.

Congider now the problem of determining the optimum path for

rminimizing VﬁF' There are two apprecaches that could be taken. First, we could
specify the velocity VéF at which we wish the probe Lo travel and solve for

the required new path by finding the angle € . The logical choice would be

VEF = constant for all z'; however, due to the variation of W' and Vﬁ with

z', this would lead to a curved path. This path would of course be different

for each run, depending on the values of Vé, and in addition, curved paths
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would likely be mechanically more of a preoblem than straight paths., Thus we
use the reverse procedurs. That is, the new path 1s chosen by selecting a constant
value for € and then solving for the required value of VéF at each height. By

chooaing € to be a constant for all z', Vﬁw becomes a function of z' and can

be determined for any desired run. Tt is smaller than Vﬁ,

value selected for €. Consequently scme solutiong have been obtained as outlined

the amount depending on the

below for a range of € such that an optimum value for minimum VﬁF can be
estimated.

In Figure 9, the time reguired for the probe to reach point D along
AB is

dz'
t»' = - f ——— (h'l)
| VE 51n7E

Along the path AK, the probe moves at the lower veloclity V!  and reaches point

E at a Lime

v dz' 4.2
by = -\l Vi sine (4-2)
“a
VﬁF must be chosen such that the time difference tﬁ - t' ig the time required

for the bturbulence to move from I to E aft the velocity W'{z'}; that is,

b b= DE/W' (z") (4.3)

From Figure 9 1t can be shown that

DE = (ZA -z (cotyE + cot€) (4.0

Thus the above equation may be written

!

A

A 1 1 ¢ i '
S
k( { VﬁF sine ~ Vﬁ sin?E J = L COtyE * cote J (h.5)

= -
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and by differentiating with respect to z' we get

Zlow!
L 1 1 A7 aw
he T 7 = by . + cote) | — + = {4,6)
| = ; (co [ ' : J
VEF sin VE51nyE E W (W’)E 3z
Rearranging, this may be written as
1 v
VEF N Sll’lyE
T sine + vsin(r, ¢ OLUW + (5 - 20/(0)° @] O
E E ’ A

and we thus have an expression for the reduced probe wvelocity at any point
along the new path through the flow. It ig seen that this velocity is a
function not only of the new path itself (i.e.,€) but also of the original
velocity Vi and the wind profile W'(z') , both of which are known. It is
through these latter parameters that the z'-dependence ig felt. Once V! is

EF
known at any z', the traverse time t% along the new path can be determined
from (4,2).

Congider now the gquestion of the optimum value of € for producing

the maximum possible reduction in probe velocity along the new path. As an

indication of the effect of varying € on this velocity, we make the simplifying

assumption of constant W'. In this case, (4.7) becomes
1 o
VEF _ glnyE (h 8)
Tt 1 £ + ' 1 s + i,
VE gin VE/W Slﬂ(?E €)

Values of Vé/W' ranging from nearly zero %o 1 or 2 could be encountered in our
range of interest. Consequently (4.8) has been plotted as a function of
€ for each Tm with VﬁfW’ as parameter, with the results shown in Fig. 10,
Thege curves indicate cleariy that for Ty T 150 or MSO, the optimum € will

be fairly close to 90° while for 7y = 90%, the optimum € lies in the 60-45°

range, Conseguently we select for the present purposes the values € = 90O
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for 7, = 15° and 45° and € = 45° for Yy 90°

Having chosen values for €, we mey now use (4.3) and (4.7) along
with the known values of Vﬁ(z') and W'(z') for each run to determine the required
velocitles and times at all points in the new probe trajectories. The new speed
profiles for the rums originally given in Figure 8 are shown in Figurg 11.
It is clearly seen that the large accelerations regquired in the original runs
have been greatly reduced as a result of the frozen flow assumption and the
use of the new trajectories. Sirmilar results are observed in Figure 12 for the
case of a run with 7E = 900 and € = 450. From these and other similar results,
the values shown in Table 3 have been cbtained for the general range of
velocities and accelerationg at which we must be capable of moving the probe
for our range of interest, both with and without the frozen flow assumptions.
The advantages of this assumption are obvious.

The foregoing discusgion shows clearly how the assumption of frozen
flow may be used to reduce the performance requirements of the probe-moving
apparatus designed for this approach. Even in the case where € is chosen to
be 900 for all values of ygp Some reduction has been achieved. In this particular
case, of course, we have the added advantage that only one track assenbly need
be used so that the mechanical complexity of the system is considerably reduced.
Unfortunately, however, we must view these results with some degree of
skepticism in that the validity of the frozen Tlow hypothesis is by no means

a foregone conclusion. In particular, the case of = 150 regulres that the

Tz
turbulence pattern remain frozen over a distance as large as 3 or 4 boundary layer
thicknesses in the lower regionsg of the flow. As an indication of whether or not
this could reasonably be expected, the data obtained by Favre {Reference 12) in

a laboratory boundery layer on a flat plate gre useful. His results {for two

point, space-time correlations of the longitudinal (u) component of turbulence
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guggest that the maximum distances over which the turbulence remains
'frozen' are of the order of one boundary layer thickness or less, depending
on the degree of 'thawing' one is willing to accept. This translates into a
minimum value of 'R of roughly hﬁo which could reasonably be represented by
a run down a 'freozen flow' track at € = 900. For the casge of 7E = 150, this
track would be unacceptable and another track at € no less than 160° would
have to be used. It is to be noted, however, that even though the amount

of reduction in probe velocity is much less for € = 160° than for € = 900,
as indicated by Figure 10, there is still a significant reduction in the
accelerations required along the 'frozen flow' track as compared teo those
along the original track. This is clearly seen in Figure 13 and suggests
that even though an assumption of frozen flow will require two or possibly
three different tracks, 1t is still useful for reducing the performance
reguirements of the probe-moving system.

The above conclusions are based on a fairly crude estimate of the
validity of the frozen flow hypotheszis using results for only the longitudinal
components of turbulence. It would therefore seem useful to specifically
test 1ts validity in the present application. This could be done indirectly
using two sgtationary probes at the gsame height on the criginal and the
'frogzen flow' trajectories. A comparison of the time delayed signal from the
front probe with the signhal from the rear probe could be used to indicate the

degree to which the frozen flow hypothesis is valid at each height.

4.2 Probe Requirements

As discussed in the previous section, the moving probe approach

requires simultanesous meam rement of all the input signals of interegt in
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any particular run, unless a particular input is derivable from some other
signal that is measured. Conseqguently even for the case of the simplest input
u(t)
§T(t) = v(t)

w(t)

the probe must be capable of monitoring the three velocities simultaneously.
This can be done using a commercially available triple-wire hot wire
anemometer probe together with three chammels of anemometry with linearizers
and the appropriate data handling equipment. The DISA Model 55F81 probe
1ges three independent wires of platinum plated tungsten alighed at 90O te
each other and appears to be the mest advantageous probe of this type.

The individual siznals from the three wires are functions of W', Vﬁ,

b

u, Vv, W Since W' and Vﬁ are known then it is possible Lo determine the

three turbulence compoﬁ;;ts by using suitable signal processing. The

most significant limitation of this probe ig the regquirement that the

instantaneous velocity vector must always lie ingide a cone of half-angle

350 with respect to the probe axis to avoid probe suppors interference and

thermal. crose-talk amoug the wires, If weo assume Gaussian turbulence with

an intensity of 20% for the component (Wi) perpendicular to the vehicle

airspeed vector V (see ¥ig. L) i.e,, RMS {w,] = 0.2W, then the magnitude

of W) is less than 0.49W for 99% of the time. Thus a rough estimate of the

maximum angle © that the instantansous air velocity vector makes with respect

to E is given by:

-1 0.howW
v

or 6 < 26° gince |v| > W for all cases of interest.

< tan~1 94%2E7 (4.9)

B = tan

This means that the probe axis ghould be kept within 90 of the V direction.
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Table L4 indicates the range in 7, the angle that E makes with the x axis

for gpecific run conditions. If the probe axis alignment for a given run is
set at the midepoint in 7y experienced on that run then the regquirement is

that the perturbations in y about that value not exceed 90. It is geen that
this condition is met for all cases except those for 7E = 900 and three

casos for R 450. In addition, if the frozen flow assumption is made and

a new probe path with slower velocities ig used, the range of ¥ will be still
less. Thus for meost runs there should be no velocity angle limitation problem
provided that an appropriate orientation is selected for the probe at the start
of the run. A simple coordinate rotation may then be used to obtain the signals
in the desired reference frame.

The frequency respense requirements of the sensing probe are
determined from the range of interest of the nondimensional frequency in the
full scale flow. This range is roughly 0.02 <fz/V< 10 (Reference 10) where £
ig the frequency and z is a characteristic length, say height. Typlcal values
of these variables for the full scale and model flows are given in ‘the table
below and indicate that the probe in the larger simulation tunnel should have
a usable (i.e., flat) freguency range of about 0.2 to 300 Hz. This requirement
presents no problem for the triple wire probe. As for other characteristics of
this instrument, they are virtually the same as those of standard X-type hot
wire probes and & discussion of these properties is given in Reference 11 among
others, Cable lengths of up to 150 ft. can be used if necessary, thus
simplifying the problem of monitoring the signal from the moving probe. 1In
addition, the probes should easily be capable of withstanding accelerations even
ag large as 100 g since typical drag forces on the wires due to thz: mean flow

are up to eight times as large as these inertial forces.
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v(typ.),tps. z{typ.},ft | r{Range)lz
Full Scale 80 500 .0032-1.6
8" x 8" tunnel Lo 0.3 2.6-1300
L™ x 66" tunnel 40 1.5 0.5-266

As for the measurement of other imput quantities such ag y-gradients
of' the turbulent velocities, specilal probes must be designed if these data
are required. An estimatbte of these gradients ofthe velocities can be
obtained from the outputs of two probes at different lateral positions.

That is, if two triple-wire probes separated in the lateral (y) direction
by a typical aircraft wingspan (~1.5" in the L4" x 66" wind tummel) are used
in a given run, the signal for each like component cobtained at the same time
from the two probes can be used to estimate the gradient in that component
cver the wing span. The accuracy of this approach is obviously dependent on
the characteristic wavelength in the lateral direction, belng better as this
wavelength increases. FExbension of the input to include gradients found in
this way would, however, require only an extra triple-wire probe and the
assoclated anemometry equipment.

To obtain x-gradients (such as aw/ax) would require either the analytic
approach suggested in Bection 3.2 or still further refinement, such as a novel
probe design, or alternatively, the addition of a third probe displaced in
the x-direction. If three probes, each capable of measuring (u,v,w)} are used,
the input data can be treated in the form of Skelton's method {Reference 13), which
requires that the aerodynamic coefficients describing the gust forces then be

expressed in a compatible form.
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4.3 Probe-Moving Apparatus

We consgider in this section the mechanlsm whereby the probe or
probes are to be moved through the tumnel with the precisely controlled
speed, As mentioned previously, some form of guide track would appear to be
a necessity. A trolley-like device would carry the probe down this track
under the conkrol of a chain attached to its front and back coupled to a
driven sprocket. A cross-sectional view of a typical track configuration is
shown in Figure 1Lk assuming a sprocket diameter of 4". The trolley sketched
here aliows variation of the probe's initial angle and should be built of a
lightweight material so as tco minimize the torque reguirements of the drive
motor, The location of the drive motor is shown typically in Figure 15, where
an grrangement for Y = 90O is displayed. This motor must be capable of
accelerating the appropriate masses at the values given in Table 3,
with the exact range of wvalues depending on the assumtions made, The relevant
magses include the probe, the frolley, two pulleys, the chain and possibly
some additional mass to account for the signal cables. Thig last effect would
likely be eliminated and in fact some reduction of the effective mass of the
system could be achieved for parts of a run if the cables were taken up
during the run on a spring loaded drum such as that shown in Figure 15. The
spring would have to keep the bundle of cables taut and should thus assist
in accelerating the probe to the correct values., Deceleration, however, would
of course be made more difficult and scme cptimum situation would have to be
chogen. It might in fact be advantageous to place this drum at the top of
the track, instead of the bottom, to obtain maxdimum benefits in the deceleration.
In any ¢ ase, for an arrangement such as this, it is suggested that the total
effective mass of the system that must be accelerated by the drive motor could

be limited to a value of M ~ 1/32 slugs.
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The power and speed reguirements of the drive motor can be determined
from the data of Table 3., For a sprocket with a radius R = 1/6 ft, the probe
and motor speed are relafed by

w = Vi/2m R = 0.955 V} (k.10)

B

the linesar and rotational accelerations are related by W = 0.955 ﬁﬁ. The

where Wis the motor speed in rev/sec and V_, has dimensions of fps. Similarly,

motor torgue is given by

T = MR ¥} = 0.00518 x}ﬁ £4-1b (4.11)
and its power consumption can be found from

P=2rTwe = 0.0325 \}ﬁ @ = 0.0311 ¥}, VI, ft-1b/sec (4.12)
In addition, the largest torques are generally encountered at maximum speed.
Thus using the above relations and the data of Table 3, the results for
the maximum torque and power requirements of the motor are obtained (see
Table 5).

These results and those of Table 3 indicate the specifications that
must be met by the drive motor in the moving probe sys tem, The motor itself
should 1likely be a DC type which is controlled using a servo-feedback loop from
the output of a motor tachometer as shown in Fig.1la The input voltage Vi
would be proportional to Vﬁ(t') or VﬁF(t') as shown typically in Figures 11
to 13, such that the motor speed w could produce the correct values of probe
speed according to (L4.10). The voltage signal could be obtained quite
gimply by using & digital computer &o produce the desired function and digital-
to=analog conversion to obtaln the analog sighal on tape for use as the system
input, The basic guestion to be answered for a system of this type is the
difficulty in having it meet the specifications glven above and its resulting

complexity and cost, Indicabtions from manufacturers of mobtor and control

systems are that the requirements for the case of the frozen flow assumption
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in which two values of € (90D ard MBO) are ugsed can be satisfied using a fairly
standard system. For the other cases, however, only the accelerations required
during the acceleration and the actual run between A and 3 (Figure 7 ) can be
reasonably straightforwardly achieved. The large power required for the
deceleration lies beyond standard ranges and several thousand dollars would
likely be required to develop a motor and control system to meet this reguirement.
it would seem, however, that any probe-moving system ultimately built should in fact
be cgpable of allowing the non-fr@®en case to be studied as well as the frozen
cagse, This is because there is always some degree of approximation associated
with the frozen hypothesis and vests of 1ts validity with stationary probes might well
indicate unacceptably large 'thawing' of the flow in this application. In addition,
this capability would allow more direct testing of the frozen flow hypothesis by
corparison of the data from the two appropriate moving probe runs. We therefore
reguire a method for overcoming the deceler;tion problem for the non-frozen case
abt a reasonable cost.

One posgsible solution to the deceleration problem would be the use of
a clutch between the motor and driven sprocket and a disc brake at the other
sprocket. These could be magnetically activated so that a photocell located
at point B in Figure 7 could trigger both a declutching and braking response
as the probe passed this point, thereby stopping the probe itself but allowing
the motor to run freely. It is likely, however, that a systemo f this type
would be not much cheaper than a custom designed servo-system. Tt is therefore
gsuggested that the best, or at least the most economical approach to feollow
would be to place an opening in the tunnel floor through which the prmobe and
trolley could both pass. In this way the probe braking distance would be
increased and the required deceleration magnitude could be reduced to an

acceptable value, A sealed enclosure could be placed around the lower pulley
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and take-up drum in Figure 15 to prevent air exchanges with the outside of the
tunnel; the hole in the floor would not be expected to cause significant
interference with the flow,

In the preceding discussion, we have considered the cost of building
a system based on only onhe track. As discussed in Sec.h.], this would Dhe
sufficient if the frozen flov hypothesis were valid regardless of the
disgtance travelled by the flow from a given point, In reality, however, at
least two and probably three tracks would be required if three angles of glide
path (7E =15 o’ 45° and 900) are to be investigated, even when the frozen
hypothesis is valid over reasonable distancez. Consequently the sprockesd
arrangement at least at one end of the track must be moveable and the track
itself must be extendable or replaceable. In addition, we must consider the
guestion of glide paths which are not directly upwind buft are yawed horizontally
with respect to the mean flow. This would require the capability of yawing
the guide track in both the frozen and non-freen cases and could only be done
if the sprockets, etc., at both ends of the track are moveable. Cbviously
the complexity and cost of the entire moving probe apparatus increases greatly
wheh both variable 7p and variable ysw are to be provided, and an ihcrease by
a factor of at least 2 in the overall cost of the system would not appear to be
an overestimate. For the stationary probe approach Lo the problem, of course,
no extrg difficulty is encountered either in varying g or providing measure-
ments along yawed glide paths, and this is therefore ancother significant

advantage of that technique.

4.4 Insbrumentation

The amount of instrumentation and data handling equipment required for
the moving probe golution in addition to that already available at UTTIAS would
depend on the number of input characterisfics to be obtained, In the simple

cagse of the turbulent velocities u, v and w alone, only one triple-wire
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probe and one spare would be needed, since the required hot wire anemometry is
available, If gradients were also to be obtained, st least three triple-wire
probes {including at least one spare) would be reguired in addition to at least
two more chammels of anemometry. As for signal handling, the input voltage

Vi could be easily produced with existing equipment. The output signals from
either one or tweo moving triple-wire probes could be digitized for further
handling. This would require sampling at a minimum rate of 600 per second for
the frequencies of interest here and again should present no unusual
difficulties for existing facilities abt UTIAS,

Finally, we consider the mumber of independent runs that must be
performed in order to obtain reliable statistics for the distribution of the
vehicle location in the target plane. TFor xE-testing at the 5% significance
level, Reference 14 indicates that we must have at least 5 readings in each
class interval in order thabt the appropriate test statisfic have the x2
distribution. In addition, we must have a minimum number of class intervals
depending on the number of observationz thaf are taken, If we assume the
dispersion of the target point is Gaussian then it is found thatb relieble
xg—testing can be dohe out to two standard deviations from the mean if at
least 300 observations are used, since this would yield 5.2 readings in the
last class interval. If 200 runs were used, there would be 4.0 readings in
this interval. Thus we see that 200-300 rung would be required for any
glide angle in order to supply sufficient data for reliable xg—testing at

the 5% significance level,
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Section V

EXPERIMENTAT, FACTLITIES

As digecussed in Theory of the Stationary-FProbe Method , one of the

main prerequisites for applying the stationary-probe solution to the problem
under considerabtion is the input matrix of turbulence cross-correlations,gg .
While thig information can (and ultimately should) be obtained from atmospheric
megsurements, it is desirable from the standpolnt of both cost and expediency
to obtain at least ipitial measurements from & suitable wind tunnel simulstion
of the atmospheric flow. There are at present two facilities at UTIAS capable
of producing such a simulation, and measurement of Qin thege facilities 1is

currently in progress.

5.1 The UTTIAS 8" » &" Multiple-Jet Wind Tunnel

A small, eisht-inch-square multiple-jet wind tunnel (Figs. 17 and 18) has
besn used at UTTAS to produce boundary layer flows up to 7" thick with gradient
velocities up to about 35 fps. It is an open-circuit tummel and is driven on
the ejector principle by an array of 64 jets located across a section near its
upstream end. The velocities of these jets may be individuslly controlled,
thereby allowing flows with virtually any desired mean velocity profile to be
produced in the test section. A barrier plate located across the tunnel floor
is used to trip the flow and produce the desired levels of burbulence in the
test section. Varying the height of thig barrier allows different values of
turbulence intensity to be obtained, while particular velocity prd iles may be
virtually independently retained by simple jet velocity adjustment. The
turbulence produced by the barrier is maintaineéd in the downstream direction
by surface roughness elements placed oh the tunnel floor. Turther details of

this tunnel and its operation can be found in Reference 15.
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In simulating the atmospheric boundary layer in the multiple-jet

tunnel, some Tundamental assumptions must be made about the nature of the

prototype flow., First, the atmosphere is assumed to be neutrally stable with
the turbulence being generated primarily due to the interaction of & strong
wind with surface roughness. In addition, Coriolis effects must be

agsumed to be negligible in the atmospheric flow because it is not

possible to simulate them in the wind tumnel. In general, these assumptions.
tend to 1limit the flows which can properly be simulated to those which do not
extend too far above the earth's surface and in which the mean wind speed 1is
feirly high. However, the important effects of terrain in producing local
shears can be simulated reasonably well, while the high wind speed case is often
the eritical one for aercnaubical applications. As for the increase in the mean
gpeed with height above the surface, power-law relationships are assumed to
represent adeguately the actual variation. Should any modification to such
profiles be desired, however, the technigue of jet velocity adjustment allows

such modifications to be produced guite easily.

5.1.1 8" x 8" Wind Tumnel Flow Characteristics

The characteristice of the laboratory simulation of the flow over
flat, open country {n = 0.16) are shown in Figs., 19 tc 23. (Note that y' =0
corresponds to the tunnel center line and § represents the distance downstream
of the jet grid.) The mean velocity profiles produced at the test section
entrance are seen in Fig. 19 to follow the desired curve wvery well., Good
lateral uniformity (i.e., two-dimensionality) has been achieved and little
change in this profile was found throughout the test section. The parameters
of the desired curve are Wl = 34 fps and L4 = 7". Thus with respect to the full
scale planetary flow (wc = 68 fps, Z. = 1000 t), the velocity scale factor is

1/2 and the length scale factor is 1/1715 for the present simulation,
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Turbulence intensity profiles for the three fluctuating components are
shown in Fig. 20 and agree well with corresponding atmospheric data. Typical
povwer spectral density curveg are presented in Fig, 21 and Reynolds stress
results in Fig. 22 . In Fig. 23, the longitudinal component integral scale
is seen to agree reasonably well with suggested atmospheric results and also
with the results obtained in another boundary layer wind tumnel simulation
of this flow. The vertical scale, however, agrees with suggested atmospharic data
only in the lower regions of the flow and is considerably smaller than desired in
the upper hslf of the tunnel. Since representing the vertical eddies in the
gimulated flow on too small a scale may be a disadvantage, particularly
for aircraft applications such as the present investigation, some effort was

made to increase these scale values.

5.1.2 Roof Tests

In the planetary boundary layer, large scale velocity fluctuations in
the vertical direction tend to be suppressed at lower heights due to the presence
of the earth's surface., For this reason vertical component scales in this region
are smaller than at higher altitudes and we find a distinckt increase in Li with
height, as indicated by the suggested atmogpheric results in Fig. 23 . The same
effect should of course apply in the simulated flow and this accounts for the

obgerved increase of ﬁz_with height in the lower half of the tunnel, In this
flow, however, we also have a solid boundary at the top of the boundary layer and

it is suggested that this is the probable cause of the low values of ﬁi found in
the upper region of the flow. That 1s, unlike the full scale planetary flow, we
have in this simulation no free stream region above the boundary layer, with the
result that the presence of the roof suppresses large scale vertical fluctuations
and thus prevents Li Trom increasing with helght as it should. One possible

method of overcoming this difficulty would be to raise the roof to allow for a
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free stream region. This would, however, considergbly increase the tunnel power
reqguirements and in the present facility it would necessitate major reconstruction.
Another approach would be gimply to simulate the planetary flow on a smaller scale
{i.e., Zé < 7"), but in the present case the boundary layer thickness would be
unusably small and in addiftion we would be left with too few jets in the boundary
layer region of the btunnel to provide adequate control of the mean velocity
profile. It was therefore decided in the present case, due to time limitations,

t0 perform some fairly crude experiments involving variation of the tumnnel roof
configuration in an attempt to remove its suppressive effect on ﬁ;.

In order to carry out the desired ftests, the last three tumnel sections
shown in Fig. 17 (8 = 36" to 76") were removed and replaced by a new 40" section
with a removsabhle roof. In this way the roof boundary condition could be easily
altered by simply exchanging various roof sections., The configurations investigated
are shown and identified in Tig. 24,

The effect of the different roof types on the vertical component scale
was determined by mesgsuring Lﬁ‘for each case in the test section entrance plane
(8/H = 6.75). For the case of the slotied roof (No. 2) several heights were
considered while for the remaining cases, the value at z' = 6.5" (z'ﬁﬂé = 0.93)
wag used to Lypifly the roof effects. BScales were found using the spectral-fit
approach in which it 1s assumed that the vertical component power specirum can
be reasonably fitted by a von Karmén model spectrum. Then from the location of

]

the peak of the spectrum (képw) along the frequency axis, Lﬁ is determined using

the model spectrum result (see Appendix A).

L. = {5.1}

This approach yields true integral scales only insofar as the measured spectra
actually follow the model spectrum shape, but in the case of the original solid

roof the agreement is seen to be fairly good (Fig. 25). This is in fact
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the only reasonsble method for estimafing scale in the present case, particulariy
when correlation curves have a significant negative region. TFurther discussion
of the various approaches for scale determination can be found in Ref, 11,

The scale results obtained for the case of a slotted roof (No. 2, Fic.

24 ) are shown in Fig. 23 where it is evident that no significant chanve
has resulfted in the lower region of tne flow. In the upper section, good data
could net he cbtained. The reason for this stems from the fzet that the use
of the slots in the roof resulted in a serious 'begting' phenomenon in this
region of the flow. This phenomenon could be felt by an observer by placing a
hand above the slots, and its presence is clearly seen in the spectral measure-
ments as displayed in Fig. 25 . It is obvious that the spectrum no longer
resembles the von Karman model, and comparison of the scales obtained by the
above Lechnigue from these two spectra is virtually meaningless. The possible
alternative of using correlations rather than spectra to determine scmles ig
precluded in practise by the large negative region of the appropriate auto-~
correlation curve as shown in Fig., 20 , 1In addition to the measurement problem,
of course, is the fact that a spectral shape including this low frequency peak
is entirely unacceptable as a simulation of atmospheric turhbulence.

