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BASIC ANALYSIS OF TERMINAL OPERATION BENEFITS

RESULTING FROM REDUCED VORTEX SFPARATION MINIMA
by

Leonard Credeur

SUMMARY

Ar analysis was made to determine the impact on terminal area operaticn
rate of reducing the wake vortex minimum separation required behind heavy
Jets. The effect on arrival saturation and steady state average delay was
determined for various percentages mix of heavy and large jJet traffic
samples operating under various precision of interarrival spacing. The
benefits determined increase with percentage of heavy aircraft and with
precision of control. These results demonstrate the payoff possible from

research to reduce the severity of the trailing vortex by aerodynamic means.
INTRODUCZ ION

In general, when an air oil passes through a mass of air and creates
lift, energy in the form of vortex turbulence is transmitted to the air
mass. Its intensiiy is related to the required 1lift, wing span and speed
of the airfoil; the heavier and slower the aircraft, the greater the intensity
of air circulatiorn in the vortex core. As a result large transport
aircraft will cause maximum vortices when heavily losded and during the

takeoff and landing chase of flight where their velocities are lowest.
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As a safety measure, current Federal Aviation Admiristration Instrument
Flight Rules (IFR) for wake turbulence separation minite (reference 1) impose
additional separation for aircraft (A/C) following a heavy jet. It it were
possible to reduce the severity of the vortex by aerodynamic means then
the separation standards could be reduced. The goal is to assess the benefits
of such changes in the separation regulations; the measure to be employed
is the IFR arrival only saturation capacity and its relationship with
average delay. This analysis is constrained only by final approach

separation, not by any ground limitations such as runway cccupancy.
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SYMBOLS

mean arrival rate to the service queue

multiplying factof to change service rate

lead aircraft of a pair on final approach

trail aircraft of & pair on final approach

length of final approach segment

mean service or processing rate of a queue

probability of violation of separation standara

probability that aircraft type i is in traffic mix

probability that aircraft type j is in traffic mix

probability that an aircraft pair will consist of aircraft i
followed by aircraft J

minimum required separation distance petween aircruft i and
aireraft J according to separation standard

buffer time added to account for uncertainty of wircraft uelivery

time interval required between aircraft i ana aircraft j when
aircraft i is at the end of the final apprvach segment L in
order to insure adequate separation everywhere ulong L

mean interarrival time interval

time interval tiJ plus the buffer time tB

mean waiting time in the gqueue

mean waiting time in the queue for factor f

mean waiting time in the queue in units of original service tiue

increments
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percentage change of the delay or waiting time in a queue with i

8 change of f to the service ra e

‘ A} final approach velocity of aircraft i

g
k2
v
@
o~

v final approacn velocity of aircraft J

o
>

average flow rate in aircraft per unit time
p utilization factor or ratio of arrival to service rate

& o standard deviation of the uncertainty of aircraft delivery
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ANALYSIS AND ASSUMPTIONS

A. Derivation of Perfect Delivery Capacity

In general when g (x,y) is a function of 2 rendom variables x and

Y then the expectation of g (x,y) is

Blelx,y)) = J [ glx,y) £f(x,y) dx dy (1)
Xy
with f(x,y) being the joint demsity function of random veriables x and
Y. For the case where x and y are discrete we can write the

expectation of g(x,y) as

s{g(z,y)} = 2 ¥ g, v) plx, v,) (2)
kn
vhere p(xk. yn) is the jJoint probability function of x and Y.

For our case let i and J be the random variables wnere
i A lead aircraft of a pair on final approach
J Q trail aircraft of a pair on final approach

Let us define
g(1,3) & tij 4 time interval between aircraft i end aircraft
J when alrcraft 1 is at the end of the finel
approach segment of length L
For the situetion when VJ Z_Vi, the minimum required separation sij for

that eircraft pair occurs when aircraft 1 is at the threshold and is
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= Sl
tu(v‘, 2v,) v

(3a)

For the case when Vi > VJ’ the minimum required separation SiJ for that
aircraft occurs vhen aircraft i is at the beginning of the final approach
segment and the separation opens until aircraft i reaches the threshcld

where

e ¥ IS S O .
ti,j(vi.)vj) ForLGT-§) (30)
J J i
From Eq. 2 we can write the average interarrival spacing Eij = E(t;J) as
t..=LZt,,p. (4)
oy W

wvhere piJ 4 probability thut an aircraft pair will consist of aircraft i
followed by aircraft J.

For independent arrivals and first come first serve control
Pij = P; Py (5)

where Py pJ are the prouabilities of that aircraft in the traffic mix.

Thus equation (L) can simply be rewritten as

t.. =11t

P, P
iJ i iJ 71 %3

and the average flow rate A is

A= 2 (1)
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Keep in mind that the separation Sij used in the tiJ celculation is
the exact separation required, thus the flow rate determined ic for

perfect delivery precision.