Initial attempts at removing the beating phenomenon from the flow involved
the use of screens placed over the glots in an atterpt to bLreak up the organized
pabtern which was producing it. This procedure in fact had no major effect on
the spectral peak sgave for ghifting 1t slightly along the freguency axis (Tig,

25 ), That is, for the slotted roof with no screens (Case No. 2), tae frequency
of the peak was roughly 16 Hz, while with the coarse screen (Case No. 3) it was
about 22 Hz and with the fine screen (Case No. 4) about 31 Hz. Its magnitude
however, was relatively unaffected by the screens. Suspecting that the beéting

might somehow be associated with the size or ghape of the slots, we tested a
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roof with holes rather than slots (Case No. 5). This ressulted in removal of

the beating but only at the expense of returning the flow, including Lil to vir-
tually the same condition it was in with the original solid roof. When the roof
was removed altogether {(Case No. 6) the spectral peak resppearad at ~ 19 Hz, and
when a fine screen was added (Case No. 7) it was merely shifted azein to about
30 Pz, Finally, slots normal to the Tlow direction were tried (Case Wo., &) by
placing 2" wide slats across the open roof at spacings ranging from 1/2" to
3". In this case, no pesk was observed when the probe was located at z' = 6.5"
directly beilow a slat, bub 1t reappeared at sbout 38 Hz if the probe was below
the open space when d was 3. In the former case, howsver, the scale was again
no larger than that obtained with a seclid roof.

The exact cause of the beating phenomenon described above remains unknown,
although we may speculabe cn its origin, The fact that it appears to be agscciated
with those configurations for which no solid boundary exists between the flow
inside the tumnel and the ldboratory air outside leads one to consider the inter-
mittency found at the edge of shear layers, and in particular in the outer regiong
of a turbulient boundary layer. This intermlittency has been discugsed by Klebanoff
(Ref, 16) and stems from the fact that the boundary between the turbulent and
non-turbulent flow is quite sharp and has ah irregular, constantly changing shape
such as that shown in Fig. 27. Thus a probe located at a point such as x
alternately sees a turbulent and non-turbulent flow. Klebanoff's results suggest
an average wavelength for this irregular outline to be about twice the boundary

layer thickness, which in the present casge would be about 1.3 ft. If the

outline were then assumed to be frozen and carried past the probe with the free
stream velecity (~ 32 fps), the resulting intermittency would have a freguency
of roughly 25 Hz, and this i1s in the general region of the frequencies observed
for the spectral peak. As a further investigation of this intermittency,

oscilloscope traces of the turbulent signal just above the level of the tunnel
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roof with no roof present were studied, Intermittent bursts of turbulence were
indeed observed here with a frequency of ~ 15-20 per second, suggesting that
there might in fact be a correlation between this phenomenon and the teating
that was observed. However, it seems extremely unlikely that this effect could
remain significant when screens are locabted between the tunnel flow and the
laboratory air ag for Case No. T.

In the present experiment, although a start was made on the use of a plastic
membrane roof, there was unforfunately little time available to pursue further
investigations into either the beating phenomencn or the problem of the low
values of ﬁ:inear the roof., These investigations are strongly recommended for

fubure research, For the present, the solid roof configuration was accepted as

the most reasonable and was uged for all the measurements presented in this report.

5.1.3 Instrumentation

The basic instrumentation used in the present experiment is identical to
that used and described in Ref, 11. Complete details can be found in the appen-
dices of that report and thusg only a brief resumé of this egquipment is included
here.

411 turbulent flow velocity measurements made in the 8" x 8" tunnel were
obtained with four channels of DISA type 55D01 constant temperature hot wire
anemometers and type 55D10 linearizers., The hot wire probes used were DISA type
55E30 single wire probes for the longitudinal component and type 55A38 miniature
crosg-wire probes for both the longitudinal and lateral components,

Autocorrelations and cross-correlations of the velocity components in this
experiment were obtained using a Princeton Applied Research (PAR) Model 100 3ignal
Correlator. This ingtrument produces time-delay correlation curves on-line for
any btwo input signals for a maximum delay time Tmax which may be selected between

0.1 mgec and 1.0 seconds. One hundred points on the correlation curve are
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available in the form of analog voliages stored at the output of simple RC filter

networks.

Power spectral densities of the velocity components were obtained by Fourier

transformation of correlation curves using the digital computer, which subse-
quently was also used to plot the results. A block diagram of the complete
system, including the hot-wire instrumentation, is shown in Fig. 28a and photo-

grazphs in Fig. 28b,

5.2 The UTTAS (LL4" x 66") Boundary Layer Simulation Tunnel

The new boundary layer simulation tunnel at UTIAS is a
modified version of an older, closed-circuit, low-speed bunnel in which the
multiple-jet concept has been incorporated to produce the desired boundary
layer flows. An 8 x 12 array of 96 jets {Figure 29} is used to drive the tunnel
in the boundary layer simulation mode, with additional energy being supplied as
desired by the original, 60 horsepower axial fan located in the tumnel return
section, This fan may also be used to operate the tunnel in a uniform flow
mode, That is, with the jets turned off, it is capable of producing a wuniform,
relatively low-turbulence (2-3% intensity) flow in the test section with a
mean speed of up to 100 fps,

The velocities of the jets in the array can be adjusted in groups of
three by a set of 32 servo-controlled butterfly valves located in the air supply
lines. The positions of these valves may be adjusted from & central control
panel, thus simplifying the creation of particular velocity profiles in the
test gection. Air is supplied to the jets from a 75 horsepower centrifugsal
blower and leaves the tunnel via a set of exhaust doors at the downstream end
of the test section. As in the small jet tunnel, barrier-plates are
used to generate turbulence and surface roughness isg used to maintain it in

the downstream direction.
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The test section of the new tunnel is 44" high, 66" wide
and has a usable length of 12 feet. A variable-angle roof has been
rrovided to allow some control over longitudinal sftatic pressure gradients
through the test section. This section describes the design, construction and
celibration of this facility (Reference 16).

5.2.,1 Basgic Design Considerations

The basic design for modifying the original UTTAS subsonic wind tunnel
is a scaled-up closed-circuitbt version of the small, 8" scuare prototype
tunnel described in the previous section. The latter tunnel (Fig. 18) is an open
circuit model which is driven on the sjector principle by an array of 64 jets
located across its cross-section. The jets are circular and form an 8 x 8 grid
(Fig. 30) with a separation of 1" between adjacent jets (i.e., a "meshlength' of
1"). Primary air is supplied to the jets through the sides of the tunnel via
individual lines from a centrifugal blower.
The basic parameters of the prototype tunnel that could be varied
in a2 new facility were the number of jJets, their shape, their geometrical arrange-
ment, and the total jet area as defined by the ratic o = AE/AJ where Aj is the
total jet area and A2 is the tunnel open area at the jet grid.
The simple ejector anaglysis of References 11 and 17 was used to predict tunnel
performance, For the protctype tunnel a value of 20 was chosen for & and
this was again used in the new facility. If friction losses are included
in the analysis it is found that
U,/U; = 0.17 (5.2)
U3/Uj = 0.21 (5.3)

Where all velocities are assumed to be average values; U2 is the
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velocity of the alr outside the Jets at the exit plane of the jets, Uj is
the jet velocity, and U3 is the flow velcocity in the mixed flow region
{see Fig. 31).

The experimertal reswlts of Reference 11 were found to agree quite
well with these values and conssequently they were used for predicting design
velocities in the new ftunnel,

As for the nunber and arrangement of jets in the new tunnel, the
basic pattern used in the prototype was retained, The eight rows of jets
in the small twunnel allowed & good degree of control over the velocity
profile and still permitted the production of reasonsble turbulence scale
valueg when barriers were used. Equal lateral and vertical jet spacing
provided reasonable lateral homogeneity of the flow and was thus also
retained. The ghape of the individual jets, however, was changed from
round to square in the new tunnel in order to simplify their construction.
The regults of Reference 11 suggest that such a change should have no
significant effect on the flows produced in the mixed-Iflow region of the

tunnel,

5.2.2 Details of L4t" x 66" Tunnel

The orisinal closed-circult UTTAS subsonic wind tunnel is shown
in Fig.32 in schematic form. The most convenient and economical way to medify
thig facility to tre multiple-jet conflguration was Lo replace the contractlon cohe,
test sectiom and diffuser between A and 3 in the drawings wilh & new contraction,
a jet prid section, and & boundary-layer-growth and test section, Thus a total
lenghth of 449" was available for the new section, and it was this dimension that

determined its height. That is, we wished to produce boundary layer flows having

the maximum possible thickness in the availavle space., From Ref.ll, it was
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found shat for the multiple-jet type of tunmel, & usable test section was available
between 5-1/2 and 8-1 2 tummel heights from the jet exit plane. Thus allowing
roughly 6-1/2 feet for the contrzction cone and jet grid sections, a total

length of about 371" was available in which to place about 8-1/2 tunnel heights.
This yielded the design tunnel height of 4L" and should allow beundery layer flows
up to 36" thick to be obtained. As for the tunnel width, the results of Ref. 1l
showed that in gome cases falrly large boundary layers could be encountered on
tunnel walls when a barrier was used to produce tuwrbulence in the test section.

For this reason, and because incresased tunnel width is advantazeous for larce
terrain models, a width of 66" was selected. A layout of the modified tummel is

given in Fig. 33and a general view is seen in Fig. 34,

Jet Grid Section

With a tunnsl cross-section W4" x 66" and an area ratio a = 20,
the total jet area is fixed at 138 sq. in. In addition, the use of eight jet
rows results in a jet spacing of 5.5" vertically and conseguently twelve colunms
of Jjets for egual vertical and lateral spacing. The complete array therefore
consists of 96 jets each having an area of 1.44 ing. Square jets were designed
(1.2" x 1.2") with each row being covered by an airfoil to reduce friction losses
Just as in the prototype. An upstream view of the entire grid is given in Fig. 35
together with the notation system chosen for jet identification., Fig.361is a
photo of the completed grid,
Ag geen in Fig, 35, the columms of Jets have been identified in
groups of three, The reason for this is that each group of three in any row is
controlled by a single external butterfly valve as far as the jet velocity is
concerned, That is, the velocity of each of these jets cannot be individually
controlled and all three in any group must be altered together, This was done to

reduce the number of valves and valve control devices from 96 to 32 and thus mini-

50



mize the system cost,

Blower Reguirements

Computations indicated that a total static pressure rise of sbout
20" HEO must be swplied by the blower. This figure and a volume flow
requirement of 15,240 cfm were used to select a Canadian Blower and Force
Model 55 MW industrisl exhauster with a 75 HP Ceners]l Flectric motor.
No speed control wes required for this blower gince a reduction in its
delivery will be required only infrequently and can be achieved by

throttling its inlet.

Tunnel Return Section

We see in Fig,33 that the modified wind tummel is still & closed
circuit tummel, in the return section of which an axial fan and drive motor
(60 HP) are located. There are two basic consequences of this feature of the
facility, First, we must provide exhaust ports somewhere in the circuit so that
the primary air supplied by the jet supply blower 1s allowed to leave the tunnel.
Three doors have been provided for this purpose in the region downstream of the
test section, as shown in Fig, 33. The erea of eachof these doors is about
ho1/e ft2 so that the veloeity of the exhausting air is less than 20 fps at
maximum operating conditions. The second consequence involves the axial fan it-
gelf, It will of course 'windmill' if left off during operation of the tummel in
the ejector-driven mode, In this case, 1t can be represented in the tunnel per-
formance equations by a small pressure loss term to predict its effect, If,
however, it iz turned on during a run, the sign of this term can be reversed and the
fan can supply a pressure boost to the ejector system, This permits a higher tegt
gection velocity to be achieved for s fixed jet velocity or, conversely, it

reduces the jet velocity required for a desired test section velecity (i.e.,
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U3/Uj would be increased), Since the degree and nature of the improvement to the
ejector system that might be obtained from this fan was not exactly known, it was
decided to ignore its possible benefits in determining the tumnel blower require-
ments and assume only that it could reduce its own contribution to friction
losses to zero.

One additional feature of the pregernce of the axial fan in the
tummel return section is the capability for operation of the tunnel in a reduced-
turbulence mode, That i1s, with the Jet supply blower off, operation of the axial
fan permits flows of up to 100 fps with 2-3% turbulence intensity to be obtained
in the tunnel test section.

Tunmel Test Section

The new tunmnel 'growth' and test sections are shown in some detajl
in Fig. 39. The growth gsection consists of the region between the jet exit plane
and the test section entrance and contains any barriers used in producing turbu-
lence as well as roughness on the floor. The test section itself is about 12 ft
in length and has an access door in the side wall as well as a roof which may be
opened along the last & ft of its length., In addition, the entire test section
roof is hinged at the test section entrance so as to permit some control of the
static pressure gradients in the test section. The degree of control was chosen
so as to allow removal of the gradients regulting from boundary layer growth
on all walls through the test section,

Valves and Servo-Control Sygtem

The velocity of the jets in the gmall prototype tunnel is
controlled by s simple gate valve and a rctameter in each supply line is
used to measure its value. In the new facility this velocity, when required,
is measured using a Pitot prdbe &t the jet exit and the static pressure
on the tunnel walls at the jet exit plane. The jet velocities are

controiled, az mentioned sbove, in groups of three by zimple butterfly
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valves. These valves (Figs. 34 and 37) consist of a rotating flat plate located
in & short length of 4" diameter pipe. An 8:1 gear reduction is used to increase
pogition sensitivity and to reduce ftorgues., Sixteen valves are located on each
side of the jet grid section of the tunnel.

In order to obtain a particular velocity profile in the tunnel
test section, an lterative procedure is used in the new tunnel just as it was
in the prototype. That iz, a probe is placed at gome location in the desired
plane of the test section and the flow leaving the apprepriabe jets in the grid
is adjusted until the desired velocity 1s achieved at the probe location. This
procedure is repeated iteratively until the desired flow is obtained throughout
the plane, To simplify this procedure, it was decided to mechanize the valve
adjustment system by using a servo-motor-and-feedback system for each valve.
The complete systemo £ 32 channels allows setting of the position of any valve
from a central control panel by the simple adjustment of a command potentiometer,
Valve position is indicated by a potentiometer comnected to the valve itself
and its output is fed back to the control circuit ('manual' mode), The corplete
control circuit for one channel {i.e., one valve)} is shown in Fig. 40 and includes
avtomatic stops and warning lights at the two extreme valve positions {open and

closed).

Instrumentation

The runming temperature of each fan motor and the tunnel fest

section can be monitored by the operator at the tummel control panel. This is

achieved through the use of thermistors which can be linked through a switch

to & simple bridge measurement circuit on the panel.

A system for traversing the tumnel has been constructed utilizing

53



a standard lead screw drive, It is shown in Fig. 41, The probe holder may

be driven both horizomtally and vertically. The apparatus has been made easily
removable and may be moved to different measurement planes manually with a
minimum of effort,

In order to position the probe accurately, electronic switches,
consisting of & photodiode, a light source, and a blade to interrupt the light,
have been placed on the lead screws. TPulses from these switches are counted by two
electronic counters, This allows positioning to within one revolution of the lead
screw, This, combined with the probe holder play, allows setting accuracy of
approximately 0.1 in, With proper gating, the counters may also be used in
conjunction with a pulse generator as a fregquency counter, Inputs must be in the

form of pulses.

A schematic of the data acquisition system is shown in Fig. L2a and
photographs in Fig. 42b. Tt consists of four channels of DISA 55D01 anemometers
sccompanied by four DISA 55D10 linearizers. These instruments provide flow
measurement capablilities of approximetely 3-300 fps with a flat frequency response
up to 100 KHz, Outputs from these units are conditioned by a PACE TR4E analog
computer. This is a solid state 10 volt machine with L0 amplifiers, 10 integraters,

and 2 multipliers presently available,

Signal filtering can be provided both by the TRYB . and a Mulbtimetrix
Model AFL20 active filter, The latter is a two-chennel system which provides 2
chammels of high or low pass filter or z single channel band pass filter. It
features digital cutoff frequency selection and a 24 db/octave roll-off,

Cross- and auto-correlation may be obtained with the PAR model
100 correlator. This imgtrument provides 100 analogue estimates of correlation
with values of T {time delay) ranging from rmax/loo to Ty VHETE T is the maximum

value which may be selected in the range 1 - .0001 sec.
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Each estimate of the correlation is an gverage of the correlation
over the At = Tmax/loo interval. In addition, correlations can also be obtained

using an HP 2100A digital computer.

RMS voltages are measured on the Bruel and Kjzer model 2417 random
noise meter with a 3¢ sec. time constant setting.

Data can be fed via the Hewlett Packard Model 5610A A/D converter
into the HP 2100A digital computer, The A/D converter is capable of 100,000 samples
per sec., The computer has 24X core storage, supplemented by a magnetic tape system.
The compuber cyecling time is 980 nsec. Algol, Basic, Fortran, and Assenbler are
the languasges used on this system. Other equipment in this system includes a
digital plotter, high speed paper tape reader, teletype and tape punch, D/A
converter, and Fast Fourler Transform hardware.

The use of this system for the spectral analysis performed during
the present calibration has reduced our data acquisition and computation times by
a factor of two over the system degcribed in Sec. 5.1.3.

5.2.3 44" x 66" Tunnel Calibration

In general the approach used in this calibration of the 44" x 66" tupnel
has been based on a comparison of typical flow properties with those found in
the 8" x 8" tunnel, along with some direct comparisons with atmospher ic data
where possible., The 8" x 8" tumnel calibration used as a basis is oublined
in Ref. 11 in considerable detall, Given the current general lack of full
scale data for comparison and the limited faithfulness of the simulation
provided by wind tunnels (e.g., lack of thermal effects, wind direction changes
with height, ete.} it was felt that this approach was justified. Within these
limitations it was found that an acceptable planetary boundary layer simulation
could be achieved in a useful test section of 3 £t height, 3 ft width, and 12 ft

length .
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Planetary Boundary ILayer Characterigtics

- The purrvose of the new boundary layer ftumnel is to simulate the
earth’s planetary boundary layer., The simulation is based on the following
information taken from Ref, 10.

(a) velocity Profile

The height of the boundary layer as well as its velocity profile
varies with the roughness of the terrain over which it travels. This velocity

profile is approximately a power law profile governed by the relation (see Sec. 3.4)
n
W(z z,
W(")' :<_Z...> (5.4)
G G

(b) Atmospheric Turbulence

The power spectral densities of the twrbulent wind velocities of
the earth’s planetary boundary layer have been found to be well represented
by the von Kirmin model for isotropic, homogensous turbulence (Ref.10). This
model is contained in Appendix A and 1llustrated in Fig. 55. This allows the
uge of the spectral peak method in calculating turbulence scale lengths. The two
integral secale length relstions which were used ag atmospheric models for ccomparison

with the scale lengths found in the tunnel are (Ref. 10)

L, = 20 Wz (5.5)
and,

X

Ly = oz (5.6)

These are plotted in Fig, 64,

Test Section Velocity Profile (Clean Tunnel Configuration)

The tumnel layout is illustrated in Fig. 43. All measurements were
made at the upstream and downstream ends of the test section., These are

at ¢ = 5,58 and 8 = 8,5H, resgpectively,
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A velocity profile at the § = 5.5H plane is shown in Fig. Lk,
The profile has been nondimensional ized by the maximum profile velocity (Umax =
100 fps) and the tumnel width (W) and tumnel height (E). This is the profile
when the clean tunnel is powered by the upper fan only. In this configuration the
barrier strip and the floor roughness are abgent. A similar profile is
obtained when the Jets power the tumnel, and the jet exit speeds are equal, The

wall boundary layers are fairly small in this configuration as would be expected,

The dished shape of the profile is caused by the abrupt contraction
cone, The main consideration in the design of the contraction cohe was
length, Since the tunne] was designed for high turbulence and fairly low
velocitles, it was thought that little benefit would be gained from a classic
contraction cone design with its excessive length reguirements. Consequently, a
fairly simple design was used. The gsbruptness in the contraction causes higher
local velocities in the outer flow, resulting in the dish-shaped profile, For
further discussion of this effect, the reader is referred to Ref, 18,

This profile is important because if the upper fan is to be used
with the jets, then the superposition of thig flow on that of the jets must be
considered. AL very high speed settings of the upper fan, this could limit

the degree of profile adjustment available from the jets.

Velocity Range

The jet drive system was designed for a 55 fps uniform profile
with the upper fan overcoming only its own losses. It was found that this 55 fps
veloclity could be attained without the aid of the upper fan. Utilizing the upper
fan plus the jet drive system, a maximum veloeity of 120 fps can be reached. With
the tunnel powered by the upper fan only, a velocity of 100 fps is attained. In
this configuration, hovever, the profile has the dished shape, mentioned earlier,

which would allow use of only the central poriion of the test section.
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Tt was mentioned that the tunnel could be operated in a low
turbulence mode. This ig best achieved by utilizing the jets to fill cut the profile
produced by the upper fan., It was found that in this configuration, turbulence
intensity levels (ﬁ/w) were in the range from .02 %o .03.

In the clean tunnel configuration the wall and floor boundsry layers were
limited to approximately 4 in.at the upstream end of Ghe test section. This in
no way approaches laminar flow, but could be used for such things as calibration of
cup anemometers or pitot-static tubes used for industrial purposes. It could

also he uged for studies of wind loading on structures where aeroelastic effects

are net being studied.
Temperature

A time history of the tunnel temperature is shown in Fig,L45 . From
this it can be conecluded that a half hour warm-up time eliminates much of
the temperature drift, The tunnel, being a modified ciosed circuit type, runs
well above the ambient temperature, However, with the jets turned on there is an
air exchange of approximately 15,000 cfm. This makes the tunnel more sensitive o
ambient temperature than a closed return tunnel, but also limits the operating
temperature to approximately 25017‘ above arnbient, For this reason, the tumnel
never reaches a temperature where it must be shut down to cool., This provides &
virtually unlimited operation cycle.

Turbulence Preducing Devices

(a) Ficor Roughness

Roughness on the fleoor ls provided by a vinyl carpet. It is very
dursble and clean. Dust particles that asccumulate in the mat are easily picked
up with a wvacuum cleaner. The bristles protrude sbout one-half inch inte the
alrstream and are formed in clumps in a regular array. Figure 46 shows this
material.

With the carpel in place, turbulence inters ity measurements were again

58



taken., (The upper fan &lone was used in this test, the barrier wes absent.) Tt was
found that the turbulence intensity increased only slightly and only in the
babttom 6 in. of the tunnel. The Tloor boundary layer with uniform flow increased
somewhat, but wall boundary lsyers were negiigibly affected.
(b} Barrier
Based on the results from the prototype tunnel (Ref.ll), a 5-in barrier
was placed at a point 1-1/2 tunnel heights downstream of the jets (see Fig. 43).
The results achieved are digcussed in the next sub-gection,

Profile Setting (Roughness and Barrier Present)

At present, the only profile to be set, other than the uniform

profile is the power law profile discussed in Sec. 3.4 with n = 0.16. This was
done using the grid of measurement positions at 8 = 5,5H shown in Fig. 47.

As mentioned earlier, the Jet grid is controlled in sets
of three Jet horizontally. This allows three jets to he set by one valve,
In order to set the profile, lateral spacing corresponding to the (b)
measurement position for easch set of three jets {see Fig. 4T) was used.
After setting the profile, velocity measurements were tsken at each

of the entire set of measurement positions. Some results of this prefile

measurement are shown in Fig. 48, The non-uniformity of the latersel profile is
cauged by two things. The first factor is the dished profile discussed earlier.
This causes the centre of the tunnel to be slow. The second reason for the
non-uniformity is the presence of the wall boundary layers. It was found that
these boundary layers were increased considerably when the barrier was installed.
At the begiming of the test section their thickness was about 14 in.

With the roughness and barrier in place, the wall boundary layers
have grown to include the first column of measurement points (see Fig.Lg ).

This causes the velocity measurements at those (b) points to be lower than the free
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stream velocity by about 10%, This, combined with the velecity defect at the
tunnel’s centre produces a 10% variation in the lateral velocity profile. This
variation cannot be removed with the trimming valves which were designed strictly
to equalize Jet exit wvelocities. They camnot cvercome large Influences such as
wall boundary layers.

In order to achieve better uniformity, the lc and ba positions
(zee Fig. b7 Y are used for measurements st the walls. This allows the boundary
conditions of the flow to be set to a known value, The flow velocities between
these measturement positions and the near walls are of no interest. This change
in measurement position allows the setting of a lateral profile varying less than
t 3% between columns lc¢ and Ya ss shown in Fig. 50,

Since each valve controls a horizontal group of 3 Jets, and

only one measurement pogition is used for each valve, the measurement positions

are further apart in the horizontal than in the wertical direction, Thig causes
the setting of one valfe to affect the flow controlled by the valves immediately
above and below it more than those to & ther gide., The influence region of each
jet is showm roughly in Fig. 51, Since the velocity at each measurement point ig greatly
affected by the valves conbrolling the velocity at points immediately above and
below it, & simple iterative technigue in setting the profile requires & large
number of iterations. The procedure used is as follows.

The flow veloclty is measured for an entire colum of messurement
positions. Using these, the profile ig set at that column by considering
the interaction of the jets and adjusting each aseccordingly. When thia process
has been completed, the remaining columms are set in the same mammer. The entire
setting procedure is repeated three times on the average. Using the motorized
traversing gear described earlier, asbout lul/2 days are needed to set a new
veloclty profile,

The two lower rows of jets cannot be uged to control the velocity
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profile near the tunnel floor due to the varrier (see Pig, 43). This,
however, is not a serious problem since the natural velocity defect near the flioor
causes the veleocity to fall off in accordance with the power law profile that has
been set, These two lower rows of Jjets are get at near maximum settings. This tends to
increase the turbulence in the tunnel by hitiing the barrier with high speed air.

The velocity profile was originally set with Wé = 55 fps, It was
found, however, that the Li. were much too low. In order to rectify
the situation an 8 in. barrier was installed. This increased
the scales somewhal, bub cauvsed severe distortion of the power spectral density plots.
Thig invalidated any scale measurements since the spectral shape varied a great
deal from the von Kérmdn model.

The original 5-in barrier was then replaced adeérincreased by alsc

turning on the upper fan. This increased the scale lengths without distorting

the speectral shape. A study of the variation of scale length with velocity

was then performed., It was concluded from this study thal a gradient velocity
of 90 fps was needed. For this reason the tumnel profile was set with Wé = G0
fps. TFigure 52 shows the regulbs of this study. In scaling the prototype tumnel,
it was initially felt that scale length would be proportional to barrier height,
The scale length was assumed to be governed by the size of the detached boundary
layer region immediately behind the barrier. However the glze of this region
with respect to the gize of the barrier seems %o vary a great deal with experiment
(Ref. 19). This would lead one to suspect that local conditions at the edge of
the barrier, and upstream, must have a large effect on the size of the detached
region, Thig perhaps explains why the scale did not increase exactly linearly
with barrier height.

The fturbulence intensity pradiles that resulted from the 5-in barrier and
Wé = G0 fps are plotted in Fig, 53. These data were obfained along a 150 glide

glope down the tunnel centre line and thus span most of the test section. As
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in the case of the 8" x 8" tunnel (see Fig. 20}, these plots sppear to be in
reasonable general agreement with corresponding atmospheric data.

Since the tunnel exchanges air with the atmosphere st a rate
of 15000 cfm, the gradient velocity tends Lo vary slightly with atmospheric
conditiong. Thig is caused by changes in loading of the blower motor due to
changes in air density, as well as changes in loading due to temperature changes
in the belt drive system. These variations cause the gradient velocity to
fluctuate from day to day with the maximum fluctustion belng approximately = 5%.
This, however, does not affect the nondimensionalized profile which stays within
3% of the desired profile (see Fig. 54 for typical vertical profiles).

Megsurement of Reynolds stress in the simulated flow has been carried
out at a few locations along the tumnel centre line. Values of ﬁ/ﬁ% ere simila
to those found im the 8" x 8" tunnel (see Fig.?22). Some difficulty was
encountered when measuring u_v/ﬁ{\r due to the smsll values genersted. The data

tended to be scattered about a value of LL‘_V/I'}.":‘I = 0.1. Thus it was concluded

that these results were acceptabie.
Spectral Data

Appendix B describes the techniques of powaxr spectral density analysis
used for this calibration. Figures55 to58 show plots of '1-{—;:1)1111 (k) va k =
at different points in the test section. The von Kerman spectrum is alse
gshown for comparison, From these plots it may be seen that the meagurement of
scale lengths using the spectral peak method, described in Appendix A, ig
reasonable. A typical plot of guu(fl) vs f is shown in Fig. 59,

Figures 60 to 62 show some%@ww(k) plots, Here it was found that
above jet row D in the tunnel (i.e., the.TZy point of the boundary layer) the

spectra were sufficiently different from the wvon Kérmén that they could not

be used to get a precise estimate of L: {see Fig., 60). Figure 63 gives a typical &
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plot.
Figure 64 shows the results of scale measurement at various points

in the test section using the spectral peak method and compares these
with the values calculated from (5.5) and (5.6).

One of the deficiencies found in the small 8" x 8" tunnel is
illustrated in Fig. 21. At high values of kz it is seen that the power spectrum
@uu drops off at a faster rate tham that found in the atmosphere. This 1s
thought to be due to viscous dissipation which is the phenomenon whereby turbulent
energy 18 lost from the flow. This occurs in turbulent eddies of small physical
dimensions. Since the same fluld is used in the tumnel as exists in the full
scale atmosnhere it would be expected that this effect would be noticed at a
smeller value of kz in the tunnel, When similar measurements were made in the
large 4b" x 66" tunmel (see Fig. 55, for example) this effect wag generally faind

to be absent within our measurement range. Thus it is concluded that the viscous

dissipation region has besn shif'ted to a sufficilently high fregqueney to allow
us to neglect its effect.

A similar drop in the power spectral density below the von Karman
model iz also observed at low frequencies {(see Figs, 21 and 55). This is thought
to be due to the finite dimensions of the wind tunnel test section suppressing
the generation of large wavelength phencmena. FEven in the actual atmosphere this
region of the power spectrum is not well defined and thus this effect is not

felt to be a limiting factor in the present simulation.

Flow Properties Along the Test Section

Due to the nature of the flow in a wind tunnel, the wall boundary
layers continue to grow and turbulence energy is dissipated along the length
of the test section. This leads $o some modification of the flow properties.
As shown in Fig. 5b the velocity profile remains unchanged. Figures 55 to 58

and 60 to 62 indicate that the changes in the shape of the power spectral
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density curves are minor with some distortion occurring at the top of the
boundary layer. This is reflected in the integral scale profiles of Fig. 64
where it is seen that a small increase in Lﬁ occurg in going downstream in
the test section while no change in Li‘is apparent. It igs felt that the
observed trends are sufficiently small that they should not interfere with

the generation of representative cross-correlation dafa in the tunnel.
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Section Vi

EXPERIMENTAL RESULTS - FIXED FROBE APFROACH

6.1 Distribution of Probe Locations

Due to the time consuming nature of the fixed probe measurement
technigue it is important to minimize the number of locations at which correlations
are computed. Because our cross-wire probes can only measure either u and v
or u and v simultaneously at a single point, four separate runs are reguired to
obtain the entiregl matrix associated with a given pair of points. The
crientation of the probes must be changed between thege runs in order Lo measure
the necessary velocilty components. The required combinations are given in
Table 6 .

When the double integral leading to the system response matrix is

examined (3.14)

bt
< X(t)XT(t) >=II E(t,tl) a_ﬂ_\(tl,tz)r_im{t,tg)dtldtg
[eRR e

it is seen that the greatest contributions come from regions in the (tl’te) plane
where H(t,t;) and gi(tl,tg) are large. These regions are shown schematically
in Pig.65 by cross hatching. In general, Ql(tl,ta) will be greatest for

b, = b, H(t,t,) for t. =~ &, and H(t,t,) for t, = t, Thug the area of

2)

i 1
greatest interaest may be the upper right hand corner of Fig.6% where tl = t2 = b,
gince tl = t2 corresponds to zl = zg and we are interested in conditions at the end

of the landing approech descent where t corresponds to z {see Fig. 1) then the

desired probe locsticns in the (zl, 22) plane are as shown in Fig. 65b.

These facts shculd be reflected in the choice of probe locations, with more
attention placed on measurements towards the bottom of the approach path and on
measurements with small probe separations. The actual sets of probe locations

employed in the present work are indicated in Figs.66 and 67. Note that the
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symmetry implied by (3.12) results in the values meagured for ﬁ\uv(tl,tg)

for t, > t, also being used for @\ngtg,tl) for t, > t,, ete.

1

6.2 Meagsurements in the 8" x 8" Tunnel

A preliminary set of correlation measurements were made in the 8" x 8"

tunnel before the 44" x 66" tunnel was completed. B, R, and R _ were
uu Vv Wi

determined for a range of experimental conditions. These data are presented

&uv

in nondimensional form as @ where typically (ﬁu\r =-—- and 1 is measured

at the probe location corresponding to u and % at tgevlocation corregponding
to v. The distribution of probe locations is shown in Figure 66. Note

that the u measurements were made with single wire prches and their more
compact design allowed extra measgurements to be made at small probe
gseparations as indicated. The 7p = 150 data were all taken below z' = L"
due to test section length limitations. Due to various reasons, measurements
were not always taken at the lowest positions for the lower probe nor at
the lowest position for the upper probe. The simple prcbe holder employed
is shown in Figure 68. This system was based on 1/4" pipe and required

that each probe's location be establiched by two position measurements to

place it on the required glide slope.

5.2.1 Measurement Technique (8" x 8"} Tunnel)

Values of the correlation matrix th(t]'_,té) for various values of t]'_ and

. . ; v et . .
t2 were obtained as follows. TFor E*uu(tl’t2)’ for example, & single wire probe

was placed at some fixed point PO on the glide path corresponding to height

zf from the floor of the tumnel. Another prohe was placed at a point Qo

below it on the glide path, at height = The fluctuating velocity signals

' L]
Q
from these probes were then cross-correlated using the PAR correlation system
(see Sec. 5.2.2), yielding the correlation between the signals for 100 values of

delay time T of u(Po) with respect to u(QO), 0 <T<T {see, for example,
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Fig. 69). Knowing zp, and 2},

points PO and QO for any particular airspeed V could then be found from the time

the appropriate ti and té for this pair of

tables described in Sec. 3.3 with the necessary scale factors for the simulated

flow taken into account. Consequently the time difference At' = té - ti could

be determined and by selecting the value of the cross-correlation et T 7 Agt,
Sz uu(ti’té) was obtained. TFor the same pair of points P and q_ but different

airspeed, the time tables yield different values of ti, té and At® such that the
value of Gf uu(ti’té) was obtained from the same cross-correlation curve but at a

t

different value of T. By moving only the lower probe to a different value of ZQ

~e

and obtaining a new cross-correlation, @xuuﬁt;té) could be found for the same

1
1

Qo along the glide path, &-uu(tl’té) could be determined for the entire range

t., but differing té. Obviousgly then, by selecting appropriate values of P0 and

. 1 \
of interest of tl and t2.

The rms values of the turbulent components used to normalize E; were
obtained from the Bruel and Kjaer random nolse voltmeters.

Based on the above procedure for finding the values of é;(t‘,té), it is
estimated that the maximum experimental error in each point should be no greater
than about 12-14%. The statistical variability of any value depends on ibs

magnitude and on the shape of the signal spectrum but should in general be

considerably less than the above figure.(See also Section 6,3.1).

6.2.2 Some Features of Two-Point Cross-Correlstion Data

In Fig. €9 we sce a typical two-point time-delay cross-correlation
curve for the longitudinal velocity component for 7E = 9OO. It is clearly
seen here that the maximum correlation between the two points occurs at a
value of time delay other than zero, which is where it would occur if the flow

were homogeneous. Rather, the peak is found at & positive lag time T which
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represents a delay of the signal from P_ with regpect to thai from G {zee Fig. 7C).
If we assume frozen flow then we may translate this time lag into the spatial
geparation

AX;HZ w‘r(zé‘) . ..rm (6.1)

Thus the lire PO Qm in the gketch may be congidered the line of maximum

correlation at this locatlon in the flow, and its slope is given by Az' and

Ax&. In a homegeneous flow, this line would be normal to the filpoor of the

tunnel but in a boundary layer flow it has a slope which may be a function of z'.
If we consider walues of 7E less than 900, we ultimately will reach

a situation in which the line Pé @ (see rig.70) will have =z slope smaller than

o
that of the line of maximum correlation, PO %nJ In this case, we would expect
the peak of the ftime-delay cross-correlation curve to appear at a negative value
of Tm. This of course corresponds to a delay of the signal at QO with respect
to that at Pé rather than vice-versa. This is in fact the case, as indicated by
the results shown in Fig. 71 for the case of 7p T MSO. In the pressnt experi-
ment, we are Interested only in delays of the signal from PO with respect to that

from Qo {(i.e., T > 0) and thus in most cases other than = 900 we do not

o
cbserve g peak at all in our range of interest. For more results and discussion

of opbirmum time-delays for maximum two-point correlations in a boundary layer flow,

the reader 1s referred to Ref. 1o,

The curves of Figs.69 and 71 are typical of all the raw correlation
datg obtained for the three velowclty components and the three values of yE uged in
this experiment. Curves of this Lype have been used to obtain the final flight
path correlation data, S ( 1565}, as discussed below.

6.2.3 ¥Fiight Path Cross-Correlation Results {8" x 8" Tunnel)

As described asbove the experimental work in the 8" x 8" wind tunnel

facility involved.a large number of two-point space-time turbulent velocity
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component correlations (approximately 1000) within the simulated planetary boundary
layer. Spatial separations of the probes were determined by the desired glide
path geometry with fixed aircraft descent angles of Tm T 150, MBO, and 900 being
selected for the present study. Cross-correlations covering a range of time
delays (positive time delays of upper measurement with respect to the lower
measurement) were obtained with the correct time delay for each point pair being
selected later to develop the final flight path correlations,ﬁir(ti,té). Of the
basic correlation information, two typical plots only (for _E uﬁ) are shown,
Fig. 69 and Fig. 71, in nondimensional form.

The derived flight path correlations, obbtained with a mean wind variation
corresponding to a power law index of 0.16, are plotted beginning at Fig. 73
and continuing through to Fig. 102. The following cases have been covered for
this mean wind speed variation:
(1) (§f w? ’i‘vv and K?  vrbulent cross-correlations.

(1i) Flight path approach angles, = 15%, 15°, 90°.

n
(iii)  Aircraft velocity ratios, Vﬂm} = 1.0, 1.2, 1.5, 1.9 (except for the

case 7 =90% or which only V/WG 1.0 and 1.2 were used due to excessive
rates of vertical descent for the aircraft at the higher speed ratiosJ

'= 7 in.

(iv) W, = 68 fps, WL = 34 fps, Z, = 1000 ft, 7!

In addition, initial measurements, with a mean wind speed variation corresponding
to a power law index of 0.35, are also included, in Figs. 103 through 106. For

this wind profile the following data have been obtalned:

(i) ﬁﬁ uu turbulent cross-correlations
L5

(ii) Flight path approach angle 7E

[}

(iii) Aircralt velocity ratios V/Wg = 1.0, 1.2, 1.5, 1.9

(iv) W, = 68 fps, W = 34 fps, Ze = 1600 ft, Z4 =7 in.
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In all cases the derived flight correlations correspond to simulated
aircraft landing approaches flown at constant air speed along straight-in approach
paths., Thesge particular flight constraints resgult in a continuously increasing
aircraft ground speed as the target plane is approached (see Fig. 5). The
turbulence characteristics of the shear layer, as simulated and measured in this
facility, are presented in Figs. 20 through 23.

The data are presented as a function of ti and (té-ti), i.e., in terms
of time as measured‘in the wind tumnel frame. In order to convert these velues
back to full scale time they must be multiplied by l/St = 857.

The desired flight path correlations, iz (tl,tE), form, in general,

a warped surface over thet tzplane with the final aircraft flight dispersions

1?
being obtained by a double (area) integration in this plane (see (3.14))

over the range 0 < tl <T; 0< t2 < T. In a homogeneous turbulent field (with
a uniform velocity profile), the gz (tl’t2) surface caxld be described in terms
of a single curve if plotted as ﬁ;(tz-tl) with the single independent variable
(t2 1) A rough schematic drawing of one half of the general.jl( 12 2) surface,
which is to be described by the present shear layer nmeasurements, is indicated
in Fig. T2. Note that the other half of this surface is found to be the mirror
image of that presented, reflected about the line tl = t2. To simplify the
description of this surface and to show the important deviations from

flow homogeneity, as experienced by the descending aircraft, the 31(t ‘)
correlations are presented as a geries of curves utilizing the parameter

i, with independent variable (te l)-The parameter ti is given numerically

by the time in seconds taken by the aircraft to descend from a fixed

starting point (z' = 6 in.) to the upper turbulence measurerent point Zi (in the

wind tunnel frame). See Table 7-
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Plotting the flight path correlation results in termg of the time
delay té—ti for a given approach condition (i.e., fixed values of Yge V/Wg and
n) collapses the data to a very considerable degree. However, for a given flight
condition, important inhomogeneity effects due tc the ghear layer are evident
through the progressive shifting of the individual curves as the initial
turbulence measurement position is altered in the layer. In general, with
one important exception, the effect of the shear layer has been to produce
an increase in the measured turbulence correlatiocns for a given value of té-ti
(time delay) in the lower regions of the boundary layer relative to the same
correlations measured in the upper portions of the leyer. Thus the flight path
correlations, with the exception of the u-u correlations at g < 900, tend to
fall off noticeably more guickly in the upper boundary layer regions. In
attempting to interpret this trend physically it must be emphasized that equal
delay increments along the flight path do not correspond to equal displacements
in the boundary layer, since the absolute aircraft velecity is noft constant
along the flight path. In fact, for the constant air speed flight cases simulated
herein, equal time delays correspond to smaller displacements along the f1ight
path in the upper portions of the boundary layer {where the measured correlations
are relatively smsller) than they do in the lower portions of the boundary layer,
This would imply that for equal spacisl separations a somewhat mare pronounced
change in correlation megnitudes would be experienced in traversing the shear layer.

In the special case of the @iuu correlations at TE = 900, this general
finding was reversed. At all speed ratios, a significantly higher u~u correlation
ie obtained in the outer portion of the boundary layer, relative to correlations
at the same time delay measured closer to the ground plane.

The influence of flight path angle 7E on the measured correlations
appears tc be modest. At equal values of time delay and aircraft velocity ratio

and at similar positions within the boundary layer, all correlations appear to be
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similar. The effect of flight path angle may be zeen in the cross plots drawn

in Figs. 107 to 109.
The @uu correlations are generally larger than the comparable @vv gnd
5iww data, esgpecially st the ghallower flight path angles of 7E = 150 and ﬂSD.

At Tg = 900, Giuu and aivv are quite comparable and significantly larger than

Gi;w'

The effect of aircraft speed, abt all flight angles and for all three
velocity correlaticns, has been to progressively shrink the correlation surface
towards the tl,t2 plane as the simulated aircraft velocity is increased. Because
of the higher flight dynamic pressures invelved, thig reduction in corrslation
at the higher aircraft velocities may not result in reduced aircraft response
to the turbulence. The progressive collapse cof the correlations with increasing
alreraft velocify is presently interpreted as resulting from the increased
spacing of the measurement points at fixed values of time delay. The effect
of the zireraft velocity is summarized in the cross plots presented in Figs.
11C through 115,

An additional feature indicated by the flight path correlations, as
plotted, is the progressive increase in inhomogeneity of the measured correlation
data across the boundary layer as the flight path angle increases to 7E = 900.
This is most evident for the v-v and w-w correlationg, and is seen by the larger
displacements of the correlation curves for a given change in ti in the boundary
layer as the flight path angle is increased.

The effects of the mean velocity power law in the shear layer at ome
approach path angle (YE = 450), and for the u-u correlations only, may be seen
by comparing data in Figs. 77 to 80 for n = 0.16 with data in Figs. 103 to
106 for n = 0.35. This limited comparison indicates that a somewhat increased

~
(Ruu correlation is achieved with n = 0.35 at all velocity ratios. This increased
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correlation has removed, to a large extent, the areas of negative correlation
measured at large time delays with n = 0,16, There is indication from the data
for n = 0.35 that higher correlations are achieved for a given time delay

at the outer edges of the boundary layer relative to the same correlation
obtained with the initial measurement point located closer to the ground. This
trend is the reverse of that obtained generally for n = 0.16, except for the
special case of a;uu at Yg = 90° where the same reversed trend is again noted.
It appears probable that a similar changeover in the éiuu characteristics is
cecurring with the n = 0.35 power law data as with the n = 0,16 data but at a

lower value of Y More detalled measurements are cohbviously required to confirm

this indication.

6.3 Measurements in the 44" x 66" Tunnel

A complete set of flight path correlation measurements was cobtained

in the 44" x 66" tunnel. These data are presented in nondimensional form as &.

The distribution of probe locations employed is shown in Figure 67.

A complete sei of‘@iciata was taken at each probe pair location indicated

except for some cases with V/WG = 1 where time delays greater than the 0.16
sec., limit of the analysis program were required. In these cases the value

of Rij had slready dropped to zero and thus no significant data were lost.

The upper location limit resulted from the test section length and the lower
1imit from probe holder size effects. In this instance the probes were
positioned along a rail set at Ty = 150 for ease of adjustment. The gsystem

is illustrated in Figure 116. The rail is isolated from the tunnel as much

ag possible by securing it to the cement floor of the laboratory in order %o
avoid vibrational problems, Figure 117 gives a more detailed picture of the
probe holder and rail. Tests were made to determine whether the presence of the
rail influenced the flow field at the probe sensing stations., Figures 118 and
119 show correlation and power spectral density measurements made with the

rail present and absent (with the probe held on the post illustrated in
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Figure 120). No rail effect was found. Similar measurements were made for
gmall probe separations to investigate interference effects due to the close

proximity of the probe holders. Again no detectable effect was found.

£.3.1 Measurement Technique (44" x 66" Tunnel)

Values of the correlation matrixfi(ti, té) were determined using
the fixed probe technique outlined in Section €.2.1., However in this study
the HP2100A minicomputer was used to compute the results. In general four
velocity signals were available from the two cross-wire probesg in the flow
field. The software was designed to compute the rms values of each of these
signals and the cross correlations between the upper probe and lower probe
signals at specified valueg of time delay 1. TFor example, if the upper

probe is measuring Up and v_ while the lower probe is measuring u. and w

@ Q
, U, w s and R
P Q uPu quQ qu P Q
The vaiues of ﬂ are determined at 3 values of T specified by the cperator.

P

-u

then the program produces %P’

The values of 7 are selected before each run using the time tables described
in Section 3.3 in order to produce flight path correlations for 3 selected
gpeed ratios V/WG'

The following specifications describe the correlation program

performance as set up in the present study:

Data sampling time 20 sec.

Data sampling rate 2,500 sps/channel
Program running time

(after data is loaded) 100 sec.
Precision in setting = Tt 10 ps.
Ailowable T range 10 ps - (.16 sec.
Number of 7's selected per run 3
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The output from the above computation is stored on magnetic tape
and printed by the teletype.

The form of the analysis program resulted in multiple meagurements of
several correlations. This comes about because at any probe location it is
necegsary to perform runs with the cross-wire probes in two orientations

(90° apart) in order to generate all three turbulent velocity components.
A single orientatlon produces u along with either v or w. Thus in order to
cbtain all elements in the nﬁtrix.ﬁ.for a particular pair of probe locations
it is necessary to perform 4 tunnel runs, each with different probe pair

orientations. Table f summarizes this effect. Tt is seen that 4 estimates

,R LR

of A, 20f R _,R i’ Ry

w w? N and single estimates of the remaining elements

are obtained. The multiple estimates were averaged to produce the results
reported herein.

Estimates of the statisftical varisbility of the dafa were obtained
empirically by analyzing the results produced by the above mentioned multiple
measurements. In addition,(ﬁuu was measured for zj = 25 in, and zé = 2h,5 in,
many times (26) during the course of the experiment. Typical results of this
analysis are shown in Figs. 121 and 122, Here it is seen that the variance
in the data remains fairly constant, independent of time delay as T becomes
large. Note that the variance of normalized data is forced to zero ag time
delay approaches zero as a result of this process. Appendix C discusses the
underlying variance due to the finite record lengths employed and it is seen
that the observed trend is consistent with theory. Of course, systematic
errcr due to probe effects may also be present. The data of Fig. 121 were
obtained from a number of different prcbes and recalibrated probes. The surprising

low values of variance indicate that the normalizing process is quite successful
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in reducing the variability ofﬂi estimates at small r. The influence of

probe errors ig then shifted into the estimates of signal rms values. As
indicated in Section 5.1.3 it is felf that the hot wire anemometer system
employing crogs-wire probes should produce errors ia raw veloeity measyrements of
less than 5%.

6.3.2 Flight Path Uross-Correlation Results (44" x 66" Tunnel)

The experimental measurements in the 4" x 66" tunnel were taken at
58 probe pair locatiocns (see Fig. 67) along a g = 15° glide slope. Cross-
correlations were obtained for time delays corresponding to three flight speeds

by selecting the proper (té - t!) values before each run.

1
The measured flight path correlations, cbtained for a mean wind

with a 0.16 power law profile, are plotted in Figs. 132 to 158 in nondimensicnal

form. The following cases have been studied:

(1) The completeﬁ patrix.

{ii) Flight patn approach angle Ip = 157,

(1ii) Adrcraft veleocity ratios, V/Wd = 1.0, 1.5, 2.0.

{iv) W, = 66 fps, Wl o= 90 fps, Z

A = 1000 ft, 2 = 36 in.

G

In all cases the landing appreaches were assumed to be at constant alr speed
along o stralght approach path. The simulabted bturbulence characteristics are
sumarized in Figs. 53 and &4,

The data are presented as a Tunction of ti and (té - ti). In order

to convert these values to full scale time they must be multiplied by 1/3t = 155,

As in the case of tke results presented in Zectlon 6.2.3, the_ﬁ(t{, té)

are presented as & series of curves ubilizing the parameter t!, with (té - ti}

i is given as bhe time in seconds

taken by the airecraft to descend from a fixed starting point {z' = 35.82") to

as the independent variable., The parameter &

the upper turbulence measurement peint zi (in the wind tunnel freme). See Table 8.
The@ilresults obtained in the 44" x 66" tunnel have been comparad with

corresponding 8" x 8" tunnel dabta by using the sppropriate St and plotting
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both sets against full scale time delays (t2 - & Typical results are

)
shown in Figs. 124 to 126, Here results obtained for the same speed ratiocs
v/wG and approximately the same upper probe location in the shear layer are
plotted, Overall, both tunnels gppear to be producing similar results. When
several sets of comparisons are studied however it appsars that on the averags
the 8" x 8" tunnel correlations lie slightly above those found for the L4" x 66"
tunnel. Three possible causes Tor this slight shift have been considered:
1. Turbulence scale (Li) differences between the two tunnels.
2, The influence of the low-pass filters used for de removal.
3. The influence of vigcoug dizsipation effects that cannot be scaled
properly.
Ag shown in Appendix A, 1f the frozen flow hypothesis 1s assumed,

then the zcales L? and Ti can be related by the eguation:
Ly =0T, (6.2)

If one assumes that the first zero crossing of the Rii(T) plot is related

to T, and hence Li, then a difference in L? and//or U between the two

tunnels could cause the observed trend in the data. From the velocity profile

plots of Figs. 19 and 54 and the scale comparison plot of Fig., 64 it is seen

that it is unlikely that the observed differences could be dus to this effect.
The influence of the low-pass filters on correlation estimates can

be shown to be represented by the convolution of a window function with the true

underlying correlation., This is developed in Appendix ) where it is demon-

stated that the filters used in the present study should not influence our

correlation estimates in the time delay ranges employed.

Finally, the difference between the viscous dissipation processes in

the twe tunnels has already been mentioned in Section 5.2.3. This effect is
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seen in the shape of power spectral density plots at high frequencies. Overly
small simulation tunnels tend to have the large energy losses due to this eff-
ect occur at too low a frequency. A useful parameter for sssessing the impor-
tance of this effect is the ratié kv/kp where kv represents the reduced fre-
quency at which the viscous cut-off of the energy spectrum of the turbulence
becomes noticgable and kp is the reduced fregquency at which the spectrum kd{k)
peaks. In Reference 20 it is suggested that this ratio can be represented for
() vy,

kylkg = /v )0 (6.3)
where C iz a constant equal to 0.015 + ,0075 as determined empirically from
flows with a wide range in scele.