B. Effect of Interarrival Spacing Precision

During IFR conditions on final approach in the real worla, the
controller usually separates aircraft by the minimum plus svre acdditional
tuffer separation to account for the uncertainty of aircraft delivery. If
one assumes tnat the uncertainty is Gaussian with a standard deviation of
9, then we can determine the size of the average buffer tiue ty neeced
to keep the probability of separation violation less than some specified
probapility value PE‘ For the probability of violaticn Il being less
than 5 percent we need a buffer time tB of 1.65 0. Figure 1 illustrates
this for both the overtaking ana opening case. The effect of interacrrival
spacing precision, parameterized by the standsrd devistion of the spacing

wicertainty, can be determined by rewritting equation (3) us

S,
>V,) = Vli'+ t
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C. Relation of Arrival Rate, Cepacity and lelay
The expected delay at a given airport is a function of the runway

acceptance raste and the time~verying traffic demand profile, consisting of
departures as well 15 arrivals. The treatment of time dependent demand
rate is not developed here but an excellent treatment is presented in
references 5 and 6. A development using constant demand as an assunption
will illustrate the point that even small percentage gains in the
saturation capacity will result in substantial reducticns in aversge delay
vhen operating near capacity.

From queing theory, using Poisson arrivals and first come first serve
processing, we get the mean waiting time in tne queue (delay time in
getting processed) after a system has reached steady state operatiang

conaition is

(v)

I = A___ P
¢ P(P-A) ~ Pl1-p]
where
P é mean service or processing rate
A ) wean arrival rate
p 4 utilization factor or ratio of arrival to service rate (A/F)
Figuwre 2 (£ = 1) is a plot.of average delay time in units ot service time
increments versus utilization rates. The signigicant characteristic is
that average delay approaches * as arrival rate approaches service rate.
If we change the service rete by some factor f, the mean waiting time in

the queue for a constant arrivel cate becomes
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or in units of the original service time increment

T 1, _ 1
tqf('l';) =3 ﬁfﬂ (11)

For illustration, the effect on mean delay when the service rate is
increased Ly 20 percent (£ = 1.2) is plotted in Figure 2. This considerably
reduces the average delay at arrival rates greater than 0.7 of the baseline
service rate. %o demonstrate the significance of this deley reduction,
Figure 3 was plotted with the percentage decrease in delay tine versus the
arrival rate, as a ratio to baseline service rate, for vuriouc percentage
increase in the baseline service rate. The percentege accrease in delay

time can be written as

- t f
100[1 - 44
qf 3

s

100[1 - i‘T;_—'gT]

[
ct
—
-
S
"

(12)

]

For example, sn arrival rate which is 0.95 of the saturution rate, even a
1 percent increase in the saturation rate reduces the average delay by
17.5 percent. For the steady state, constant demend case cne can use
Figure 3 to relate the impact on delay time caused by a percentage chuange

in saturation at various arrival rates.
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D. Conditions Used in Lenefit Analysis
For this analysis we have chosen to include in the traffic sample only

large and heavy aircraft as might be expected at pesk traffic hours at a
major terminal. The current washe turbulence separation standard (ref. 1)

for this sample is given in nautical miles and kilometers by

J J
1 2 1 2
1 3 3 1 5.56 5.56
si.j =i n.mi. i ki
2 5 h 2 9.26 T.41

vhere i, J =1 A Large and i, j = 2 A Heavy. For example vwhen a Leavy
aircraft is followed by a large the separation required is 5 nautical miles
(9.26 km). If the vortex effect can be reduced tnen sepa.ré:.tion standards

could also be reduced. This impact can be determined by using for the

separations
J J
1 2 1 2
1133 1 | s.56 | s.56 |
Si = i r.mi. i km
J > |3 1|3 o | 5.5¢ | 5.56
J J
and
1 2 1 2
1|2 12 1 {3.70 | 3.70
Si =1 n.mi. i km
J 2 [ 2 ]2 > | 3.70 | 3.70
p}.GR
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The derivation presented is general enough that the performunce of any
number of types of airceraft in a traffic mix, could be determined each
with & specific rinal approach velocity. However, to determine the iumpact
of percentage of heavy aircraft on the saturation capacity tor various
separation standards, a traffic mix of only two typ:s of aircraft was used.
One was a typical large aircraft with final approazh velocity cf 12T kts
(235.20 km/hr) end the other a representative heavy aircraft with final
approach veloeity of 137 kts (253.72 km/hr).