In order to indicate the order of magnitude that this viscous dissi-
pation effect might have on Ruu(T) measurements a simple analysis will be carr-
ied out for conditions corresponding 4o the data of Figure 124, For z/ZG = 0.5
and for n = 0.16 the following data apply (the tunnel kp data were taken from

Figs., 21 and 56, the full scale data from Reference 11)}. Note that the tunnel

date are as measured in the model frame and have not yet been scaled up to full

scale. K
F kp c a v kp/kv com%uted
low _1 5 Jhopa
ft fps £t/ gec
L - b

Actual %x10 0.015 5,0 1.57x10 1.26x10 5.06
Atmosphere
8" x 8" Tunnel | 0.617 0.015 2.4 1.57x10'h 30 18.28
L' x e 0.131 0.015 6.0 1.57x10‘h 188 o4 BT
Tunnel

When the kv date are scaled up to full scale for the tunnel cases and converted

to wviscous cutoff frequency wv one obtains the following values:

co

Actual Atmosphere W 1889 rad/sec (for W = 66 fps)

8" x 8" Tunnel W L4.10 rad/sec

vCo
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44™ x 66'" Tunnel w = 27.59 rad/sec.
vco
Now if it is assumed that the power spectra are effectively truncated
at W co by viscous dissipation (a simplifying assumption made to check the worst
possible case) then by using the approach developed in Appendix D the influence

of viscous dissipation on correlation estimates can be seen by looking at the

convolution of the appropriate window function
A sinw T
VCo veo

W, T
™ vCo

G(t) = (6.4)

with the true correlation (where G(T} is found (in this case) by transforming
the box car funection with limits + mvco)' The shape of G(1) is illustrated in
Fig. 127. Note that it is dominated by & central lobe cf width Ty = EH/wvco.

For the three cases belng considered above the full scale values of TW are:

Actual Atmosphere Ty = 0.0033 sec
8" x 8" Tunnel Ty = 1.530 sec
L4 x 66" Tunnel Ty = 0.228 sec

Assuming that the shape of the Ruu(T) pilot of Fig. 123 is typical of
actual atmospheric results, it is seen that the initial zero crossing occcurs
at T of asbout 20 sec {(full scale). When the window of (6.4) is conveluted with

this type of plot {for the centrel lobe widths T., listed above) it is found

W
that the only significant effect occurs near the first zero crossing where the
curve is distorted slightly in the region of T = 20 + Ty Sec. so as to increase

slightly in magnitude and thus shift the zerc crossing to a value of time delsy

approximately T., sec greater. Thus when the flight path correlations such as

W
those of Fig. 12l are computed from the raw correlation results one would expect
the results from the 8" x 8" tunnel to lie slightly above those from the LL" x

66" tunnel due to this effect. The difference between the L4" x 66" tunnel data

end the actual atmosphere would appear to be negligible in the present example.
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Thus it is seen that of three possible sources for the cbserved
trend in the comparison data only viscous dlssipation effects appear tc be sig-
pificant. Of course, other effects could be taking place due to slight diff-
erences in the details of how the data were gathered and analyzed. At the pre-
sent time, however, their source ig not cbvious.

In discussing the details of the @édﬂt& obtained in the Lu" x 66"
tunnel, comparisons will be made with those obtained in the 8" x 8" tunnel and
thoge predicted by the wvon KarmAn model for homogenecus isotropic turbulence.
The generation of the latter comparison date is described in detail in Appen-
dix E. Basically theselatter compariscn data represent the measurements
that would have been obtained with the probe spacings and time delays employed
in this study if the tunnel flow had the characteristics of high altitude
turbulence. Such a compariscn highlights the effects of the boundary layer
ot ¢orrelation measurements. The values of integral scale and mean velocity
were +taken to be those at z' = 25" {Liﬁ= 14.8" , U' = 84.9 fps) in evalua-
ting the von Karmén model.

The ﬁuu data are contained in Figs. 132-134. Generally speaking
most of the data for a given speed ratio tend to collanse conto a common curve

except for the results at the two largest values of t In the latter cases

t
l .

a slight trend towards increased correlation st larger separations {(t_ 1=t 1)

2 1

is indicated, When these results are compared with the corresponding ones from
the 8" x B" tunnel {(Figs. 73-T6) it is seen that the smaller tunnel dats show

a slightly more pronounced separation of the correlation curves for increasing
tl' values. A sample comparison is given in Fig. 12h for V/WG = 1.5, Note
that these results sre plotted against full scale (t2~tl). When thelauu data
are compared with that generated by the von Karmdn model the result is as shown

in the sample plct of Fig. 129, Due to the larger spacial separation between

the hot wire probes for &z given value of (t.'-t.') as t

, .
o'ty beccmes larger (i.e.,

1
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closer to the floor of the tunnel where V_ is increasing, see Fig. 5) the

E

values of &uu determined from the von Karmin model actually decrease slightly

&8 tl‘ inereases. All the tunnel datsz lie bhelow the model results with the
least difference between the two occurring for smell values of (te'-tl’}

(as is expected since both sets of normalized date must approach unity as
(tg'—tl‘) approaches zero). The other obvious effect of the boundary layer
on the correlation measurements has been the previously menticned increase in

correlation for a glven (te'—tl') as tl‘ inecreases for measurements near the

bottom of the layer (large ) values).

~

The Guv data are contained in Figs. 135-137. All the data for a
given speed ratio tend to collapse ontc a common curve. The results all have

a modest positive pesk near (t2'—tl') = 0 and drop to zerc for (t2'-tl') > 0.3,

.016, or .012 sec. in the case of V/WG = 1.0, 1.5, or 2.0 respectively. UNo

~
8" x 8" tunnel results were taken for @uv and the von Kérmén model predicts

~

= 0.
uv

~

The ﬂuw deta are contained in Figs. 138-140. The data for a given
speed ratio tend tc collapse onto a common curve except for the results for
the smallest value of tl‘ in the cases of V/WG equal tc 1.5 and 2.0 which appear

to be less negative than the rest. The data are characterized by a negative

'—t_') = 0 and incresse to zerc for (t

peak near (t2 N 5

'-tl') > .03, .03, or .02
sec. in the case of V/WG = 1.0, 1.5, or 2.0 respectively. No 8" x 8" tunnel
results were taken for auw' A comparison with the von Karmén model is presented
in Fig. 130 for the case V/WG = 1.5. It is seen that the model predicts a
falrly constant small positive value for ﬁuw, quite unlike that measured in the
boundary layer.

The ﬁvu data are contained in Figs. 1L41-143. The results are almost

identical to those dezseribed under Guv'
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The @;v data are contained in Figs, lih-1L6. Most of the data for a
given speed ratioc tend to collapse onto a common curve charscterized by a posi-

tive peak at (tg'—tl‘) = 0 and a regicn of negative correlation following the

first zero crossing. For speed ratios V/WG = 1.5 and 2 the data for the lar-

' (t,' = .182 sec.) appear to show a more positive correlsation

gest value of tl 1

than the rest. When these results are compared with the corresponding ones
from the 8" x 8" tunnel (Figs. 83-86) it is seen that the results are guite
similar. A sample comparison is given in Fig. 125 for V/WG = 1.5, The great-
est difference between these data sets appears to be the need to go lower in
the boundary layer in the 44" x 66" tunnel to detect the increased correlaticn

exhibited by. the largest tl’ data, A sample comparison with the von KArmén

model results is presented in Fig. 131. It is seen that the model results also

exhibit a negative correlation region. As in the cage of Quu’ the ). .
experimental data generally lie below the model regults and show an

increased correlation trend with increasing t.' opposite to that for the

1
model .

~

The G%W data are contained in Figs. 147-149. The data for a given

speed ratio tend to collapse onto a common curve except for the results at the

largest value of t,' in the cases of V/WG equal to 1.5 and 2.0. In these in-

1

stances the correlations seem te be more negative near (tg'—tlU = 0 than for
the rest of the data. In general the correlstions are nearly zero except for

& slight negative trend near (t '—tl’) = 0. Nc 8" x 8" tunnel results were

2
~ ~

teken for @Ew and the von Kéarmén model predicts @¥w = 0.

The(ﬁbu data are contained in Figs. 150-152. The data for V/WG equal
to 1.9 tend to collapse onto a common curve. All the data indicate a negative
pesk at (t2‘-tl') = 0 and exhibit a region of positive correlation following

the first zerc crossing. In the cases of speed ratios V/WG = 1.5 and 2.0 it
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is seen that there is & trend towards more positive correlation as tl' in-
creases (towards the bottom of the boundary layer). These results are diff-
erent from those obtained for ﬁhw where the region of positive correlation was
absent and some dets indicated a more positive correletion towards the top of
the boundary layer. The ﬁwu data alsc creoss the horizontal axis at lower val-

ues of {t2'—t "} than do the(ﬂuw results. No 8" x 8" tunnel results were taken

1
for @Mu. The von Kérman model results for §Wu are s shown in Fig. 130 (since

this model predicts that &uw = ﬁwu)' The boundary layer results are completely
different from those produced by the model.

The ﬁwv data are contained in Figs. 153-155. The results for V/WG =
1.0 zppear quite similar to those for 5¥w. However, those for V/WG = 1.5 and

2.0 are characterized by a slight positive peak at {tz'—t = 0 and a nega-—

r
")
tive region following the first zerc crossing. This effect becomes more pro-

nounced as V/WG and tl' increase. Yo 8" x 8" tunnel results were taken for

I~ A~

®  and the von Karmén model predicts B_ = O.
wv v

fd

The @ww dats sre contained in Figs. 156-158. The data for a given
speed ratio tend to collapse onto a common curve except for the results at the

two largest velues of tl‘. For these cases a slight trend towards a more posi-

tive correlation at large values of (t '-tl‘} is indlcated. The results are

2
‘ ~ ~
similar to those for @%v except that the G&v data tend to have their first zero

crossing at lower values of (t '-tl') unlike the corresponding ones from the

2
8" x 8" tunnel (Figs. $3-96) where the zero crossing is seen to be similar

to that of the ﬁvv data. The sample comparison plot given in Fig. 126 indicates that
the B" x 8" tunnel results show a more positive correlation overall than

those from the 44" x EE€" tunnel. The computed.a,WW values for the von Kearmén

model turned out to be extremely cleose to those for avv {due to the shallow

A

glide slope angle of only 15°) and thus Fig., 131 depicting the ﬂvv results is
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applicable here. Again the comments made concerning this flgure apply to §¥w
as well.
In summary the following general statements can be made about the
Eidata from the 44" x 66" tunnel for Yg = 15° and n = 0.16.
{1) The measured.Eidata showed significant departures from
homogenous, isctropie model results.
(2) Much of the data for = particular element ofﬁican be re-
presented by a single curve. The greatest departures
from this single curve occur in the lowest portion of the
boundary layer
(3) The alJ data for i #] have pesk values much smaller than
those for i = j. In some instances the correlation could be
reasonably tsken to be zero.
(4) The LL4" x 66" tunnel data tend to be slightly less posi-
tive than the 8" x B" tunnel results.
{5) The influence of tl‘ onjinecomes apparent at positicns
lower in the boundary layer in the case of the 4" x 66"

tunnel when compared with the 8" x 8" tunnel.
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Section VIT

FRELIMINARY MODEL FITS TO EXPERIMENTATL ﬁ DATA

The objective of the model fitting ocutlined in this section is
rather limited in scope. The aim is to take an established theoretical
model and empirically select its parametars to achieve a reasonable descrip-
tion of the measured§ data from the L4'" x 66" tunnel. This fitting is for
the purpose of minimizing the number of wind tunnel measurements required
in the application of the fixed-probe technique. Of course the cilose serutiny
of the experimental results in the course of model fititing will also improve
our understanding of the trends exhibited by the ® data.

Based on the comparisons of the wind tu.nnelé data with the
predictions of the von Kérman model (e.g., Figs. 129 and 131) it was decided
that this model might form a reasonable basis for fitting empirical curves
to the test results. As outlined in Appendix E, the von Ké:rmén model
assumes isotrople, homogeneous, Gaussian, and frozen flow. Probably none of
these conditionsg apply exactly in the case of the earth's boundary layer,
but as the curves of Figs. 129 and 131 demonsirate the general Teatures of
G_ni are represented by such a model (at least when the same velocity component
ig being measured at the two locations).

One approach to this model fitting problem ig to first establish
the physical location of fhe two measurement points and the corresponding
values of Lﬁ' and W'. Then by a suitable choice of representative values

'

x i~
for Lu and W' deduced from the above, R could be predicted from equation

(E.1). That is:

N E, L,
Bgtas f2s te ) = [28) - s(D)] =% + &(0)5, (7.1)

In order to carry out this last step it is first necessary to transform

the time delay erployed in the wind tunnel measurement of ié:. (namely
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(tg' - tl‘)) into an equivalent spatial separation. In the case of isotropic,
homogeneous, frozen flow one proceeds as follows. Assuming that the mean
flow ig in the positive x-direction and that the mean flow velocity ig W'

then a time delay of T seconds introduced intce the signal from the upper probe
is eguivalent %o an additional spatial separation in the x-direction of

-W't. ({See Taylor's hypothesis in Appendix A.) And thus a typical flight

path correlation as measured in thig study would be given by

Rt = Fp(ha,te,t0) (7.2)
i= 4 = 1
€2 = (22" - Zl')/taHVE - W(tz' - t1'")
tx = 0
€s = z2' - z1'

Now if one wishes to carry over the hypothesis of frozen flow to
the present case involving wind shear in order to apply (7.2) a problem
arises. If it is assumed that the flow is frozen in horizontal layers and
that each layer is travelling at the local mean wind speed then the spacial
organization among the turbulence components becomes a function of time.
This loss of spacial organization results from the various layers slipping
over one another such that a fixed time delay between the signals from two
hot wire probes at different levels in the flow no longer corresponds to a
single fixed spacial separation in the flow field., Once this was realized
it was found that no a priori best choice for the variation of W' and mi'
with probe location was obvious.

In effect the above approach represents an attempt to model the
results found for a limited spacial separation in a shear flow by the best
fit equivalent isotropic, homogeneous, Gaussian, frozen flow results. To

the extent that the physical probe separations employed spanned only a portion
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of the shear layer before(ﬁ became negligibly small {and only modest

changes in W' and Lﬁ1 occurred, see Table 9) it does not seem unreasonable
to assume that the gross features of the flow field in a particular measure-
ment region could be fitted by such a model. 1In order to further refine thisg

L]
fitting process the parameters W' and Lﬁ have been allowed to vary depending

on the exact location of the two measurement points in the flow field. The
corresponding value of mean square turbulence used to nondimensionalize the
correlation function will be taken to be the product of the rms values of the

appropriate turbulence components existing at the two spacial locations. The

resulting theoretical formulation has been called the Modified Von Ké%mén
Model to identify it separately from the previous model plots of Section 6.3.2.
(Note that no attempt has been made to fit §£j data for 1 # j due to the poor
fitting results indicated in Section €.3.2 for these cases.)

The approach taken in this preliminary model fitting study has been
to examine a particular set of éﬁu measurements (for V/WG = 1.5) and to fit a
reasonable curve to these data. Then using the W' and Lif values applied in
this case, see how well the model fits the é§v and.&%w data. In particular,
model Tites to the data of Figs. 133a, 145a and 157a were attempted. The
corresponding values of W' and Li' tor the upper probe and the lowest position
of the lower probe are given in Table 9. The ranges of W' and Li1 have been
kept within these 1limits in the present study.

In order to gain some experience into how W' and Lﬁ.separately
influence the model's prediction of‘éﬁu the effect of varying W' for s
fixed value of Lﬁ! ig shown in Fig., 159 and the effect of varying Lit for
a fixed value of W' is shown in Fig. 160. In the case of&%ﬂlit is seen from

(7.2) that the curve must start at éﬁu =1 for (t,' - tl') = O and approach

2

® , =0 for (t2‘ - tlf) —w and always remain positive since [T£(&) - g(f)]

is slways positive. Thus, as is seen in Figs. 159 and 160, varying W' and

1
Li affects the shape of the curve to the greatest extent in the middle
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. . x! . . . ~,
pertion. Increasing Lu and decreaging W' results in an 1ncreased(Ruu_1n

this region.,
As indicated in Section 6.3.2, for a given speed ratio V/WG, most

of the measurai&inldata tend to collapse onto a common curve except for the
results at the two largest values of tl' which tend to lle above the rest.
As a first attempt at fitting the modified model to these results the
following algorithm for selecting W' and Lﬁf wag tried based on values measured
at 8 = 5.,5H and using linear extrapolation between the values given in Table G:

W' taken as value at Z,
Li[ taken as the average of values at Zl' and Ze‘.
The results of this approach are shown in Fig. 161 for three values of tl'
glong with the meagured data for tl' = ,1528 sec., which proved to be the best
fit for this case. When the trend for increasing tl' in the modified model
data is compared with that for the corresponding measured data (see for example
Fig. 162) it is found that the modified model does not predict the higher
overall values for the tl' = ,1822 sec. case and in fact it is seen in Fig.
161 that the modified model results for tl' = 0717 sec. lie above the rest.
Several other simple algorithms for selecting W' and Li‘ within the allowed
range were attempted without much more guccess. This was due to the fairly
small range in W' and Lﬁr for any given tl' (see Table 9).

As a compromise sclution it was decided to find a single modified

model curve that would represent the complete set of neasurediﬁgu data, and

lgnore the spread in the data at the largest t.' values for the time being.

1
The results based on t. ' = .1228 sec. (zl' = 16.5 in.) were found to be most

1
sultable and since they originated from the middle of the boundary layer
they seemed to be an acceptable representative cholce. After geveral simple
1
algorithmg for selecting W' and Li were tested for this case it was found

that the best fit (marginally) was achieved by using the values of thege

parameters at 22'. The results of this procedure are shown in Fig. 162.
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As noted above there is no straightforward way of achieving s negative
value of&imlwith this model. This resulted in the relatively poorer fit to
the measured data at the higher values of (t2‘ - tl'). It was deemed that
this fit was a reasonable average repregentation of the experimental data.
The same model parameters were then used to generatelﬁ#v and.é%nr
The(ﬁVv results are shown in Fig. 163. In this case the modified model
results can become negative because &, = O and thus éﬁj = g({) which becomes
negative for { large {see Fig. 128), Once again the fit to the average
experimental data is reasonable but the modified model results lie above the
experimental ones for higher values of (tg‘ - tl'). Due to the small values
= 15° it turns out that the modified model predicts

for £, generated for

3 "E

&w %&W for the present case. Since the measured !ﬁw data have their zero
crossing at smaller values of (tz‘ - tl') than the measuraiéirv data, it was
decided that some underlying reason for this had to be determined if the
current modified model was to he of any use., A partial answer was found
when the lateral scale Iﬁf wag examined in the region where these measure-
ments were taken for the case_tl' = .1228 sec. Whereas the theory behind the
von Ké}méh model predicts that Lﬁ = ELi it is found that this is not true
in general in our fiow field (see Fig. 64). TFor the case t' = .1228 sec.,
wtzjf 2L$’ = 9.8 in and at ZEﬁin 2L$T = 10,0 in. When these values were
used insgtead of the higher Lﬁ‘ values of Table 9 then a slightly better
modified model fit to the experimental results was achieved (see Fig. 164).
A further reduction in scale magnitude would be required tc improve
this fit. Since this step is outside the general guidelines adopted it
wag nct pursued further here,

Whether the above curve fits are accepiable or not for use in the

fixed probe analysis technique must be determined by runs through the computer

simaiation degeribed in Section 71x. It appears at this stage that the modified
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- S
von Karman model as used in this study is useful in predicting the

general features of the @ matrix. Further investigation is required to

verify the best approach in applying this technique.
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Section VIIT

ATRCRAFT DYNAMICS

In this gection are considered the motion equations for a STOL
aircreft on a landing glide path, These equations form the basis for a
computer code designed to predict a landing aircraft's response to
turbulence when combined with the flight path correlation measgurements of
Section VI. A typical STOL transport aircraft is used to exercise the
algorithm and to generate gample results,

8.1 Adrcraft Response to Wind Shear

The aircraft is assumed to be encountering a headwind W(h), as
described in earlier sections. To conform to conventional notation, z in
this section wlll be 'down' in whichever reference frame ig under consider-
ationy; height above the ground, which was denoted z in earlier sections,
will herein be denoted by h. Standard sign cenventions are used for all

variables (e.g., see Ref. 5).

If the aircraft velocity with respect to the ground be-¥E and

the aircraft velocity with respect to the air be_y, and the wind veloeclity
(i.e., the air veloecity with respect to the ground) be_ﬂ, then by the

law of vector velocity addition,

YJg= X *+ ¥ (8.1)

We shall regard as basic the following motion equations from

vectorial mechanica:
P =3 (8.2)
B = M (8.3)

where ? and b are, respectively the momentum and
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angular momentum (about the mass certre) of the aircraft. £ and M are
regpectively the external forece and external moment (about the mass
centre) on the vehicle. The overdobt denotes differentiation with respect
to an inertial refersnce frame; this frame may reasonably taken to be

the earth for this investigation. This means that the rotation of the
earth on its axis 1s neglected; the earth will also be regarded as flat.

We shall further use

my

hs (8.4)

=
I
]
| &

(8.5}

where m and E_are the masg and inertia matrix of the system, andj&anﬁ
w o are the velocity and angular wvelocity of the aircraft with respect

to an inertisl frame (ie., the ground). Relations (8.4) and (8.5) imply
that the alrcraft is modelled as a single rigid bedy. In particular
contributions to.E_and_E_from the following sources are negleched:
elastic deformations, rofating propellers and engine components, and

deflecting control surfaces.

8.1.1 Reference Frames

Ag mentioned above, we already have in mind an inertial reference
frame,SE;, in order to write the motion equations (8.2) and (5.3) and with
negligible.error it may be assumed for the present development that this
frame 1s fixed %o the earth. The orthonormal dextral triad (;I iI EI)
associated with'jg are defined az follows: }I is parallel to the level
TUNways; %I is down, and QI = ;I X ;I’ i.e., to the right (see ¥ig, 1).

The second reference frame we shall need is:;;, a body-fixed
frame. There are, of course, an infinity of body-fixed frames, and we

intend to select the one which is most convenient. One possibility (since
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we are taking the aircraft to be a rigid body) is the so called principal -
inertia~axis frame, in which the cross-products of inertia vanish. &
better choice exists, however, as will be explained subsequently. TFor
the present, we need only note that the orthonormal dextral triad

(iB QB EB) agsociated with gghas iB and EB in the plane of symmetry

of the aircraft with EB nominally 'forward', 33 nominally 'down' and jB
nominally to the right.
The unit wvectors for ‘;i and ﬁFé are related by a rotation matrix#*

R__ viz., for a general vecbor u;
=BI -

(8.6)

Ly =B

where the column matrix Uy represents the components of uin @ﬁf The

nine elements of R .. will be denoted i3 for convenience:

Roo ={ T } (8.7)

An alternstive reference frame is the so-called 'wind frame!

BT

(Ref. 5).
We now express the important vectors in termg of their components
in these reference frames.

The wind velocity expressed in a?i:

i = ( g ) (6.8)

& =<§) (8.9)

At this point in the development the assumption that the mean wind is

and the gravity wvector:

*A rotation matrix is a 3 x 3 orthogonal matrix whose determinant is 41.
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aligned with the runway has been made., If it is desired to include a

crosswind component in the analysis then a new form for W, including this

I
is required and the reference eguilibrium of Section 8.3 must be suitably

modified.

As seen by the aircraft, the aircraft velocity with respect to

the air, V is expressed in ’;B:
——

( u
vy = \ v) (8.10)
C W
Therefore, from {8.1) and (8.6}, the components of Vo expressed in ?B are
u=-W rll
Vo~ Wr, = Y'EB (8.11)
Wwo-W r31

Similarly we express the engular velocity components in %:B using

conventional notation;

W, = q (8.12)

Under our current assumptions, the inertia matrix, if expressed

in a_g:B’ corresponds to a constant matrix:

Ixx B Ixz
0 IW 0 = I (8.13)
- 6] T
zZX Z2Z

Becauge the xz plane of the frame Q:B lieg in the plane of symmetry of the

aircraft it follows that Ixy = Iyx = I;y‘z = Izy = 0. The definition of

I implies that sz = Ixz'
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To complete the gpecification of the important vectors in
terms of their camponents in appropriaste reference frames, we mention

that the torgque components are

L
M, = M (8.14)
N
and the nongravitationsl forces are
X
Ap= 1 ¥ (8.15)
Z
where
4 = I-mg {8.16)

The tarque and nongravitational forces are due to thrust and all other
infiuences of the surrounding air on the aircraft.
The position of the alrceraft may be found by integrating the

differential equations inferred from (8.11) and (8.6), namely

X.I 1 W

. T

Yy 1= Ryp v - 0 (8.17)
-h W 0

vhere (x; y; -h) are the components of aircraft position infE;.

8.1.2 gcalar Motion Equations in Body Axes

As is customary with this class of problem, we require two
types of time derlvative for wvectors: rate of change az seen by’??, and
rate of charngeas seenlnf;g. We have already agreed to denote the former
by an overdot (e.g., equations (8.2), (8.31)); we shall denote the latter

by an overcircle. For any vector 3, these two are related by

+ b

£*y (8.20)

4o

L[]
u =
7
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(see for example Ref., 5, equation 4.6,9) where it will be recalled that R

is the angular velocity of ‘;'B with respect to ?I' Note that_tf,i =£J’.
In particular, we have
[ L.
Vo= Vb wx ¥ (8.23)
hrd e - hcd
1:]_ = ;}_ + W x h (8'22)
7 - - i

Consider the motion equations (8.2) and (8.3). When these are combined

with equations (8.4), (8.5) and (8.11) it is seen that the moment equations

do not involve the wind W. Thus the applicable moment equations are identical
to those developed in Ref., 5 for a stabtionary atmosphere. The force equations

are derived as follows,

Substituting (8.16), (8.4) and (8.1) into {8.2) obtain

e

m( +D:J)=m§’+i&’ (8.23)

N

substituting for V from (8.21) into (8.23) and writing the camponents in
-

"'._?,:B obtain
m(lp tug Yy *Ryr Bp) Smgy t Ay (8.24)
O - ¢
EB = r 0 -p
-g p 0

Thus when all vectors are expressed in terms of the components agreed
wpon in the last section the scalar moticn equations, expressed in body
axeg, are

. _ _ - _ +
m(u+qw - rv T4 W) =X + mg T3
' - Pw - N o=+ 8.2
m (v + ru - bw oy W) =Y +mg o3 }- (8.25)

m(w+pv—qL‘L-—rSlw)=Z+mgr33
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L= T, (r+pq) + (T - Iyy) gr = L

(8.26)

» 2 2
Ia= L (r-»7) + (1 -1 ) rp

¥y

I
=
—

ZZ

H
1l
=

re I (p-re) +{I_ -1_)0ma

ZZ ¥y XX

To complete the system eguations, we note the kinematical

relations. From (8.17),

= + + -
X7 rllu r21v rBlw W
¥p = Tiou + roov + r32w } (8.27)
—ﬁ = r..u + r..v + r_..w

and since (froy Ref. 5, equation 4.6,7),

EBI == §B EBI (8.28)
we have the nine first-order equations
Py S T T, ATy
£2i = P Ty - T Ty } (8.29)
T3 T ATyt P T
fori = 1, 2, 3. The rij sre not independent variables, and any of the

relabions implied by the fact that BEIBBI is the unit matrixz may be used

as checks. Note the camputational simplicity of the right sides of

(6.29).

8.1.3 8election of Reference Equilibrium

Because of the wind gradient, neither the nominal flight trajectory
nor the reference flight trajectory (as described in Section I) are equilibrium
trajectories (i.e., the state variables are not constant along the trajectory}.

This is of importance because the dependence of the aerodynamic force_é_on
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the history of_E!t) andli(t) is not known except in an approximaste fashion,
More specifically, the aerodynamic forces are customarily linearized aboub
some reference equilibrium flight condition,_z(t) =V gﬁt) =uw; as e
consequence, this 'linear' anslysis is actually an 'infinitesimal' analysis
(asymptotically exact as AV — 0 and A —0) and will suffer increasing

errors (the magnitude of which cannot be ascertained from the linear analysis
itself) as [[AV] and ”AE” increase.

In addition, a furtler class of spproximations is made in the
linear analysis: the Bryan expansion with its associabed 'stability
derivatives'., A discussion of this latter approximaticn ig given in
Section 5.11 of Ref, 5. The Bryan expansion shaild not be expected
to yield reliable results in sitwtions where Qg or Qg are changing
rgpidly. Of course neither of these approximations (iinearization; Bryan

expansion) are made alacritously. They are made of necessity. One simply

does not know the forces and moments on one's aircraft, at time %, that
arise from arbitrary histories: E(t‘), w(t'), t' < t. This does not
alter the fact, however, that the results of analysis should be viewed
with increasing susplcion as the deviations from equilibrium becane
larger (on account of linearization) and as the rate of these deviations
becomes larger (on account of Bryanization). The latter ig particularly
noteworthy in the context of calculating the response to turbulence.

One candidate reference equilibrium corresponds to a rectilinear glide

slope, at constant airspeed, with no wind (W = 0). This trajectory
ig characterized by the following kinematics when'zé is selected with_iB aligned
into the relative wind:
D, g, r =0 (8.30)
wE V3 ov,w S0 (8.31)

where Ve iz the airspeed. It follows that
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Xp= Fgt (Ve cos?’e)'t
yy= 0 }- (8.32)

h = h - (Ves1nye)t

where Ve is the flight path angle (defined as positive below the horizontal

in this report). The non-zero elements of the B, matrix are (see (8.44)),

I

r

H]

r

11 cosy, 33
rip = siny, = ~T3 } (8.33)
Ty = L

This solution is feasible dynamically provided it is possible to find

aerodynamic/thrust forces and moments such that, for (8.30) and (8.31),

L, M, N, Y = 0
A 3
X = -mg siny, =X, J (8.34)
= Y
Z = -mg cosye = Ze

This 1s clearly a reguirement of' any normal airplane, for some range of
Ve and Vor
The trouble with the reference equilibrium characterized by
(8.30) - (B.34) is that when headwinds are added of the same order of
magnitude as Ve, one is taken sc far from the reference equilibrium
that the linear analysis is likely to be unreliable. To circumvent
this difficulty, a less obvious but more serviceable reference equilibrium
is selected, namely one that has the desired rectilinear glide slope
(at angle 7% ) and the desired constant airspeed, V., but that has &

constant headwind Wé. The headwind chosen is the headwind at gome point along
the glide slope hn

w, = W(hc)

where the function W(h) is intended to refer to the pover-law profile
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described earlier in Seetion 2.4,
W(n) =W, (n/n)" (8.35)

This is a reasoneble cholce because over the range in h for which CE
measurcments are aveilable from the 44" x 66™ tunnel (694' < h < 63') the
range in W is given by 62 fps < W< 43 fps, & spread of only 19 {ps.
Tt will also be assumed that the following two requirements are made of
the flight path from hA down to h.B:

(i) the airspeed is constant = Vs

(ii) the flight path is rectilinear at an angle 7y below

the horizon.

Thus this reference <quilibrium trajectory is still characterized by

the following kinematics (again with ﬂk;B gelected so that _:"LB ig aligned with V):
-

P, g, T = O (8.36)

u= Vi o v, w =0 (8.37)
but this does not uniquely specify the trajectory since all the
quantities in (B.36, 37) are expressed in ?15’ and two important
given quantities, _g’ and Ty are related to ?"I The BBI
given py (8.33) but now 7q is not independently given and follows

matrix is still

instead from (3.26) and (3.27):

VEe

«f\i’i - wﬁ sing;vE - W ooy, (8.38)

. = sin ™t (Vo siny V) (8.39)

~2
!

where, recall, { V o ,We ,?’E} were given constants. This relationship is illustrated
in Fig. h.
In place of {8.32) then, we have

Ko = Fpgh (VEecosyE)'t

¥, = 0 } (8.40)
h, = b - (VEesin7E)t
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and (8.34) st111 apply. All quantities with the subscript (.)e are

constants except x (%) and k (t).
Ie e

8.1.4 Perturbastions About the Reference Equilibrium

In general the aircraft will not actually fly along the reference equilibrium

flight path due to (1) initial conditions at point A, (ii) the fact that

the wind is not constant at W_, (iii) turbulence, and (iv) actuation of
controls to combat the effects of the first three. An analysis is now
undertaken tc produce a set of linear differential eguations that govern

the deviations from equilibrium in response to the four factors mentioned
above. Representing the perturbations about the reference equilibrium values

as Au ebe, we set

ws="V_+ Au oy v=Aw oy owe= Aw (8.41)
p=4Ap ;3 g=>L0qg g r=Ar';W=We+AW (8.42)

and the kinematical perturbations may be written

x=x +tblx; y=L4y;h=h +2hh (8.43)
cosy  + 31nyEA8 cosyeﬁw 31n7e-cosye&8
Ryr =| -4 - siny 29 1 cosy AP (8.44)

Ceimy 4 A .
siny_ cosyeﬁe %) 51nyeﬁﬂ' cosy, 51n7eA8

(8.4h) is the transformation matrix based on Euler angles relating %; to q?&
given as equation (4,5,4} in Ref. 5. Here the three Euler angles are given
as azimuth angle = Ay, elevation angle = -7 * A8, and bank angle = AP,

The external (nongravitational) forces and moments for the perturbed

motion are

X=X+ &X; Y= &Y ; Z=7+ & (8.45)

L=AL 3 M=AM ; N = AN (8.46)
With these substituted into (8.25) - (8.27) and (8.29), and keep-
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ing only first-order terms,after eliminating the reference equilibrium solution

we obtain:

n{Ald - cos?/eAT:I) =AY - mgcosyeae

m(&w - Vei‘_\.q + sinyeAW) =N+ mgsin'reAE)

I.A7 =AM

qu-
A =g
A}:I = cos’,l’ellu + Veszl.nreAB - sin')*eAw - AW
Ah =-sin‘)'eAu + vecosyeﬂe - cosyeAw

For the 'longitudinal' equations, and

m(AT + Ve/_\r) = AY + mgcos?’eﬂlﬁ

IXXAp - Iszr = AL

LB+ 1,08 = o
5 = op - tany fr (8.48)
ﬂaf/ = sec;veﬁ\.r
L\-{;I = &v +V _cosy LY

for the '"lateral equations'. DNote that the AE.!, M} and /_\R,D equations follow from
Ref. 5 equations 5.2,9.

8.1.5 Longitudinal Aerodynamics

A specification is now given of the serodynamic forces &KX, AZ, AM

that appear in {8.47);

AX =X o+ X S+ X AT (8.49)
L] (8O50)

g = zuAu + ZWAw + zﬁ&w + quq + ZnAn + ZWAW
- A 8.51
AM —%Au+MwAW+I\!1wAW+Mqu+M’]An+MTrATT (8.51)

Here An ig a change in elevator angle and A¥ is a change in throttle
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setting. These two quantities will be regarded as the control variables
for the longitudinal equations.

The force and moment derivatives in (8.49) and (8.50) are now
reconstituted in terms of the conventional 'stability derivatives' as

follows (Ref. 23 ):

- . 1
Xu = pVeSCL*tanye + 50 VeS Cxu
= L
X@ = 3 DVeS Cxa
X = gs8¢C_ C
kil e XCT TTr
Zu = —pVeS CL* + %‘ .DVeS CZu
= 1
2y T FPYSCpy
.= L g .
ZW z t pVe S CZCd
o
Zq t 9 3 Czq
Zﬁ = qu CZ,q
2. = =qgB8C C -~-q S txc
(0 e LCT T?T e T'JT
= L o
Mﬁ 5 pVe 8 e Cmu
= L p
MW = 5 pVeS c Cmm
= L % p .
M. s BV, 8 e Cy
M = t¥g 8¢ ¢
q e ng
Mﬁ = qu c cmn
M = ¢g8cC ¢C
m e mCT TW
where a = angle of attack of the aircraft zero 1ift line
= Mwfie
= 1
g = 2PV,
¢ = mean wing chord
= c/(2 V)

Crx = Ly/(a8)

L, = 1ift plus component of thrust in the lift direction.
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To make the resulis more meaningful and interesting, the values

of the stabllity derivatives should be reasonable for an actual aircraft.

The data used are largely from Ref. 24 gnd represent a twin ergined STOL aircraft
with flaps. We find that the derivatives that are not sensitive to reference

equilibrium conditions have the following numerical values,

= 0
Z2u
Co © -2.150/rad O = 2.068/rad
= -7.1h4k /rad C = 0.55
29 LCT
= 0. ' = G.7%
czn 5236/rad CXCT G.T75
Coy = -2.026/rad CmCT = -0.1698
Cg = -8.663/rad cmu = 0
mq = -28.76/rad (2T/au)e =0
where
P
i, m 0.1311 N
Co 6,5617 a5 < 7 +o.0021/, (8.52)
and the other constant are
m = 341.% slugs T = 6.5 ft.
IW = 23,472 sJ_ug-ft2 g8 = hoo £t°
P, = 357,500 ft.lb/sec. ¢ = ,00238 slugs/ft3

For the other stability derivatives, we must take into account
the fact that the reference equilibrium of Ref. 2k was level flight at
Ve = 118.2 ft/sec whereas the present reference equilibrium is descending
flight at a specified Wé, Ve and o The stability axes of Ref. 24
will nsed to be rotated slightly, about QB, in order tc coincide with

our own stability axes. Let this rotation be D& ,
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Now, from Ref. 23,

Y (8.53)

Since Ref. 2L gives

a2
I

-6.109/rad; Cpe = €320

we conclude that

c 5.789/rad

jie
which is independent of flight condition. Also, 1 we assume that

Il

_ 2
C, = Cp, +ECT (8.54)
then
qu = 2K C .Cp, (8.55)
Now Ref. 2h  gives
Cpy = 0.9832/rad; Cre = 1.576
so we conclude that, since (Ref. 23)
Coy = O - cpa (8.56)
we must have
¢ = 0.593/rad.
DCt

We now may regard (8.54) and (8.55) as two eguations in two

De’ CLe’ CD s CIQ' The result

unknowns for C o and K, since we now know ¢
(04

D
is
o = 0.242; . K = 0.0314 (8.57)
From now on in this section the subscript (.)e refers to our own equili-
brium, not that of Ref. 2L.

The force balance on the aircraft for our reference equilibrium

leads to (taking O to be a small angle, see Fig. 165b),

} (8.58)

+ =
CLe cTe bor CWecosye

+ i =
C, Cwe 51nye c

Te De
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where C_ = mg/(qes). ow, in Ref. 24 the reference equilibrium is character-
ized by the thrust vec:‘tor_Eee (where (‘)ee is a temporary notation for the
reference equilibrium of Ref. 24) being sligned with Ve (see Fig, 165a) and
—F
making an angle & with respect to the vehicle zero 1if% line (zdf). We will
asgume that the thrust line is fixed at aee' Also it is assumed here that
ClLee = Cly * %eq (8.59a)
In the case of the present refevence equilibriup;fe makes an angle OX with

respect to V, {since in general o, # aee) as seen in Fig. 165b. Also it is
-

assumed here that

CLe = CIy * % (8.59b)
From the geometry of Fig., 165 it is seen that
Cxee = Ofe - Do (8159C)
Thus
S = (Cp, = Cro )/ (8.594d)
Combining (8.59d) with
O =0 +KC {8.60)
e Do Le

a cubic for Cre may be extracted from (8.58):

a) Gl +a, € % ag Coo *ay =0 (8.61)
where
al = K
8, = -KC
2 Lee } (8.62)
a3 = CIa + CDO - Cwe51nye
%, = -CLee (CDO - cWeSln7e) - CIanecosye)
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By neglecting the B term in the first of (8.58), we have the approximate

solution

= Cp, ™ Gy COSY, (8.63)

when (8.58) to (8.61) are solved along with (8.38) and (8.39) the

results are as follows for W, = 66 fps, W, = 57 fps, Te = 15°,

v /WG 1.0 1.5 2.0
Cra 4,663 2,219 1.257
= Cr 5 060 2.234 1.253
Cha 0,925 0.397 0.292
Cre 0,741 0,145 0.103
B¢ (rad) 0.533 0,111 -0.055

The values for V /WG = 1 shov that this case is unrealistic for normal

aircraft., The second line in the table is from (8.63).

Now that these values are available, we have CLe’ CDe’ CTe’
and in addition (from Ref. 23 and Fig. 165),
CL* - CLe * CTe fa
Cxu ) ;S$e3u = - 2(cDe - CLetanye) (8.64)
Cooo T Cre ”
Cza - 'Cﬂx B CDe

and this completes a specification of the stability derivatives,
We may now return to (8.47) and substitute the subsequent
developments Go obtain a set of first-order linear differential egua-

tions for the motion. To nondimensionalize, proceed as follows (Ref. 23):
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AT = Dufv, Lo = /v

T o= t/t% ;= 2m/(ps ) ]

. . =3y .~ .= S

i, = 8L, /(e85 ©7) 5 a = 3q/(2V,)

W= WV, s D= 2hg/e &n = 2hn/e
where -

% = c/(av)

(8.65)

Then the system of equations may be written (with a prime denoting

differentiation with respect to t):

= gl v g sl g

where
pt = (Y s AF e K £R)
T
&EC = (& Aar)
T .
a = (Pucosy ~2usiny O O O 0)
= & e
a?
& 0 (0 0 0 0 -1 0)
e C 0 0 0 0
-.C . O
0 2u 25 0 0 0
0 -C_¢ i 0 0 0]
yy
éL = C 0 C 1 6] O
0] 0 Q ¢ 1 0
0 0 0 0 0 1
-2C  bany t C C_ 0 Cy 0
—EuL* Cza 2u+CZq CL*tanye 0
A = c Copv cmq 0 0
0 0 i 0] 0]
cosye —sinye 0 sinye o}
“siny -cosy ., 0 coRY 0
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(8.67)
(8.68)
(8.69)
(8.70)
(8.71)

0

0

© (8.72)

0

0

0




z1 T
B Com CmCTcT'iT
0 0
0 0
0 0
oW = [w(n) - w(h)] / v,

~

~ A il
AT = aam -sinye EE

at i
The last equation follows from:
dW _ aW  dh
dat ~ dh " §%
where W=, + M (We is a constant)
h = he + Lh
thug av _aw [P am
dt dh dt dt
dh
L dAW e .
N T (to first order)
but from Fig. b dh
T " Ve stm
also .@H = i'é}i and g'ﬂ = @
dh ~ dh at at
thus W~ v Hogin
dt e dh 7
or AN o . i
= - osny, 2
at cdh
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8.2 Aireraft Response to Turbulence

To account for the influence of turbulence on the airecraft, we
now make the go-called 'point approximation', in which the distribution
of turbulence over the vehicle is neglected, and the turbulence components
are taken as being approximately uniform over the vehicle., More faith-
ful models are possible with a substantial inereage in work (Chapter 13
of Ref. 5). In addition, from a longitudinal dynamic standpoint, we will
asgume that the turbulence components parallel to the plane of aircraft
symmetry are equivalent to the combined effects of glight changes in
airspeed and angle of attack (Aﬁ£ and, Aﬂt). These effects then produce

aerodynamic forces on the vehicle in a manner similar to Au and XX, Now:

]

!_\E_b —(cos;re v, + siny_ Wg)/Ve {8.714)

i

o, = (sin7e u, = CosY, wg)/ve (8.75)

Note that ug(t), wg(t) are components of the gust vector in ??I.

As a first epproximation modify (8.66) to include turbulence as

follows:

_{IAE'=M+§RAEC+_§PAP+EWAW+§g_C: (8.76)
where
T _ ~
G = (fuay, foy) (8.77)
-ECL*tanye + Cxu c -
'2CL* Con
A = (8,78)
_g
0 me
0] 0
0 0
0 0

Note that the effects of (aﬁ;& ﬂx%) have been omltted from this preliminary

analysis.
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To isolate the individual derivabtives AE', Xxt, ete,, on the

left side, we premitiply (8.76) by ﬂil, obtaining

OAxt = A Dx + Ec QEC +a Al +b &ﬁ + Egg (8.79)
where
_ .-l
(A3, 2D B) = & (& B, an 5, A) (8.80)

To complete the specification of (8,79), it is necessary to
say something about the control QEC. For an actual aircraft, this control
would be exerciged by a pilot or an autopilot. Both of these are beyond the
scope of this report, and we shall ingtead assume a preprogrammed set of
control deflectiocns that, in the absence of turbulence, maintains a specified
reference trajectory. Note that with this approach to the problem AEC acts
as an independent external input to the system of equations (as do ﬂf, 5%,
and Q) unlike the case where an autovilot or pilot is acting in a conbtinuous
closed-loop manner. As a result, the dynamical properties of the system
are represented by A (a function of the reference equilibrium only) and the
regponse to turbulence can be found as perturbations about the reference
equilibrium (rather than the more general case requiring perturbations about
the reference trajectory)., This effect is the result of representing the
reference trajectory as a perturbation about the reference equilibrium trajectory.
The response of the linear system of (8.79) to the prescribed forcing functions
(AEC, ﬁfx Aﬁ and g) can be repregented by the sum of the response to turbulence
alone (all other inputs set to zero) and the response to the remaining inputs
with the turbulence input set to zero. The deviations 4x in (8.79) are

accordingly broken into two contributions, viz.,

b = bx +y (8.81)
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Here ATE represents the deviations of the reference trajectory from the

reference equilibrium:

x =x_ +A4Ax (8.82)
=r e =

and y represents the additional deviations about the reference equilibrium

due to turbulence. With these definitions, (8.79) is also split into two parts

gg follows:

Ax' =AAx+B Ay +adll+b AW (8.83)
'=Ay+3G 8.8k
L =217 LS ( )

end the effects of wind ghear and turbulence can be studied independently,

It is interesting to note that it can be shown that the approximate
response computed from (8.84) represents exactly (under the present agsump-
tions) the state vector (AEE Ao, A A8 AzI AR) for the case where the
vehicle gtability derivatives are as given in Section 8.1.5 for We % 0 but

with We taken to be zere in the linearized equations of motion, where

T _
AYEB = (AME A AME)
AﬂE = AME/VE
ﬁaE = AWE/Ve .
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Section TX

ATRCRAFT LANDING APPROACH RESULTS (LONGITUDINAL)

As mentioned above, an investigation of the landing control
system (e.g., pilot or autopilot) is beyond the scope of this repors.
Nevertheless, this subject ig addressed below in a preliminary manner,
after which this Section is concluded with some typical numerical results
on the dispersion matrix, < y z? > , for the aircraft characterized in
Section 8.1.5 based on the 44" x 66" tunnal measurements of @ Since the
tunnel data do not exist above a full scale height of 694.4' it is
convenient to assume that the aircraft does not encounter wind shear or
turbulence above this altitude.

9.1 Characteristic Modes

In Ref, 2&, the reference equilibrium was level flight at
118.2 ft/sec, and the short-period (SP) and phugoid (Ph) modal charac-

teristics (natural freguency and damping ratio) were given as:

1l
il

o 0.654

op 1.757 rad/sec;

Sep

W 0.319 rad/sec;

Fh

CPh 0.219

As a mutual check, our own program (see Appendix () gave the following

values for the same conditions:

l

W = 0.654

ap 1.757 rad/sec;

;SP

W

Ph 0.323 rad/sec;

i

C.135

gPh

Since the purpose in using the data of Ref. 24 was to define a representa-
tive STCL aircraft, and not to reproduce their results per se, the slight
anomaly in the phugoid damping ratio was not considered important,

For the landing path reference equilibrium described earlier
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in Section B.1.5 (with W, =57 fps and W, = 66 fps) the same program gave

the following results:

v/ “sp Cop “Bn Sen
2.0 1.954 0.651 0.290 0,204
1.5 1.470 0.655 0.388 0.132
1.0 1.021 0.669 0.552 0.073

Thus it 1s seen that the phugoid damping is significantly reduced and

that the separation between the periocds of the two modes is reduced

as Ve/WCT becomes smaller,

%.2 Control During Landing

Referring to the discussion following

(8.80), it is

recalled that the reference flight path from h, down to hB is considered

to be controlled in some specified manner.
assumed that:

(i)  the airspeed is constant = v,

The first attempt at this

(ii) the flight path is rectilinear at an angle g

below the horizon.

It can be shown that the consequence of these assumptions for the

perburbations ATE is that

AU =0
¥
A yE A a-A 8=-kKAW
T r r
where
siny
E
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The conditions (9.1) and (9.2) can conceptually be realized by sultably
choosing An and AT alaong the trajectory. Unfortunately, this speci-
fication leads to an unstable system., Even a less ambitious specifi-

cation namely, choosing An to keep the aircraft precisely on the glide

slope is unstable.

It is felt that these problems represent a limiting effect similar to setiing
the gain too high in a feedback control leoop. Based on this, the approach

outlined below was followed,

More practical control strategies could be selected
that world lead both to a stable system, and to a satisfaction of the
conditions (9.1) and (9.2) to within e reasonable tolerance. To place
the effects of such control in perspective, it should be ncted that,

for our example aircraft, if no control were exercised at all the

perturbations at & decision height of 69 ft (with v, = EWG, W, = 57 fps

W, = 66 fps, o wind power law index of 0.16 and zerc initial conditions) are:
Au = -2 ft/sec; Aqg = -5.2% 1073 rad/sec;
M o= 2 x 1073 rad; M = ~3.5x 1077 rad;
&xI = 19 It Ah = 55 ft,

The reference path results were obtained with the aid of a variable-
step-size predictor/corrector numerical integration algorithm (see
Appendix G). The resulting deviations from the reference equilibrium
glide slope are shown in Fig. 166. It is seen that for the case
&m = Ax = 0O the aircraft diverges below the desired glide path as
the landing approach continues.

In an attempt to improve on this glide slove performance

a gimple control algorithm was implemented whereby

~ -
AN - .05 (&b + 10 Ah )

AT = oMW
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The resgults for this case are also shown in Fig. 166 where it is seen
that quite precise glide slope tracking is achieved down to h = 200'.
Below this height its performance degrades somewhat. No attempt was
made to optimize this conbrol law. It will be assumed that the re-
sulting time histories for At aml AT are implemented in an open-
locp faghion once they are determined.

9.3 Dispersicns Caused by Turbulence

At any time t during the landing, perturbations in the
various state variables have a zerc engemble average. Their ensemble
mean squares and ensemble mean products are nonzero, however, and are

given by (3.14) repeated here for convenience:

£ At
5(6) = < y(8) 7' (8) > = [ I H(s,5 ) @6 ,6 ) H(6,6 )av at_ (9.4)

o

where E(t) is called the digpersion matrix. 1In this section, y will

congist of dimensional variables:
T
F(t) = (bu o Ag 28 fAxp ) (9.58)

where

lect=

=AYy *’@_ET (9.5b)
and the turbulence is represented by

gy = (u W) (9.5¢)

end thus the H matrix is expressed as (from Section 3.1 and (8.84))

H(t,7) = exp[(t-7) A] B (9.6)

where A and B are the dimensionalized counterparts of A and Eg defined by

@=(i%)§ g (9.7)

(8.80). 1In fact,

1
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EVe -1

where

s-ass{v, 1 @0, 1, (), (5/2)} (9.9)

-cos;re/ve -sinre/ve
-1
8, = iy (9.10)
sin;-’e/Ve —cosye/Ve

-1 0

7 - (9.11)
O -1

The matrix § contains the scale factors that convert from dimensionless
to dimensional variables; §g does likewise and, zdditionally, converts
the dimensional turbulence inputs from wind tunnel frame (?%) components
into the nondimensional airspeed and angle of attack perturbations
(&Etﬂxt). Qg,(dimensional) comes from the 44" x 66" tunnel measurements
of Section 6.3.2 and thus has its turbulence components expressed inqgr.

There can be several approaches to the evaluation of the right
side of (9.4). Ome possibility is described in Appendix F and ¢, and
the numerical results below were calculated in that manner. The resulfs
were also checked uging a somewhat cruder approximation in which the
integrand in the double integration was approximated by a piece-wise
constant surface. This gave an order-of-magnitude corroboration of
the results.

For Ve = EWG and We = 57 fps, the value of the digpersion
metrix §(t) is ghown in Table 10 at ten egqual time intervals along the

landing spproach path from h, = 69k £t down to h, = 69 ft, The final
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root-mean-square values of AmE AaE hg, A8, AxI and M are, respectively
9.8 fps, 0.07 radians, 0.11 radians/sec., 0.08 radians, 80 ft., and 47 ft.
Since the aircraft ig stable with respect to the first four variables,

one would expect a gheady-state variance to be reached, if the input

were at a constant level. In the present instance, however, the r.m.s.

of the turbulence increases along the flight path and so the mean-sgquare
regponse to it likewise continues to grow. With respect to the variables
AxI and Ah, for which no stabilizing feedback has been provided (see 8.,84),
one would expect fThelr variances to continue to grow with time even if
the turbulence intensity were uniform. An analogy to the 'random walk
problem' may be helpful here for which it is known that the variance

in position grows with time. This time dependence i1g illustrated in

Fig. 167.

Table 11 shows the final value of L (1,e., the value at 69 ft)
when Ve = 1.5 WG. The varianceg are generally larger than for Ve = EWG.
One factor in this increase for the caseg of AxI and Ah isg simply that
the sircraft has been influenced hy turbulence for a longer duration
(nemely 56 seconds as compared to 32 seconds). Also this trend is
conglstent with the substantial reduction in the phugoid damping ratio
noted earlier (Section 9.1).

The total longitudinal response of the aircraft is thug made
up of the reference trajectory of Section 9.2 and the response to
turbulence found sbove. A similar analysis could be carried out for the

lateral response.
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Section X

CONCLUSIONS AND RECOMMENDATIONS

10.1 Conclusions

ll

The fixed probe theory allows the determination of the dispersion of
an aircraft's state varisbles by using two-point time/space cross-
correlations among the turbulence welocity components. The moving
probe technique requires many replicates to produce such data, but
also gives additional information concerning the distribution function
of the dispersions and individual response %time higtories. Due to
the mechanical complexity of the moving probe technique the fixed
probe gpproach seems to be the more practical one,

The UTIAS boundary layer tunnels can successfully simulate planetary
boundary layer flow through the use of a jet grid, bluff barrier, and
floor roughness.

When flight path correlstions were measured in the two tuwmmels the
following conclusions were drawn:

(3.1) The effects of inhomogeneity was most noticeabld towards the
bottom of the bhoundary layer. These effects were most apparent in the
8" x 8" tunnel results.

{3.2) Much of the nondimensionel correlation dats produced in the
Ly"x 66" tunnel could be reasonsbly represented by a single curve.
(3.3) Attempts at fitting a modified von Karmin model to the results
from the 44" x 66" tunnel met with reasonsble success. The use of
such models could greatly reduce the number of measurements required

when applying the fixed probe technique,

10.2 Recommendations

1.

Further work is reguired in order to agsess the implications inveolved

in representing the effects of turbulence as a perturbation about the
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perturbed path due to wind shear.

2. The mecdified wvon Ké}mén turbulence model should be tested in the
analysis program in order %to assesgs its utility in this application.

3. Results from the fixed probe theory should be compared with other more
approximate spproaches for predieting eircraft response in order %o
determine thelr relsll ve merits.

4. The work reported in this report should be repeated for a renge of
wind profiles and including the effects of man-made structures near

the airport.
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APPENDIX A

TURBULENCE DEFINITIONS

A deftailed discussgion of turbulence thecry and definitions is given
in Ref. 25, The brief descriptions and definitions given below are taken from
Ref, 10,

(a) Correlations

A one-dimensional correlation of two functions of three varisbles

is defined as
B
2 _lim 1 .
Rflf2 (xl’yl’zl) " 35« DB h[‘Il(o,o,z)fe(xl,yl,zl + z)dz
~-B

where Xy yl, z, are constants which separate the arguments of the two functions,
end z is the variable with respect to which the product is being averaged. The

operation 3
lim L
B> w 2P
-B

dz

is the averaging operation. In this report the averaging process will be done
with respect to time only. Therefore the superseripts on the correlation
may be dropped as it will be understood that thesge are one-dimensional correla-

tions with respect to time. Tor convenience we can define

T
£ (8)5,(8) = é‘imm % f £ (8)1,(t)as
7

In this report, the functions of interest are the velocities wu, v,

wW. These are functiong of the four variables, x, y, =, t.

The argument of the correlation function defines the separation in space

and time of the two velocity functions. Therefore

RU.V(X]_ )leZlJTl) = u(OQO.’OJ t)v(xl ’yl’zl’t-'-‘rl)

R‘Vll(xl ’yl’zl’Tl) = V(OJO 0, t’)u( Xl:ylszl} t+Tl)
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Kl’yl’zl’Tl are constants.

For convenience, any zeroces in the correlation argument are dropped thus:

RuV(T) = Ruv(osOsOsT)
ete,
The correlation Ruv(Tl) is a single value while Ruv(T) is a function
of the variable v, Likewise, Ruv(x) is a function of the variasble x where X is

the separation in the x-direction.

One property of the correlation function that is useful is .

u(t) v{t)

R (0)

or

Ruu(O) = u{s) u(t) u(t)g = the mean square value.

The correlabions Rii(T) are known as autocorrelations. The correlations Rij(T)

are known as cross-correlations.

(b) Scales
[ea]
Ly Ef R, ,(x) ax
1 11
0
y=[" =
=l L w
o]

w L
Ty =b[‘ Rii(T) ar
Q
The first thres scales have the dimensions of length. These scales

are the area under the appropriate correlation functions. If there 1s a high

correlation at large separations, then the scale will be large, indicating that
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the size of the turbulent eddies in the flow must be fairly large since there
is very slight ccrrelation between eddies. In this manner the length scales
are a nmeasure of the size of the turbulence,
The last scale has the dimension of time and represents a characteristic
time inherent in the flow.

(¢) Power Spectral Densities

Another use of the correlation function is to obtain spectral informa-
tion. The one-dimensional power spectral density is defined ag the Fourier
transform of the one-dimensional correlation function. Multidimensional spectral
densities are Fourier transforms of multidimensional correlation functions. The

one-dimensional spectral density is the only one of interest here.

o0 —JEﬂkXX
cbij(kx) = EI R J.(x) e dx

-

0 -J27Tky5’
P, (k) =2 R, . e d,
) =2 [ W y

- 00

P - jerk_z
ij(kz) = 2f R..(z) e dz

-0

% -jortT
@ij(f) = 2L[‘ Rij(T) e ar

-0

o - J2TkUT
®ij(k) = 2»[1 Rij(T) e ar

=00

where k is the reduced freguency f/ﬁ and kx’ky’kz are wave nurmbers corresponding
to the x,y,z directions,

(d)} Taylor's Hypothesis

This is the assumption that the flow's turbulent veloclty structure is

fixed in time when viewed from a reference frame moving at the mean flow speed
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{7 while the changes in velocity at a fixed measurement point are caused by the
convection of this "frozen" flow past the measurement point at the mean velocity.
This assumption is a good one if T >> u,v,w. It allows us to substitubte time

separation in correlations for spatial separation in the x direction. Thus we

have
RlJ(Xl) = RJl(Tl)
where
xl = U Tl
and
w ~
LF =0 U[ R,.(7) ar
i ii
0
and _
o -Jéwk Ut
(k) =20 k{* R..{(T) e *oar
ijix o 4L

and from the equation for @© (k)
ij

¢&j(kx) =0 ¢Ei(k) l -

(e) Spectral Peak Method of Estimating L

If we assume that the von Kérmdn model for power spectral density holds
then (Ref.l0)

k& (k) b x
®xouutTx, u - x

z (1 + 70.7(L, k)

- 27576

U

X X 54
kx®ww(kx) i thLwil + 188.l+(eLw kX) }

211/
W (1 + 70.7(2L% k) 11/26

By differentiating the right hand sides with respect to 1;.X and equating it to zero

to find the location of the peak value, we get
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.14

k = ——= for u
xXpu X
L
u
. 106
k = for w
Xpw X
L
w
C x _ .146 x _ 106
This gives Lu " and Lw n
xpu XpwW

!
Since frozen flow is an underlying assumption in the von Karmén model then

¢ (k) =0¢..(k (see item (d) sbove)). Thus the scale I, can be determined
ii‘tx ii i u
x

from the peak position of the k@hu(k)/ﬁz ve kz plot, ete.
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APPENDIX B

POWER SPECTRAL DENSITY ESTIMATTON

The power spectral density measurements presented 1n this report were
found by Fourier transforming correlation estimates produced by a PAR Model 100
correlator, In the case of the 8" x 8" tunnel data the transformation was
carried out on an off-line IBM 1130 computer. In the case of the 44" x 66"
tunnel data an on-line HP 2100A computer was employed. Both machines implemented
the same algorithms. The details cf the theory behind these estimates is
contained in Appendix B of Ref. 16.

In general terms the signals
representing the fluctuating turbulence velocities were produced by DISA hot
wire equipment. The d.c. levels were removed by passing the signals through
first order high pass filters patched on a general purpose analog computer.
These were then processed on a PAR Model 100 correlator (in some cases after

passing through a low pass filter) and these correlation estimates used

as input to the digital computer. Fourier transformation of the data then
resulted in power spectral density estimates. This digital program included
a Hanning window subroutine to improve side lobe performance.

To avoid aliasing problems the time delay increment At selected
for the PAR correlator on any one run was chosen small enough to ensure that

27
o vy T og (B.1)

where wy is the frequency (rad/sec) above which no significant power exists in

the signal being examined, and w,_ 1s the highest frequency at which a power

H

estimate is desired. 1In our work Wy was taken to be 7/2AT, or one half the

Nyquist frequency.
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The frequency resolution of this process is approximately Zﬂfrmax, where
for the PAR correlator Ty..= 100 Ar, Thus the lowest frequency estimate was
typlcally at ﬂ/Tmax rad/sec,Thus some allasing problems can arise 1if very low
frequency estimates are required since this requires a large A1. In such
cases a fourth-order Butterworth filter was used as a low-pass filter upstream
of the PAR correlator with its cutoff frequency set to n/At rad/sec. This

effectively reduces w_ to 7/At and thus inequality (B-1) is satisfied. The

B

filter characteristics are such that a negligible influence 1s felt at

frequencies below Wy
The only other filter in the circuit (the dc removal high pass filter)

has its break frequency located well below the lowest frequency of interest

in the wvelocity signals and thus has no influence on the measured power spectrum.
The spectral data presented in this report for the 8" x 8" tunnel

runs were obtained from single 100 sec records processed by the PAR correlator.

In the case of the 44" x 66" tunnel runs, 5 estimates were obtained in the above

manner. Thelr mean and standard deviations are plotted on the graphs of power

spectral density. All these data are presented as one-sided spectra.
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APPENDIX C

STATISTICAL VARTABILITY OF Rxx MEASUREMENTS

In the idemlized case of white noise passed through a perfect low
pass filter of bandwidth B(i.e., no output signal power beyond B and a flat

power spectrum below B) Reference 14 indicates that for finite time records:

2 1 2 2
OJ - — +
Ryy BT (Rxx (1) Rxx(o))
where T is the record length of the signal x{t). Thus as T =+ 0O
5 .
Byx (0)
o’g M

XX

For our data Rxx generally decreases in magnitude as T + large values. Thus
>>
for T large Rxx(o) Rxx(T) end

82 (0)

2 XX .
CT’R * 5T , independent of T.

This effect 1s illustrated in Fig. 123 where the results obtained from five mea-
surements of raw Ruu(r) data were used to estimate the standard deviation. These
date were obtained from the PAR correlator with Tmax set at 0.20 see. The in-

crease in O is clearly seen for T + 0 as is the fairly constant value of & for

~ T R {1
T large. Now when normalized data are used {e.g., R = Rxx( ) = xx( ) ) thi
XX XX

forces the variance at T = 0 to become zero and modifies the variance at other
values of T &s well. However one would expect the influence of this modifica-
tion to die cut as T became large. This effect can be seen in the data of Figs.

121 and 122 to some extent.
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APPENDIX D

THE INFLUENCE OF FILTERS CN CORRELATION ESTIMATES

In general, if a signal x{t) is filtered by a linear network F(juw)
prior to processing by a correlation algorithm such that
¥ = F(s) (p.1)
represents the output signal y{t) (where here X represents the Laplace Transform
of x(t) and s is the Laplace Transform variable) then from linear theory

¢, w) = [F(Gw) P ¢ () (p.2)

Thus the sstimate Ryy(T) of the desired underlying correlation RXX(T) is given

by
Ryy(T) :f‘bw(“’)ejmd" zf%x(w)lﬂjw) 2 e aw (0.3)
But
¢Xx(w) = %%;[KEXX(T)e_ijdT (D.4)
thus
R (T) = %ffff’(a'w) |2 Rxx(V)e-jwveijd'v du (3.5)

changing the order of integration

iy = [ [ P o)

=L[w G{r-v) Rxx(v) dv
= e(m)* R__(7) (D.6)
where
6(s) = %a;f [F(g0) [2 &7 au (B.7)
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Anéd in general, if

6 (6] = H(g)o,, () (0.8)
then
Ry (1) = 6(r)* By (7) (0.9)
wnere
6(r) = %77 1 gw)ed aw (0.10)

Now consider the case of our de removal circuits. The output of a first order
low passe filter is subtracted from its input signal to remove’ the de component.
Let the low pass filter be represented by LP(jw). Thus the processed signal

o{t) is related to the original signal i(t) by

o=1-1pP(s) 1 (D.11)

whare

IR(s) = (D.12)

1
1 + gT

from the theory of power spectral densities it follows that

bool@) = 055 (0) + [1P(3) o, (W) - TR(30) () - TP (j0) (W)

= 0,5 (@) + [LP(ju) [P, (w) - 2R (LP(3w) e, () (D.13)
thus
R (1) = Ry (v) +G(7)* R, (T) (D.1L)
where
o(1) = 5= f [ip(a0) 12 - 2r, (rp(gw) Je¥*au (p.15)
Now from (D.12)
. 1 1 - juT
LP(w) = 75 = = . :EETE (D.16)
and
. 2 _ 1
[TP(w) | e (D.17)
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2

ERe[LP(jw)] = m (D.18)
thus
. |
|LB(gu) |* - er {LP(w)} = T (D.19)
and
-1 eij
. %_T_ e-I'l'I/T (D.20)
Thus
e-|T|/T
ROD(T) = Rii('r) - [T‘ :}*Rli('r) (D-gl)

Based on full scale filter time constant values of T = 4285 sec. for the 8" x 8"
tunnel and T = 6052 sec, for the 44" x 66" tunnel and ROO(T) withk a first zero
crossing at roughly 20 sec. (see Fig, 122) it can be seen that the contribution
from the convolution of (D.21) is negligible, that is, typically less than

1/T times the area under R;,(T) between T = 0 and T = 20 sec.
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APPENDIX E

/
VON KARMAN MODEL FCR TURBULENCE CORRELATICNS

A reasonable model for describing turbulence in clear air at altitudes
from below 5000 to 40,000 ft. is one assuming isotropic, homogencous, Gaussian,
and frozen flow. If the von Karmin model is used to describe the power spectral
densities of the flow then the following function can be shown to represent

the correlation among the various turbulence components (see, for example,

Ref, 5).
R; fia,t2,89)= [2(0) - g(5)0, . (E.1)
where: 1 or j=1 represents the x direction
iorjs=2=2 represents the y direction
iorj=3 represents the z direction
Rij(El,Eg,gg) represents the correlation between the ith turbulent

component at (x,y,z) and the jth turbulent cowponent
at (x + €y, y + &2, z + £3), e.g., Rip = Ruv' Note
that no time delay is present due to the assumction
of frozen flow.

Sij is the Kronecker delta

£ - JE T+ g
1 2 3
#(t) and g(¢) are, respectively, the longitudinal and lateral
correlation coefficients; for the von Kirman model

these are given by

2/3

() = oy £ 5 5(0) (.2)
() “‘(m? 30 0(0) - § LKy (0] (E.3)
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with t N

X
1.33% Lu

r(1/3) = 2.6789

K = modified Bessgel function of the

gsecond kind.

In order %o apply this model to situations where time domain measurements are
taken and time delays included, use is made of the frozen flow assumption. ITf
the axes are so oriented that the mean flow is in the positive x direction
(6) then & must be replaced by (Ax - U » 7) where T is the time delay applied
to the measurement at (x,y,z). Here &Ax vepresents the probe separation in
the x direction and it follows the same sign convention as £5.

The model of (E.l) was programmed on a digital computer and use
made of the frozen flcﬁ assumption in generatingjg_data corregponding to the
probe separations and time delays incorporated in the present study. Figure 128
is a plot of £(f) and g(t) as generated by this program. It is seen from

(E.1) that the following hold:

~

vk
Il

13 = Rys
Eij =0 for 1 # j and one of §i, §j =0
Eij = g{f) for i = j and §i =0
§ij = £(£) for i = j and &% = 2

In the pregsent case of measurements made along a glide slope aligned with the

mean wind, £z = C and hence this theory predicts

X =R _=R_=R_ =0
v va WV VW

~ = &lt).

&
o
f=e
]
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APPENDIX F

EVALUATTION OF STATE DISPERSION MATRIX

We begin with the notation
T
L(t) A< y{t)y () > (F.1)

where y(t) is the state response to turbulence, as governed by Eg. (8.84).

From Zg. (3.1L4) we have

t t
o) - [ [ Eew) @R (et (52)
o} 0

Qur first task is to take advantage of the fact that the symmetry condition
(3.12)

®(t1,t2) = ® (tz,ts) (F.3)

exists; in fact, only @ values for to > t1 were measured in the wind-tunnel.

Thus, for Eq. (F.2), we can write
t ‘t;_ v &
I(t) =j f (+)dtidte ~+j f (+)dtidtz (F.4)
t1=0 t==0 t1=0 to=T1

and we use (F.3) in the first term. After reversing the roles of t1 and

btz and changing the order of integration in the first term, and defining

T = f
(F.5)
T =1tz - b3
Ega. (F.4) becomes
& E-T
2w = [ [ gm0 o (r.6)
o o
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where

I(£,7,0) = H(t,1) ®(T,T+)E (t,7+0)

+ H(5,740) @ (T,TH0)H (t,T) (F.7)

Note that since g? = J, then E? = L as should be.

There are many possible approaches to the double integration in
(F.6). A complicating factor is that the integrand depends explicitly on
t. A second source of complexity is that the experimental data for ®
are not available in a uniform grid. In an attempt to circumvent these
difficulties to some exftent, the following procedure was employed, in which

a differential equation for X was formulated. Denoting,

t-1
g6, f 3(t,7,5)dw (F.8)
0
we can differentiate
£(t) ftm ) (F.9)
& = ylt,7)dar F.9
o

by Leibnitz's Rule to obtain

. t
L(t) =f g'(-t,-r)dT + #(t,t) (F.10)

where the overdot indicates a partial differentiation with respect to t.

However, from (F.8),

Fe,8) =0 (F.11)

and

. t-T, ‘
Flt,T) =I J(t,T,0)d0 + J(t,T,t-T) (F.12)
Q
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Since

E(t,7) = exp[A(t-7)] B (F

we have

I(6,7,6-7) = explA(6-1)] B&(7,b) B

+ BE(r,8) B expld (4-7)] (¥
and it may similarly be shown that
.‘i(t’T’U) = h J(t,7,0) + J(t,T,0) /éT (F
Thus {F.12) becomes

$(t,m) = F(t,m) +F(b,m) BT + T(b,7,t-T) (¥

where J may be regarded as the "source" term, and is given by (F.1k4).

Substituting (¥.16) into (F.10) yields

b
g::(t) = Z(t) +__)':‘._(t) @T +I J(6,T,t-T)AT (¥

Q
Alternatively, replacing t-T by 0, we may rewrite (F.1l7) as

. &
£(8) = 5(6) + Z(6) & + [ 3(5,6-0,0)a0 &

o}

where

.13)

L)

.15)

.16)

A7)

.18)

I(t,5-0,0) = expls 0] B®R(5-0,8) B +B & (4-7,8) B expla’o] (F.19)

The experimental (wind-tuwmel) date are in the form of a table

of valueg of

cg(ti,timj); i=1, e s W3 J=3, e, N (F
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At & given ti, the value of fiat other than Uj 1s obtained by linear

interpolation of the form

s41) - A0t 405)

EL

®(t. ,t.
(i(ti,tiw ) =~ @_(ti,tiﬁrj) N {_(tl 70

} (U-Uj) (F.21)
With the ald of this interpolation formula, (F.1S) then gives E(ti’ti'g’g)

for all ¢ in the range 0 < 0 < t. A trapezoidal integration scheme 1s

then indicated for the integral in (F.18), permitting finally the

numerical solution for the differential equation for E(t). The initial

condition on I is, from (F.2),
Z(0) =0 (F.22)

In this manner, the dispersion matrix for the state variables

may be computed for any point on the trajectory.

137



APPENDIX G

COMPUTER CODES
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CRELEASE 2,0  MAIN DATE = 76111 09749758

IMPLICIT REAL¥8{A=Hy0=2)

REAL®E MUsMASSsIYYsIIYYIKKINDEXIKE

COMPLEX #1& ZSIGI6)sCEXPASIGG)

COMPLEX 2(3)

LOGICAL LAM

LOGICAL*4 UUsUWsWU sWWsWANT s WANTV s WANTC

REAL*4 Al4)

COMPLEX#16 LAMAADI{S) sUUAADIG+6) +DET»sUUAADL (6461}

DIMENSION WWK{616)

DIMENSION SQURCE(646)

DIMENSION LIR{G)IICI6)

DIMENSION QOiI6s6}120P(6)

DIMENSION PROD(646)

DIMENSION TADD(&+6)

DIMENSION WRIG)I»WILEI2ZZ(696) sFVI(6)2IVIiE)

DIMENSION AL(B5+6) +ARI6s6 ) yALINVIO16) s WK GG 9K {3) 9 XR(3)
"DIMENSION BRUG632) sAGGAMIG I L) vAWWIE 11 ) 2AGIE12 ) +AA(G 6 ) »BBCIGIL)
1A1{69119sB(6Es11sBB(6Es2)»
1EE{2+6 ) 2sBGOAMIZo 1 sEEAAIZ26) sEEBBC (292 ) sELAL2s1) sEEBIZel) s
ZEEBBCI (25219 WKL1(20) 2 TEMP26(296) + TEMPEE (616 1AAS (696 ) s TEMPZL(29L) s
ATEMPLLIIG 1) 2AS (691 ) sBS{E6sL) s TTMP21(2910)

DIMENSION Y{&)sYPI{6)sWk2(30)

TTDIMENSION EEBEETZ2 981 +EEBLCBIL29 1)

DIMENSION S5GI(2+2)195585(6+6) 95581 (6s6)2AAD(6»& ) sBBD(EsZ2) s
LTEMPL 2 (692 sWK3{150 TSI 7) sNSIGIT) 9SIGSS(1297) +RRDATAIZs20128 7}
1YY (34) +SIGSIG{696)»YYP{36)

DIMENSION TRRUL11e7)+DHGT {11071 sHGT (T

COMMON AAB+AL'EEBCE+EEBCByBBCyWWOGH v HGGH I NDEX s WWEH sDETASDPI 9 SINGE

T TWHEHO s KE « CCEZNsMUSCCZAD T ' ’ N
COMMON/PASS/LAMAAD s UUAAD sUUAADI
COMMON/PASS/BBDSIGSSsTS+RRDATAINNSNSIG
COMMON/SINGLE /AAD
EXTERNAL LAND
EXTERNAL CORREL
LAM = WFALSE.
RHO=3+ 002378
§5242 040
C=z6:5
MAS55=134]1.900
MU=24 ODO*MASS/ (RHO#SS*#C)
11YY=23472.0
IYYeB e ORI IYY/ (RHONSSHCX%S )

€ CALCULATION OF REFERENCE EWQUILIBRIUM VALUES
NDEG= 3
Pi=34164159

_KK=20.0314

CChDO=04242
CLOLLOO=14576
CCLLA=5,789
CCDDCT==0.75
CCLLECT=0455
CCMCT==041698

T T T CEZN=045236 '
CCMN=2.068
G=23242
WWGG=6640
RATIO=2.0
VVEZRATIO#WWGEG
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RELEASE 2.0 ) MAIN DATE = 7elll 09/49/58

C
C
C

[0 "

11

ST

160

101

13

21
22
14

105

106

C

" CCTTEA=CCDDEA=CCWWE*SINGE

THIS COMPLETES A CALCULATION OF THE REFERENCE EWUILIBRIUM CONDIETIUNS
. CCLLS=CCWWE*COSGE

WE=RHO®YVEH#VVE/2 .0

CCWWE =MASS®G/ (QE*5S)

PPMAX=345T75Eb
CCTTPI=6.5617*PPMAX/(OE*SS)*lU.lBll/VVE+O-UUZll
HO=694 « 44 '
H1=63 40

HGG=1000e0

HGOH=HGG/{C/2+0)

NDEX=0.16D0

GAMEE =1540%P[ /18040

" WWE = 574000

WWEH=wWE/VVE

WWGGH = WWGG/VVE

VVEEE=DSQRT (VVE*VVE=WWE*WaE®¥DSINIGAMEE ) #%2 1 =WWE#DCOS [GAMEE )
GAME=DARSINIVVEEE#*DSIN(GAMEE ) /VVLE)
COSGE=DCOS{GAME !}
SINGE=DSINIGAME)

TANGE =SINGE/COSGE
TT={HO=-H1}/VVE/SINGE

Alll=KK

Al21==KK+CCLLOO

AL CCLLA+CCDDO-CCWWE*SINGE

CALG Y == CCLLOO* (CCODU~CCWWERS INGE ) =CCLLA*CCWWE*COSGE
USE IMSL SUBROUTINE ZPOLYR TO FIND THE ROOTS OF THE POLYNOMIAL
ALTIRXRENDEG+AL2 ) AXX ¥ (NDEG=Ll]+aseneessssscatosatne

IS A COMPLEX ARRAY
CALL ZPOLYRI{AWNDEGIZaZs1ER)
WRITE(6s10} [ER
FORMAT{1HT» "ERROR CCDE = "2 161
DO 11 I=143

XR({]VY=REALLZ (I
XICIY=AIMAGIZ (1))

DO 12 K=ls3

IFIX1{K) «NEe De0Q) GO TO 13
CONTINUE N o ' ' o ST |
WRITE(6+1001

FORMAT (1H1+'THREE REAL ROOTS ARE!')
WRITE(6+101) XR

FORMAT (1HO+1P3E2046)

GO TO 14
no 21 K=1+3

IF (XI(K} oEQe 0e0) GO TO 22
CONT I NUE
CCLLE=XRI(K)
CCDDE=CCODO+KK*CCLLE® %2
CCTTE=CCDDE~CCWWE *¥S INGE
DALF={CCLLE-CCLLOOY /CCLLA
WRITE(69105) CCLLE+CCDDE+CCTTE $DALF

FORMATUIHO'CCLLE = '3 PELGe62DX+'CCDDE = '"92lPEL4s695Xs'CCTTE = 1y
1IPELl44625Xs 'DALF = Y4y 1PEl4WD}
CCLLEA=CCWWE*COSGE

CCODEA=CCODO+KK#CCLLEA**Z

WRITE({ 64106} CCLLEASsCCODEALCCTTEASRATIO
FORMAT {1IHO » *CCLLEA = '"s1lPEL44699X 0 'CCDDEA = "9 lPEL4s615Xs
1'CCTTEA = '"31PEl4abe2Xs'RATIO = "4 1PEY42)
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RELEASE 2,0 MAIN DATE = 7611l 09749758

CCXU==~2 4 O (CCDDE-CCLLS*TANGE)
CCDDA=2 O#KK*CCLLE®CCLLA
CCXA=CCLLS~-CCDDA
CCZA==(CCLLA+CCODE)
CCZAD==2,4150
CC2Q=~Ts 144
CCMA==2,4,026
CCMAD == 4663
CCMQ=2=28,76
DO 31 I=14+6
DO 31 Jslséb
AL{IsJ1=5040
3l AR(IsJd 13040
AL{Lls1l)=2,0%My
AL(Z292 =2 ¢ OXMU=CCZAD
AL(342 ) ==CCMAD
AL(3s3)=]YY
AL(4s& )= 140
AL(S5s5 =140
AL(Es&1=140
ARIL1s 1 )= UM CCLLS*TANGE+CCXY
ARI1+2}1=CCXA
AR(1s4)==CCLLS
AR(2¢ 1 1 ==20%CCLLS
ARI222)V2CC2A
AR{Z293)1=2,0%MU+CCZW
AR{Z2s4 )= CCLLS*TANGE
AR{342)=CCMA
TARI3,3)=CCMG
AR(4+3)=1.0
AR(S4+1)=COSGE
AR{S5s 2 ) ==SINGE
AR(S5+4)=51INGE
AR(641)==51NGE
AR(6s 21 =2=COSGE
ARIE» &4 1 =COSGE
IDGT=0
CALL LINVZF(AL»EsSsALINVIIDGTyWK»IER)
WRITE(&s 88) [ER
88 FORMAT{1HOs'ERRQR CODE = '"s16}
T T DETAE 1s1.6 ) ’
DO 44 Jd=142

44 AGLT s JI=ART T4 J}
AGISe1) = U
e e -
AGIAEsL) = [

AGLEsZ2) = (e

CALL MAT L (6969 ALTIAV I ARYAN)

CALL WMAT VL (&0 29sALINV AL HE)
C L B B B BN ]

1EY LAY S0 TG l-b()d—m*wv“

S5GI(1+1)=2=COSGL /VVE

SS5GIZ2272)=558G1 (1411}

SEGI{2+1 )1 =8INOE/VVE

5SS lile2)==558G]{zssl)

U 300 IT=14+6

NO 300 Jzlsé

SSS(1sd) =06 0DU
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RELEASE 2.0 MAIN = DATE

00

301

302

303

717

781

84

B2

81

85

83

T80

SES1 T ) =04 000
555001 1)=vVE
S55(0242) =16 10070
555(03+43) =2 00UHVYE/C
5585(4+4)=2]1.0D0
555(5+51=C/2.0D0
S55(L»61=C/240D0

DO 301 I=1s6

5551 (1+1)=140D0/SS51(1s1)

CALL MATML 69692 +5551BB»TEMPE2)
CALL MATML (6322 s TEMP6E2s55G] sBBD)
DO 302 [=1ls6

DO 302 J=142

BBRIT s JI=BBDI{1 2 )# 24 ODO*VVE/C

TCALL MATMLLG6s6+695551AATEMPES )

CALL MATMLI(64+6+6+TEMPGE69535519vAAD)
PG 303 I=1y6

DO 303 J=lsb

AADII s J¥=AAD(I T v J)*2.000%VVE/C

DO 777 I=1+6

DG 177 J=1r6

TADD( T2 =AAD{T»J)

MATZ=1

= 76111

CALL RGU(6sBsTADDIWRIWIsMATZ s ZZvIVIFVIsIER)

DO 781 I=1s+6
LAMAAD(I!%QCMPLX(WR[;)sWIlIlJ

KK=]

IFIWI(KK) «NEs Q«0D0O) GO TO 81
DO 82 I=146

UUAAD L T aKKDIEZZ (] #+KK)

KK=KK+1

IFIKK «GTe &) GO TO 83

TGO TO B4

CONT I NUE

DD B5 I=146

VUAAD (T oKK)=DCMPLX(ZZ LT oKK)} ¢ZZ {1 skK+11})
UUAAD [ T oKK+1) =DCONJGIUUAAD I I »KK )
KK=KK+2

IF(KK «LEe &) GO TO 84

CONT I NUE

DO 780 I=1ls6

DQ 730 J=1s6

UUAAD T (T +J)=UUAAD (T sJ)

C  INVERT THE COMPLEX MATRIX UUAADI

cC

T60

702

CCALL MINVCD{UUAADI #Bs6sDETHLIRSIIC)
THIS IS THE WIND TUNNEL DATA

IVELW = 3

NN = 7

DO 700 N=le5
NSIGIN) = 10
NSIGE6&Y = 11
NSIGI7) = 11
NTABLE=27

PO 704 K=1sNTABLE

DO 701 N=1sNN
READ(5+702) IVELSIRSIC
FORMAT(312)

WANTY = IVEL «EQe IVELW
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RELEASE 2.0 MAIN ' " DATE = 761il

ud = IR oEWe 1 +ANDs IC +EGs 1
UW = IR «EQe 1 o«ANDs JC «EQe 3
W = IR +EQe 3 ¢ANDs JC »EQ. 1
WW = IR 4EQe 3 +ANDs [C +EQs 3

WANTC = UU +0Re UW +0ORa WL eURe WW

WANT = WANTV +ANDe WANTC

READ(S9703) HGTI(N} o (DHGTIMeN) s TRR{MaN} sM=1411)
703 FORMATI{BE1Q+3}
o IF{«NOTs WANT! GO TO 701

TSIN}I = (MO = HGTIN))/VVE/SINGE

MM = NSIGIN}

MMML = MM = 1

DC 708 M=1sMMM]

51GSS{MyN) = DHGT(MsNI)/VVE/SINGE

IFiun) RROATA(Is1oMaN) = TRRI{MsN)
IF{Uw) RRDATA(Ly23MsN) = TRR{MeN)
IF (WU RRDATA(2+1sMaN} = TRRIMsN)

708 IF (Ww! RRDATA(2¢2 MiN) = TRRIMeN)
SIGSSIMMINY = TT=TS (N}

DO 709 I=1»2
DC 709 J=1s2
109 RRDATA (I sJesMMeN) = (.0
701 CONTINUE
704 CONTINUE
Cex#xeux® END OF TUNNEL DATA INPUT
TTINT = TT/1040D0
‘DO 308 I=1s36 =
308 YY({1)=0s0D0

IN=1
SA=0400D0
FIN = TTINT

585 H=TTINT/15.0D0
o " CALL RKGILIYY»369SAsFINsH+CORREL?
DO 309 I=14+6
DO 309 J=lsb
INDEX=6% {J=l)+]
309 SIGSIG{1 s J)=YY{INDEX)
o WRITE (645361 FIN S
536 FORMAT(1HO'FIN = '+1PE2046)
WRITE(6+534)
534 FORMAT{1HD'SIGSIG VALUES')
WRITE{&+533) (ISIGSIG LI sJIsd=1s60s]l=1s6)
533 FORMAT{1H s1P6D18e8)
IN=IN+1 ‘ N
CIF(IN «GTe 10) STOP
SA = SA + TTINT
FIN = FIN + TTINT
GO TO 555
C [ N N N
1000 KE=DSIN({GAMEE ) /DCOS(GAMEE=GAME )
DO 41 I=1+6
DO 41 J=1,42
41 BRI1+J41=0e0
BR{1¢42)==CCODCT#CCTTPI
BR(2+1)=CCZN
BR12s2)==(CCLLCT+DALF 1 #CCTTR
BR(3s1)=CCMN
BR(3921=CCMCTHCCTTRI
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... DO 42 I=1s6 =

42 AGGAM (14112040
AGGAM( 131) =24 0#MU*COSGE
AGGAM( 291 )==2 4 O*MU*S I NGE

DO 43 I=}1.46
43 AWW(I»1)=040
AWWI(Ss1)w=140
CALL MATMLI&s6+2sALINVIBRBBC)

CALL MATMLI{6+6+1sALINVIAGGAMAL)
CALL MATML (63691 sALINVIAWWB)
00 45 1=1,2
DO 45 J=zlib
45 EE{I+J)=0a0
EE{1»11=1la.0

EE(2s2)==140
EE(2s41=140
BGGAMiI1s1)2040
" BGGAM{Zs11=KE
CALL MATML(Z9e69&sEEVAAIEEAA)
CALL MATML(Z246+2EE+BBCSEEBBC!

CALL MATMLI(Z2+6s1sEEWALSEEA)
CALL MATML(Z2+6+1+EEsB+EEB)
C_INVERT EEBBC AND CALL 1T EEBBCI

10GT=0
CALL LINV2F{EEBBC242+EEBBCIvIDGTsWKLsIER)
WRITE(6+88) IER

CALL MATML(Zs2+64EEBBC] sEE+EEBCE)
CALL MATML{(292+1+EEBBCI +BGGAMEEBCE)
L HEHO=HO/1C/240}
HEHI=H1/(C/2401
DELT={ HEHO=~MEHL1) /100+0/5INGE
HEH=HEHO

C SET INITIAL VALUES
0O 333 L=1s6
333 Y(L1=0s0 o | |
C USE IMSL SUBROUTINE TO SOLVE THE THE SYSTEM OF DIFFERENTIAL EQUATIONS
C SA IS5 STARTING PCINT AND FIN I5 FINAL POINT OF INTEGRATION

C H IS INITIAL GUESS OF THE INTEGRATION STEP SIZE WHICH WILL BE ADJUSTED

SA=0,. 0
46 FIN=SA+DELT
MeDELT | o
CALL DASCRU{LAND»SAsFINIHIB Y 2 WKZ JER)
WRITE(&y88) I1ER
WRITE(6989) H

8% FORMAT (1HO» "ADJUSTED STEF STIZE = "sE1343)
WRITE(6+95) DETADPI

95  FORMATI(1H +'DETA = '»E20e5310Xs'DPI = '4E2045)
WRITE({6+90) FIN

g0 FORMAT [1HO» 'SOLUTIONS AT POINT'+2X+1PE2045)
WRITE(&s91) Y

9l FORMAT (1HO» 1PEE20«5) _ o I

SA=FI N
IF{{HEHO=SINGE#S5A+Y(6)) «LEe« HEH1) GO TO 47
GO TO 46 ' '
47 STOP
END
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CRELEASE 2.0  RKGIL o DATE = 76111 0Y/49758

SUBROUTINE RKGIL [Y+NORDsA»BsHIDER)
IMPLICIT REAL#B(A=HsQ=}
DIMENSION Y (361521 (36)»YYL{361»PL10) Q1301 YPRIMI30)

o R2sSQRT(24) _ RKGILVO0Z
C Al=1.=0.5%R2 B o T T T UTRKGILGoR
A1=042928933 RKGILOOG
C AZz=24.+34/R2 RKGILOOY
A42=04121320% RKGILUOG
c A3=2,=~R2 RKGILUOT
.. A3=0.5857667 S _ RKG1LLQb
¢ Abzl,+1e/R2 o B ’ o T RKGILOOY
A4=1.7071070 REGILUIY
¢ AS==2¢=3,/R2 RKGILOLL
ASm=4.41213207 RKGILUL2
¢ Abm2¢+R2 REKGILUL3
_ AbTI 4142136 RKGILULS
e e A e . L o RCTLOLS
. AT=0s 16656666 KKGILULE
C ABz=1a/3,

ABow(,3333333 RKGILOLY

NSTEP=0e5+1{B=A}/H
L=0 RKGILO20C
T TX=A T T e . ST i ’ e REGILOZT
100 CALL DERINORDsXsYsYPRIM) KKGILUZ2
DO 1 l=1lsNORD KKGILOZ3
ZLLY=YPRIMUI ) #H REKGILUZ4
YYL(II=Y(I) + Oa5#21(1) RKGILLZS

1 Qlelr=21¢(1) RKGILUZE
CALL DERTNORD » X+ 0o 5% oYY Lo YPRIM)  ~ T ’ - ' T
DO 2  1=1WNORD RKG1LUZE
Z1(11aYPRIMIL ) #H RKGILOZY
YYL(L Y =YYL(l) + AL#(Z1tI)1=~QL(I)] RKGILU3Y

2 QLIIY=AZ#Qli] }+A3#2ZL(1) RKGILO3L
CALL DER(NORD4X+0+5%HsYY1sYPRIM)

D6 3 T=ISNORD T T o o o ' ) REGTLG3T
2111y= YPRIM(I)#H RKGILG34
YYLOI)aYYLUD + AG®(ZL{I) =Qhti)) RKGILU3S

3 QLIII=ASHQL{1) +A6%Z1(1} RKGILO3E
CALL DER(NORD sX+Hi1YY1sYPR{M)
N DO &4 I=1,NORD RKGILO3G
TTRINTI =2YRRIM(TI TeR T ' ’ ' RKGILO3Y
& YiI)= YYLUl) + AT#ZL([) + AB*QLLI) RKGILU&GU
X=X+H RKGILUSL
Lel+l RKGILO4Z
IF{L=-NSTEP)1001545 REGILO43
5 B=X
- CTHETURN T
END RKGILG45
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SUBROWTINE CORREL(NORD»TsYYsYYP)
IMPLICIT REAL#B8{A=H0=2)
DIMENSION SOURCE{6+6) »AAD (66 ) +BBDI622)+SIGSS (L1297 ) 9sTS(TIeNSIGIThy
IRRDATA(Z242+12+ 7)) 9S1GSIG(6+6)+5]GFP {66} e YY1 36)3YYP(36)
C COMPLEX*16 LAMAAD(S) sUUAAD (646 ) 2UUAADT (646
COMMON/PASS/LAMAAD »UUAALHYUVAADI
COMMON/PASS/BBDSIGSSsTS+RRDATASNNINGIG
COMMON/SINGLE /AAD
DO 1 1=1s6
DO 1 J=146
INDEX=6%(J=1)+1
1 SIGSIGIIvJ)=YY({INDEX)
CALL VALINT(T+SOURCE+BBDsSIGSSoNNsTSsNSIGsRRDATA)
DO 2 =146
DO 2 J=146
SIGP{ ] 9J)=SOURCE(1sJ)
DO K=lé '
2 SIGP(1 s ) =SIGP LI 2 JI+SIGSIGII oK I *AAD (J 1K)
DO 3 I=1+6
00 3 J=1y6
DO 3 K=l6
3 SIGPI I s JI=SIGPI] s J)+AAD(L sKI*SIGSIG(Ksd)
ST Db e I=1ye T
DO 4 J=1le6
INDEX=6%(J=1)+]
4 YYP{INDEX)=5IGP(1vd)
RETURN
END _
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RELEASE 240 ) VALINT DATE = 76111 ' U9/649/58

w P

INSIG(7) sRRDATA(2+9201247)

SUBROUTINE VALINTIT»SOURCE+BBDsSIGSSsNNsTS5sNSIGIRRDATA)
IMPLICIT REAL®B(A=HsO=Z)

DIMENSION X(21)sSOURCE(616) sAAD(6+6) sBBD (6921 +51G5S11297)sTSIT)
REAL*8 1INT{(6&+8) o
NX=20

NXMLl = NX = 1

DEL = T/DFLOATINXML1)

Xt1120.0D0

DO L M = 20NX

X(M) = DFLOAT(M=1}#%DEL

CALL FIND(TsUaODOIINT+BBDSIGSSsNNsTSINSIGsRRDATA)
DO 2 I=1+6

DO 2 J=lsb

SOURCE (I v} =T INT (T 0J)

DG 3 M = 2yNXMl

SIG=X (MY e

TMS=T=51G

CALL FIND(TMS+SIG+IINT ' BBDsSIGSSsNNsTSsNSIGsRRDATA)
DO 4 1=]+6 )

DO 4 J=1ls6

SOURCE (T 2J)2SOURCE(L 2 J)+220DO*IINT{IsJ)

" CONTINUE

SIG = X(NX)
TMS=T=-S1G

CALL FINDITMS+SIGIINTsBBDsSIGSSINNsTSsNSIGIRRDATA)
DO 5 12146 :

DO 5 J=146

U SOURCE(] s J)=S0URCEIT»JI+TINT(Tsd)

DO 6 (=16

DO 6 Jelsb

SOURCE (I +J)2DEL/2+0DO*SOQURCE (1 vJ)
RETURN
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RELEASE 240 ' FIND ' ' DATE = 76111 09/49/58

—

SUBROUTINE FIND(T+51GslINTsBBDsSIGSSINNsTSsNSIGIRRDATA

IMPLICIT REAL®E[A=Hs0=2)

DIMENSION RRDATA(Z292+129THeTS(T) oNSIGIT)I 951055 (123711AADGsE)»
1BBDIG s 21 s TEMPEE{616) 45165112
" REAL®¥B JINTID(&E+vEsTIsIINT(6s0)

NNM]=NN=1

DO 1 N=1sNNM1

IF{T oLEe TSIN+1)+8IG) GO TO 2

CONT I NUE

NPL=iN+1

MM=NSIGIN}

PO 3 M5] oMM

SIGS{M)=SIGSS (MeN)

CALL FIND2IN+SIGITEMPS66+BBDsSIGSIMMaRROATA)

DO 4 [=146

DO 4 J=ls6

TINTID( o JaNI=TEMPBGI 1)

MM=NS IG(NP])

DD 5 M=1 gMM

SIGSIMI=SIGSSIMeNPL]

CALL FINDZINPLsSIGsTEMPEE+BBDSIGSIMMIRRDATA)

DO 6 [=1s6

DU & J=1+6

TINTLD (] o JeNPLI2TEMPEE (] s )

DG 7 I=116

DO 7 J=lab

EINTO D wd b 2L ENTID (I s doNI+{TINTID(T s JaNPLI=TINTIO (I s SN P/ {TSINPL)
1-TSIN) I*{T=(TSINI+51G))

RETURN T '

END
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RELEASE 2.0 FINDZ DATE = 7&l1ll Q9/74Y/58

11

12

15

a8

SUBROUTINE FIND2INISIGsiINTLIDsBBDySIGS 1MMaRRDATA)
IMPLICIT REAL*B{A~H1O~Z ]

COMPLEX*16 LAMAAD(6) sUUAADIG6) 2»UUAADT (616} »CDEXP

COMPLEX%*16 251G(6) sCEXPAS({G6 G

DIMENSION RRDATA(Z92912s7) sAADIGH ] sEXPASLIO6 46 sBBD 6920 9sPROLT 126
145165012 ) 2 TEMPO2 (6 0Z2) sWK {616 sWIH) 2 TEMP22 12421 s TEMPOHG (616 )

REAL#*8 JINTID(6+6)

COMMON /PASS/LAMAAD sUUAAD s UUAADI

COMMON/SINGLE /AAD

MMML = MMm~=1

DO 11 [=146

Z51G1 1 1=LAMAADLI ) *5]G

ZSIGL 11 =CDEXPIZSIGII )

DO 12 l=14+6

DU 12 J=1s0

CEXPAS(Iadl= (Qa0DUs0ODO)

DO 12 K=leb

CEXPASIT s J)=CEXPASLI«J)+UUAAD (1 oK 1 #Z2STIOIKI*UUAAVL (K J)
DG 15 I=14+6

DO 15 J=1la6

EXPAS({ T+ J1=CEXPAS(]2J)

CALL MATML (6963 29EXPASsBBDWTEMPOZ)

DO 1 I=1,2 h

PO 1 J=14+6

PRODT (I J)=TEMPBZ21J»1)

DC 2 M=1+MMML '

IFI{SIG oLEe SIGS(M+1)) GU TO 3
CONTINUE

DO & I=1»2

DO &4 J=142

TEMP22(Js ]l )=RRDATALI o Jstia NI+ (RRDATA( ] sJsM+L NI ~RRDATAL] s JsMen)}
1/45165(M+]1)=5TGSIM) I *{SI0G-SIGS (M)
CALL MATML 6929 29BBD+TEMPZ22TEMPG2)
CALL MATML 163246 s TEMPOZ+PRODT » TEMPGSE )
DO 5 I=l+6

DO 5 J=146

TINTIC(I s J)=TEMPESL LI v JI+TEMPEGE{Jr] )}
RETUR M

ERD
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RELEASE 2.0 LAND ~ DATE = 76111l 09/49/58

SUBROUTINE LANDIY+THATsLaYP)
IMPLICIT REAL#B{A~HsO~Z)
REAL*8 N sKEsMU

DIMENSION Y(6)9YP(6)sAAL6+161sB(61L) »ALIO» 1) sEEBCE (296} 2EEBCBI2910
1BRCIG s 21 s TEMPOLIB) sOUL2]) ' ' ' o '
COMMON AASBrALIEEBCESEEBCBsBBC +WWGGH s HGGH s NsWWEHDETA»DP1 s SINGE »
IHEHOS KE+CCEZNIMULCCZAD

HHEHEMO=S INGE*THAT+Y (&)

RATIO=WWGGH /HGGH* t HH/HGGH ) %% (N=140)

GGAMM = N#RAT U%* (=5 NGE)

DELWWH=HH®RAT [O=WWEH

DO 1 I=1ls6
TEMPEL (11 =AL{Ts1 ) *GGAMH+B( [+ 11 #DELWWH
DO 1 J=146
1 TEMPLI (I I=TEMPELITI+AAL T »J)%Y ()
DO 2 1=l»2
DUILT) =EEBCB (] o1 ) *GGAMH
DG 2 J=116
2 DUIT=DUlI)~EERCE( T+ JIRTEMPELITJ)

DULL1I==005%(Y(6)+ LUXTEMPELIG))
IF{DABSIDU(1) ) eLTe0e35) GO TO 10
~ DUt1)=DU(1}/DABSIDU(L) #0435
10 CONTINUE '
DUL2) = 2.DO¥DELWWH
DO 3 I=1486
YP(I)=TEMPEL1(])
DO 3 J=le2
3 YP(II}=YPUII+BBC{ L +J) #DUJ)
 DETA=DULIY '
DPI=Di2)
RETURN
END
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TRELEASE 2.0  MINVCD DATE = Telll  09/49/58

SUBROUTINEMINVCD (AsTAsMADETAIRY]IC) [ALSTAENTSTETART]
IMPLICITREAL*B{A=H+0=2) [VIVTS IV DR {v10)
COMPLEX#L6ATTIAs Al sPIVSDETASTEMPSPIVL 00002000

_ DIMENSIONIR(MAY#ICIMA) e _uuua3ey
DOlI=1»MA ) R e 0004000
IRII}=0 00005U0w

1 ICiTaQ Q0006000
DETA=( 1000 2040D0) QULOTULY
520,000 uo00d00oQ

R=MA [WIeTRIOL JoT4TH]

T T T CALLSUBMED LA TAS TAYMAWMAYIR TC Ty Y T T T T T TG00 10000
PIv=AiTled) 00011000
DETA=PIV#DETA 00012000
Y=CDABS(PIV] 0eQl300u
IF{Y+EQe041QOTOLT wo01l4000
IR(II=J Q0019000

-~ IR =S .. eoisoo
PIVa{1.0D0+040D0)/PIV 00017000
AllsJi=PlyV QURL80QV
DObBK=11MA QQQl1l900¢

S IF(KeNE« JYAL{TsKISA({TsKI®P]IV V0020000
DOGK=1 s MA Q0Qzalo0e

- TTTIFRLEQL DYGDYOS T T T - 7 I [ 5 FP T
PIvi=AaikKed) V02300V

& DDBL=1+MA Q0024000

8 JF(LaNEsJIAIKsLImAIKsL)I=PIVI®A{T L) 00025000

9 CONTINUE 00026000
POL1K=14MA Q0027000

TTIT IF (Ko NE« THATK » JT WP TVHATK s ) oo E N i Yo PY YO )
5m5+1.000 Q00a29000
[IF{SeLTsRIGQTO2 QOQ3000V

12 DOLEI=1aMA 00031000
K=I1Cr]) 00034000

L MEIRGIY 00033000
IFIKe EQa1)1GOTOLSE Q0034000
DETA==DETA wo03500uL

DOl4L =]l 1 MA 0003600V
TEMP=A{K L} 0QO37000

AlKsL ImAl L) 00038000

L de A(IsLdeTEMP 00039000
DOLlSL=]1sMA [SLA Yo TAVEF 4] 4]
TEMPsA{L ¢M) Q0041000
AlLaMI=ALL o) QQU&20QU

1% AlLs] 1 =TEMP Q0043000
IC(M) =K Q0044000

IR(K) =M Q0045000
16 CONTINUE T T e T mo e o 00046000
RETURN 0004 70Q0

17 WRITE(64+18) 000480060

18 FORMAT (! MATRIX 1S5 SINGULAR') 00049600
RETURN Q0050000

~ END o ) _ 00051000
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RELEASE 2.0 T SUBMCD TTUTUDATE = 16111 C O a9/45/58

SWUBROUT INESUBMCD (A TA s JASMASNASIRsICoI st IFIIE
IMPLICITREAL*8(A=HO=Z} VUOULUGU
COMPLEX#16A({IAvJA) (IBTIFI
DIMENSIONIR(MA) s 1IC{NA) VOLO30OU
720 R L N . It g
JE0 VOOUSVOR
TEST=040D0 VULUEUOU
DO5K= 1 sMA YULOUT00V
{FULIRIK) sNEsOIGOTOS QUUUBOQU
DO4L= 1 sNA VO0USLoL
IF(ICTLY WNEWDIGOTO, — N V¢ TS (T I IV
X=COABSIAIKIL] ) VOOL1ugo
IFIXe LT2TEST IGOTOS UQUi200u
T=K QUUiI300U
JrL GOUl4uu
TEST=X Coolsouu
TR EONTTNUE T e ' T T Toudlevun
5 CONTINUE 0L01TUoU
RETURN QUULlBLOU
END ' 0001y000
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"RELEASE 240 T T MATML DATE = 76111 ‘ 09/49/58

SUBROUTINE MATMLILsMasNsA»Bs()

IMPLICIT REAL*¥B{A=Hy0=2)

DIMENSION A(LsM)IsBIMaN) o ClLIN)
DO I I=lib

DO 1 J=1sN

CilIsJ)I=040

DO 2 K=21sM

Cilad)=ClIsJ)+A(]IKIHBIK )

CONT I NUE

RETURN

END ’

-

153



RELEASE 240  MATsuB

SUBROUTINE MATSUBLILsMsABLC}
IMPLICIT REAL*B{A=H:s0=Z]}
DIMENSION A(L Ml +BILOM} o ClL M)
DO L I=1sl
DO 1 J=1aM

1 Cllod)=AlTsdl=B(Isd)
RETURN
END

DATE = 76411
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ft.

B5R,0
B50.8
B43,7
B3645
8294
B22.2
Bl541
B07.9
B00.8
793.7
78645
T79:4
TT2e2
T65,.1
157.9
750.8
Tad,?
73645
T29 4
7222
715.1
TOT79
T00.8
693,7
68645
67944
&£T24.2
665.1
£57.9
6508
643,.7
6536.5%
62944
62242
6l%.1
&0T%
600.8
593.6
58645
5794
57242
56541
55749
550.8
54346
53645

fps

6643
662
66,1
6640
6549
6549
65.8
65.7
6546
655
65s4
653
6542
6541
650
6429
648
b4l
b4eb
645
GEhely
43
6442
6441
6440
6319
63.8
6347
6345
6labs
6£3.3
63e2
63.1
630
62¢9
627
626
625
6244
6202
G2.1
6240
619
6l+8
616
615

TABLE 1

FLIGHT PATH TIME HISTORY

vg = 45 DEGREES, VW, = 1.20, V = 81.5 FPS

FULL SCALE - W/68

- W34 =

(2/1000) ** 0.16

(Z2'/7)** 0.16

MODEL~
FULL SCALE
VE Vo cosy_ V. siny t
E E 'E E
£ps sec
19.8 14,0 14.0 0.0
19.9 la,l 14,1 Qeb
20-0 1“.1 1“.1 1.0
20.1 1442 1442 15
2042 14,23 16,3 2.0
2043 14,4 1444 2e5
ZOOh 14.4 14.“ 219
20.6 14,5 laed 3.4
2047 lbda.6 lasb 3.9
208 laa? lae7 el
20.9 1448 l4aB 449
2140 l4.8 lta.8 5 el
2le1 14.9 149 5.9
2l.2 15.0 15,0 623
2led 15.1 15.1 &8
21e5 15.2 15.2 T3
21.68 15.2 15.2 TeT
21.7 1543 15.3 8.2
21'8 15!4 154 807
2149 1545 155 9.1
221 15.6 1548 Feb
2202 1547 15,7 10.0
2243 15,8 1548 10.5
224 15,9 15.8 10,9
226 15.9 15.9 1led
227 l6e0 1640 118
2248 1641 16.1 12.3
229 1642 1642 12.7
23.1 1643 1643 13.1
2362 lé et léet 13.6
233 1645 1645 1440
2345 166 l6e6 l4e4
23,6 16.7 1647 14.9
2347 1648 1648 15,3
23.9 16.9 1649 15,7
2440 170 170 16.1
24.1 17el 17.1 1645
2643 172 1742 17.0
2haeb 173 173 174
2446 17.4 17+4 17.8
2447 1745 17.% 18+2
24e9 178 1786 18.6
250 177 177 19,0
25.1 17.8 17.8 19¢4
2543 17.9 17.9 19.8
254 18.0 18.,0 20.2
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99

99
10.0
10.0
10.1
1041
1062
10e2
10.3
10.2
104
1045
106
106
1046
1047
10.8
10.8
1049
109
11.0
11,1
11.1
11.2
112
11.3
ll.4
1la4
1145
11e6
11l.6
11.7
11.8
11.8
1l.9
12.0
1241
12.1
l2e2
1243
1243
12e4
1258
1246
1246
1247

'
VE

fps

9.9

949
10,0
10.0
1041
10.1
1062
10.3
10.3
104
1044
10.5
105
1046
1047
10,7
10.8
10.8
1049
10.9
11.0
1l.1
1le1
11l.2
lls3
1l.3
lled
llet
115
1le86
118
lla7
ll.8
118
1l.9
12.0
120
1241
12.2
12.3
123
1244
125
1245
1246
1247

MODEL

z!
in.

6006
S.95%
5.905
$4855
54805
S5.75%
5.7uS
Ss65%
S0
5:55%
S.505
5.455
5:405
54355
54305
54255
5.20%
SelBs
&.10%
S:055
5205
He95%5
44905
44855
L4805
4eT7H5
44705
41655
LTE-1°)]
44555
44505
4445595
44409
He355
4,305
Ge255
4.20%
bel55
44105
44055
4a0U5
3.9595
34908
3.8%%
3,805
3.755

t!
secC.

0.00000
0.00059
0.00117
0.00176
0.00234
0.00292
0.00349
0.00407
0.00463
0.00520
0.00575
0.00632
0.00688
0.00743
0.00799
0.00853
0.00908
0.00962
0.01016
(.01069
0.01123
0.01176
0.01228
0.01281
0.01333
0.01385
0.01436
0.01488
0.01539
0.01589
0.01640
0.01690
0.01740
0.01789
0.01839
0.01888
0,01936
0.01985
0.02033
0.02081
0.02128
0.02176
0.02223
0.02270
0.02316
0.02362
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TABLE 3

PROBE VELOCITIES AND MAXIMUM ACCELERATIONS

FOR ALL CASES STUDIED

Velocity Max.Starting Ma_x.StoppiEg Largest Accel.
Range,fps | Accel. fps Accel. fps During Run fps
Non~frozen flow 0 - ~40 ~300 ~ =2900 ~500
Frozen flow, €= 90; R
for 7g = 157,45
end €= 45° 0 - ~20 ~130 ~ =65 ~=k0
for y_ = 90°
E
Frozen t'low
e= 90° for all7 0 -~ ~300 ~_2900 ~220

E
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TABLE 4

RANGE OF vy FOR RUNS ALONG

ORIGINAL GLIDE PATH (IN DEGREES)

n - 0.16 0.35

7E V/WG 1.0 1.2 1.5 1.9 | 1.0 1.2 1.5 1.9
15° 1-6 2.7 5-9 7-11{l 1-10 3-10 5-11 7-12
bs° 2-21 9-25 17-29 23-32f 3-29 11-32 18-35 24-38
90° 12-50 35-60 18-T0 37-72
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TABLE 5

MOTOR TORQUE AND POWER REQUIREMENTS

Starting Stopping During Run
Torque Power Torque Power || Torque Power
Ft-Lb. Watts Ft-Lb, Watts || Ft-Ib. Watts
Non-frozen flow 1.55 320 15 4650 2.6 8Lo
frozen flowo
e= QNO & LS 67 108 | .34 17 .21 29
Frozen flow
e= 90° for all g 1.55 320 15 L4650 1.14% 350
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FROBE

TABLE 6

PAIR VELOCITY MEASUREMENTS

UPPER PROBE LOWER PROEE QLELEMENTS
VELOCITY VELOCITY MEASURED
COMPCNENTS COMPONENTS
u,v u,v UL, UV, vi, vy
u,w u,v UL, UV, W, WY
u,w u,w UL, UW , Wil , WW
u,v u,w U, uw, Vi1, VW
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TABLE §

LYt x 66" TUNNEL

TIMES FOR AIRCRAFT TO REACH UPPER PROBE POSITIQN FROM z' = 35,82"

Yg = 15°, n = 0.16
2 zlsz ty Ly s
(v/W,=1.0) (V/¥,=1.5) (v/ii =2.0)

in. s5ec. sec. sec.
25.0 69 3.097 L0717 .0371
15.0 .53 3.377 .1083 L0567
16.5 RS 3.458 .1228 L0647
14,0 .39 3.526 L1367 .0725
11.0 31 3.593 .1528 .0816

8.0 .22 3.648 .1680 .0905

5.0 .1k 3.691 1822 .0990
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LUy 66" TUNNEL

TABLE 9

T

Range of W' and Lﬁ Parsmeters for V/WG = 1.5

at 3 = 5.5H
W' oat < ot 1 at
T T To¥ t 1 t b ' 1'-1
t % Zomn W BB ET Zopy 2y Zomin
gec. in. in, fps fps in. in.
| .0717 25.0 18.5 8.9 80.9 1kL.8 13.0
§ 1228 16.5 10.0 794 73.3 12.8 10.8
1528 11.0 4.5 Th .k 64,5 11.2 11.2
.1822 5.0 2.5 65.6 58.7 11.2 11.3

*

zr .
2min

ig smallest value of =

2

' used for a given z.'.
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FIGURE 1. TYPICAL AIRCRAFT DESCENT THROUGH THE PLANETARY BOUNDARY LAYER
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FIGURE 4. FLIGHT PATH GEOMETRY

171



91°0 = U ‘Z°T = JM/A ‘sdy 9°18 = A ¢ .5p = 34

!

SOILSTYHLOVEVHD HLVd LHOITd TVIIdAL °S ddN91d

SpU02as '} ‘Sdq A310019A
oy 0E 0L 0l 0

0z ol 0

L T T T

d —=001

00t

Hdoov

-009

Il

oog' ‘2

1

006

1 1 0001
or 0€ oz ol 0

saalbag ‘A

172



SOMOONNOIOINNNANNNN

Range of
Interest

/—V/wg -

vl
//////////////////////7/

0 10 20 30 40 50 60 70 80 90 100 70120

Ws

FIGURE 6. RANGE OF INTEREST FOR FLIGHT PARAMETERS

173



INAWAONVHYY J90dd ONIAOW TVOIdAL *L FdNDIA

ssauybnoy paje|nwig - J00|{ {BuUURj |\

¥oell aping

jooy fauuny

174



SATI404d d93dS F90dd ONIAOW TVIIdAL

'8 HANOIA
et ! Z €
. . - 0 - .- -
e Aw N_ T T T ‘ T T T -

E€L=12 / -

Vb £ =2 _ £8 / o -
£

/ - sdigeo-- | ¢ - AN ,Sdd 2€ ="|920e
M\ "|9voe | — \

-

d

zSdd OLy = und
Butinp ‘19208 ‘xew

:Sd4 €61 = unl
Bulnp-j@dde xew

NWnE Otle - ~'|8doe |\\—

/
\F ,Sdd S9I

="[oooe

st- IM/A ‘Sv=Ix'se0-u ()
21 IM/A Sr-3p a0 u (o)

175



FIGURE 9. PROBE PATHS IN FROZEN AND NON-FROZEN FLOWS

176




> —gs— °

) 7f =15

40 5 30 75 '
€

e 1m0 5

FIGURE 10. VARIATION OF VEF'/VF' WITH & AND VE'/W’

177



.06 = 3 U0d MOTd NIZOdd INIWNSSY STT140Ud AdddS T90dd INIAOW

“TT JdNODId

l .
R e w v- 9.
N
B NWnﬁwNLW—lt N .\\
‘|@d0e
- zSdd ZGl #8208

NWn_n_ G9 -= "|920e

,Sdd 99 = unJ buunp 820 *xew

zSdd €91~ = uni buunp "jadde “xew ch

-

S-1-9M /A ‘Sp-In‘ce0-u  (Q) {91
219 /A ‘Sr-IpntaL0-u (e) {81
-10¢

zSdd ¥G «’{8d0e

178



accel.» 288FPS? W

max. accel,
during run =220FPS? \

accel. = -2900FPS? —1

WITHOUT FROZEN HYPOTHESIS

05

al

FROZEN FLOW CASE

FIGURE 12. SPEED PROFTLES FOR Yg = 90°, n

0.35, V/W, = 1.2

-
.



an-
36+
32| max. accel. during run
' -7 2
Ve FPs | 7t FPS
241
20 B ,’/ .
g \
//_’/16Lj - \
23 T
. 2 — , \
accel.-39 FPS* — - 12k z =83 .
P ;
P - sk , /)\
- accel . --406 FP§? —] \
/'// ar |
-~
] 1 | 1 L | | 1
-4 -3 -2 -1 0 B -2 -3 -4 5
t' seconds
{a) WITHOUT FROZEN HYPOTHESIS
T ) 14 T T )
Vg, FPS \\
B
1 -
F ?A €160 max. accel. during run
| - -115 FPS’
/ l
L 10F i 4
: |
/ P////rgi accel.. -97'5 FPS?
- / 8 - -
L accel.- 227 H%Q—\\J 6k | ]
/ |
F" 1
- / 4+ €- o0 l] ]
/
/ ...J:: !
A H‘*““H‘
/ e T
L .2k | \*\\\/— accel. .
, [ | B -4 FPS?
accel.» 4-4 FPS v b
Y | "
I =/ -zl ~ i .L ) 1 o
-15 1 -5 0 5 1 , 15 2 25
tp seconds

(b}

FIGURE 13,

SPEED PROFILES FOR Yg ©

FROZEN FLOW CASE

15°, n = 0,16, V/WG = 1.5

1so




J40¥d ONIAOW TVOIdAL 40 NOILDIAS-SS0d)  "vT1 JdN0id

sajge’) ding 2qold

A31101] JO M3IA BpIS W i

8qoid
Buineq4 xHoelj

urey) Buiuiniay

L

)orl] aping Aaljoi|

181



v ."OCKET

. Motor
| ST
\4’
Ll s L s Al Pl AL
H"T"ﬂ

\VF TN TIN

PAiP AT LT ALArA

A

SPROCKET

(A
Q Cable Take-Up Drum; Spring-Loaded

FIGURE 15. CROSS-SECTION OF TRACK IN TUNNEL

182




Servo

Amplifier Motor

Motor

Tachometer

FIGURE 16. MOTOR DRIVE CIRCUIT

183



TANNAL ONIM 190 dTdILTIN o8 X w8 SYILN FHL J0 INITLAO DIWYNACOWIV LT 2dMOTA

8UD|d 4IXJ 49/ WOJy SBOUD)SI

T uoydag jsat uoI108g 19N
M oL 2L m_¢ Jm. Xy $z 0Fe- o- \ $oc-
||
| |
11

I

_ —
——

prm—— g

b
*..
oy

S —
v _.-‘ 2 e g Iv_..lm.mm|-+?mo_l-_!m Tlﬂ O]~ u
sudid 413 E.l\\

xog
uoLI8J0Ld JBJU|

SBYOU| Ul SUOISUBLI] [V

184



TINNAL ONIM Ldf JTdILTON o8

arup zar 4

X 8 SVILA

B

'y

o

il

"8T TANOIA

|

185



11

symbol

y/H

~214)

+214

~— barrier height

» roughness height

| ) ——p— - p ]

FIGURE 19.

6 7 8 9 10
W'/ W

MEAN VELOCITY PROFILES IN SIMULATED FLOW, 8' x 8'" TUNNEL

186



B'" x B" TUNNEL

187

I I I ] [ | I
5 | s/H=6-75
-9 T y/H=0 -
NI _
.5_ —
atmospheric results for u/w
n} ' {(Reference 21)
4l \‘}\ -
-3 6; /VV' G/VVl .
il ga!'”ﬁtf ‘ NN roughness
©19 NN height —
h N
\
e S S e Ry - —
0 -04 -08 12 ‘16 -20 24 -28 -32
Turbulence Intensity
FIGURE 20¢. TURBULENCE INTENSITY PROFILES IN SIMULATED FLOW,



TANNAL w8 X 8
“ONIT FYLKED TANNAL NO  VHLDdS ddM0d INANOAWOD TVNIGNLIONGT

“TC dADId

L0

(11 "39d) wnJjo8dg

€.9=-H/S
N /

Jusaydsowyy  palsabbng ge-g -H/s

7
/4

4

1/G D2/.2
G- H/2
0=H/A

1C-

188



eI~

| ] |

FIGURE 22.

i ]
2 3 4 5 -

0

-Tw /0w uv /0

REYNOLDS STRESS PROFILES IN SIMULATED FLOW,
8" x 8" TUNNEL

189

A
v




10 | l T

\\,»—L;‘, PROFILE ,
\ S/H-6:75, y/H0

8 \\
. A )
\ LW SUGGESTED FOR
\ ATMOSPHERE: (REF.1C)
7
\
\ /
I
z @
Z . ]
G 6 |

LY SUGGESTED

FOR ATMOSPHERE

AO

! FROM  REF.22
:3 o ! fOR n =16

()

;

L
2 / =
¢
A
LY PROFILE,
1 _9 . ‘/5/}4-6-75, YH-0
0 | | | ] { |
0 1 -2 3 -4 -5 -6
L //Z(;

FIGURE 23. INTEGRAL SCALE PROFILES IN SIMULATED FLOW,

8" x 8" TUNNEL

190




6.

I

8.

40" -
/ i-—————-_ 38 Removable Section *-{
T
| | T
| 1 :
Flow | | i| 8
| l
! ! | .
/ I i N
E—- 18“ -—1' Test Section
$S/H =675
(a) LOCATION DF REMOVABLE ROOF SECTION
SOLID ROOF
SLOTS: —L pz
1" typ N N 3
2 4| C \‘
" — L1
5 TYP T ¢
—
|
e 41’
7
SLOTS AS  ABOVE WITH COARSE SCREEN { MESH ~ l/;) ON TOP
SLOTS AS  ABOVE WITH  FINE  SCREEN ( MESH ~ 1) ON TOP
HOLES : /
1 000 e o e e~ _
000 — - —— e —— — —
" TYP__Jr © Qo |
00 |
+ oo |
J_. TYPJ 0 O I
ool
QPEN ROOF
OPEN ROOF WITH FINE SCREEN
BLOCKS: o P [~ / / . 7
i
gd 4 pa // /] é A
= e - =9 ryp
FIGURE 24, TEST ROOF CONFIGURATIONS

191




W L29dS ¥IM0d LNINOIWOD

TYOLINIA FHL NO SNOLLVMAOIJINOD 400d ONT¥A4dI0 40 1DAd449 Sz TanoId
ZY
Q0lL 0% 0c 0l G 4 ! vG £€C G &
_ T T ] 1 T _ T 10-
[ ,G'9- 2 —120-
G/-9= H/s
" / \ lmo

N

—winijoedg [apo
UBWIRY UOA N

i (o)

(L.) 004 plos

udaldg auly Sn|d sio|g
(€.) U88IOS 8sIEO) SNid S]OIS

(z+) swoIs

| I i

192



¢# 4d00¥ d9LLOTS HLIM LNINCAWOD TVDILYIA 40 NOILVIZYH0I0LOV

‘97 F4NOI1d

SPU02as 1

Ot- _ 80- 90

<

:m.m = _N
GL9=H/A

© 6 ¥ © o

]

S o ® ©

1923



Free Stream

N\
~— \\ - 3
1 )
(\’j‘ﬁv/ Boundary\ ﬁ \/ ) &
( ) L”“ ggz;ness \Turbulent Flow )
Lo~ C ’\ ~ ¢

FIGURE 27. INTERACTION OF A TURBULENT FLOW WITH AN ADJACENT FREE STREAM
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FIGURE 28b. DATA HANDLING SYSTEM, 8" x 8'' TUNNEL
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FIGURE 30. 8" x 8'" TUNNEL JET SECTION
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FIGURE 36. UPSTREAM VIEW OF JET GRID, 44" x 66' TUNNEL
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FIGURE 41. TRAVERSING RIG 44'" x 66'" TUNNEL
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FIGURE 42b. DATA HANDLING SYSTEM, 44" x 66" TUNNEL
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FIGURE 44. MEAN VELOCITY PROFILES IN 44" x 66" TUNNEL
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Note: Positions Coincide
With Jet Exit Locations
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FIGURE 48. MEAN LATERAL VELOCITY PROFILE IN SIMULATED FLOW,
44" x 66" TUNNEL WITH FLOOR ROUGHNESS AND BARRIER PRESENT

215



FIGURE 49.

4 e

-

N

+

)

TN ETANEE LR

Tunnel Wall —_

:?Zb.

,_—-Veloclty Measurement Point

H— 10% of Uat ¢

WALL BOUNDARY LAYER PROPERTIES, 44" x 66" TUNNEL

0/0p, ~"\\
_______________ . N
10} E_: 3%
e
N
N
Dp = Desirad Veloeity N
n=l§ .
Barrier Ht. = 5" N
Tunnel 2= 36" N
Wall 3
1t , S=55H N
|27z =5 E
N
i I
1 N
Ay t ' ¢ ' —
-33-30 -20 -10 Q 10 20 30 33
Distance From Centreline ({in) y!
FIGURE 50, IMPROVED MEAN LATERAL VELOCITY PROFILE IN 44" x 66" TUNNEL

216



FIGURE S51. QUALITATIVE DESCRIPTION OF JET INFLUENCE REGIONS,
44" x 66" TUNNEL

Percentages represent (AUpz/AUpl) x 100, the change in velocity at P2 resulting

from a change in velocity at Pl’ normalized by the velocity change at Pl.
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IN THE 44" x 66" TUNNEL
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FIGURE 72. DIAGRAM OF TYPICAL G”i SURFACE
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FIGURE 117. PROBE HOLDER, 44" x 66' TUNNEL
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FIGURE 120. PROBE HOLDER FOR COMPARISON TESTS, 44" x 66" TUNNEL
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FIGURE 121. ESTIMATE OF STANDARD DEVIATION FOR R DATA, 44™ x 66" TUNNEL
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FIGURE 122, ESTIMATE OF STANDARD DEVIATION FOR ® DATA, 44" x 66" TUNNEL
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FIGURE 123. ESTIMATE OF STANDARD DEVIATION FOR R DATA, 44" x 66" TUNNEL 306
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FIGURE 124. COMPARISON BETWEEN &uu DATA FROM THE 44" x 66" TUNNEL
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FIGURE 125. COMPARISON BETWEEN évv DATA FROM THE 44" x 66" TUNNEL

AND THE 8" x 8" TUNNEL
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FIGURE 126. COMPARISON BETWEEN &ww DATA FROM THE 44" x 66" TUNNEL
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FIGURE 129. COMPARISON BETWEEN éuu DATA FROM THE 44" x 66" TUNNEL
AND THE VON KARMAN MODEL
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FIGURE 130. COMPARISON BETWEEN &uw DATA FROM THE 44" x 66" TUNNEL
AND THE VON KARMAN MODEL

313



10w

v/ WG =15
/ /
t| | MEASURED | VON KARMAN
SEC DATA MODEL
~ .OT17 —0—— ——
(R‘W . 1367 & A
™ . 822 0] L]

05
0] ]
0 30—
—
| '
(t,-t,) ms

FIGURE 131. COMPARISON BETWEEN divv DATA FROM THE 44" x 66" TUNNEL
AND THE VON KARMAN MODEL
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FIGURE 132a. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL
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FIGURE 132b. FLIGHT PATH TURBULENCE CORRELATION, 44' x 66" TUNNEL
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FIGURE 133b. FLIGHT PATH TURBULENCE CORRELATION, 44' x 66" TUNNEL
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FIGURE 137a. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL
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FIGURE 137b. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL
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FIGURE 138a. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66' TUNNEL
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FIGURE 139a. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL

329



0:8%4+
VW, = 1.5
@ T1 = 0-108%0
'-
o6+ A Ti'= 0.13570
+ T4 = 0.18800
Q«d T
Q2+
2 G
0«0 ) A Fou)
A
@, "+
+
A|3+
2+
-0:24+
a+ O +
+
? A
041000 5008 oloie otoea otose oloss otoag
(Te~T1h (=D

FIGURE 139b.
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333



1.0+ R\M
V/NG = 1.0
@ TL = 3.37700
084 A Ti = 3.596500
+ T4 = 3.64800
0.6+
O«4+
0.2+
]
+A + + A " = =
0:0 T A *WE p——2a e
~0-Glo00 oto%0 oloso o080 otizo otiso ot1s0

(Te-T1) (s
FIGURE 141b. FLIGHT PATH TURBULENCE CORRELATICN, 44" x 66' TUNNEL
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FIGURE 142a. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL
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FIGURE 143b. FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL

338



1-0; GQW
V/WG = 1.0
@ Ti = 3.08700
0.8+ A Ti = 3.45800
+ Ti'= 3.59300
* Ti' = 3.688100
0.6+
0,44L x
b 4
2t
+x
X
u
A
A |
+x
ﬁ A + A
+ A+t [3+
0851000 otomo otoso otom0 olizo otiso otis0

[
(Te-T1) (SED)
FIGURE 144a, FLIGHT PATH TURBULENCE CORRELATION, 44" x 66" TUNNEL

339



1-0T (RW
V/WG = 1.0
A Tt = 3.7700
0.8+ a T4 = 3.59600
+ T1i' = 3.64800
0+6+
OedT
+
o2+
A
+
Q A “@
0:0
15 A nﬂ] A 2 A
+2 + 7
+ , @
0«5 To00 :T:oao ol'oso oiom o:r:l.eo ot1s0 o:Lmo
(Te-T1) s
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