The effect of delivery precision is determined by teking three values
of standard deviation for the aircraft delivery uncertainty. These are
0 = 20 seconds which is representative of today's manual control, o = 10
seconds vwhich is representative of a computer aided metering and spacing
system, and O = 0 which is the perfect delivery limiting case. The

final approach used in all cases was 5 nautical miles (9.26 km).
DISCUSSION AND CONCLUSION

Computer runs with the conditions advanced in the last section were made
and the results printed ir Table 1. These results are presented in graphical
form in Figures 4 through 6. The cross-ruled region indicates the benefit
to be gained by eliminating the vortex penalty effect of heavy aircraft.
Figure T explicitly suows this benerit. When compared to current vertex
separation, the gain if all aircraft in our traffic are separated by 3
nautical miles (5.56 km) goes up with increase in percentage of heavy

aircraft. This is a significant factor as more heavies 4o into service.
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Another notewvorthy feature of Figure T is that the capacity gain in
going from current separation standards to the all 3 nautical mile (5.56 km)
case increases with control precision. Thus the gains to be realized in
today's environment by changing separation standards will be even greater
with better performing air traffic control systems of the future. <The 2
nautical miles (3.70 km) separation was used to "llustrate whet might be
achieved if runway occupancy was reduced and vortex cffects further
eliminated.

It is difficult to compare gains from current to new separation
standards, at various percentages of heavy eircraft and precision of control
accuracy, since the saturation capacities at the current separation standards
are themselves changing with these factors. One approach is tc show the
gains in terms of a percentage of tne baseline saturation capacity as in
Figure 8.

The discussion up to this point hus been concerned with the effect on
arrival capacity which changing the separation standard has for vario..
vercentages of mix of heavy and large jet traffic samples operating under
different pre¢-‘sion of interarrival spacing. Now using Figure 8 in
conjunction with Figure 3, the impact on steady state average delay can
be assessed. For instance, with a delivery standard deviation of 20
seconds, & traffic mix consisting of 60 percent heavy jets would experience
a 20 percent increase in saturation capacity by going from the current
separation standard to an all 3 nautical mile (5.56 km) separation. If
the steady state arrival rate at an airport is 70 percent of the saturation

capacity, then the average delay at that airport is reduced by 5C percent.
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The percentage decrease in average delay are significantly more dramatic
for arrival rates nearer the saturation capacity.

A different approach in delay analysis car be taken by using Figure 8
in conjunction with reference 6 to velate changes in seturastion capacity
to changes in average total daily time for their time-dependent traffic
profiles. Results relating capacity changes to delay impact can .2
translated to the econoric field by assigning a dollar ceost penalty to
delsy. Pursuing that line of reasoning, it is possible to dc a cost
benefit analysis of the aircraft modifications needed t5 implement wake
vortex minimization by aerodyramic techniques.

Another consideration in eveluating the benefits ot serodynanic wake
voriex minimization is the FAA's Vortex Advisory System (VAS). This
system will imnrove the airport capacity at those times when wind strength
and direction lessen the dangers from lingering trailing waxe vortices.
However, when those particular wind conditions don't exist then the only
recourse fram increased separation behind heavy Jjets is by aerodynaric
means. That being the case we have shown that ovenefits resulting from
voriex ainimization increase with percentage of heavy sircraft and with

precision of interarrival spacing.



L]

1.

3.

1-

B i M e e i S . W o

REFERENCES

Air Traffic Control Hendbook 7110.65 Chg. 7. Federal Aviation
Administration, July 1, 1977.

Papoulis, Anthanasios: Probability Random Variables and Stochastic
Processes. McGraw Hill, 1965.

Gibra, Issac N.: Probability and Statistical Inference for Scientists
and Engineers. Prentice-Hall, 1973.

Analysis of a Capacity Concept for Runway and Final-Approach Path
Airspace. HBS 10111. National Bureau of Standards. November 1965.

Harris, R. 4.: Models for Runway Capacity Analysis. MIr-4i02, Rev. 2,
Mitre Corporation. December 19T72.

Hengsbach, Gerd; and Odoni, Amedeo R.: Time Dependent rstimates of
Delays and Delay Cost at ¥ajor Airports, RT5-4. Flight
Transportation Laboratory, Massachusetts Institute of Technology.
January 1975.

Odoni, Amedeo R.:; and Kivestu, Peeter: A Handbook for the kstimation
of Airside Delays at Major Airports (Quick Approximation liethod).
(Massachusetts Institute of Technology; NASA Grant NSG-1123)

NASA CR-26khk. June 1976.

14

M



T R TR T S S z

TABLE I.~ SATURATION CAPACITY IN AIRCRAFT PER HOUR

Probability of Probability of Standard Devistion of lelivery Uncertainty
large A/C heavy A/C o =0 sec 0 = 10 sec g = 20 sec

Current separation standard of 3, 4, 5 n.mi. (5.5€, T.41, 9.26 knm)

0.0 1.0 3k.3 29.6 20.1
.1 .9 33.7 29.2 25.8
2 .8 33.5 29.0 25.6
.3 .1 33.h4 29.0 25.6
.4 .6 33.7 2G.2 5.7
.5 .5 34.2 29.6 26.0
.6 b 35.0 30.2 26.5
T .3 36.1 31.0 2T.1
.8 .2 37.7 32.1 28.0
.9 .1 39.7 33.6 29.1

1.0 0.0 k2.3 35.5 30.5

All 3 n.mi. {5.56 km) separation

0.0 1.0 5.7 37.6 32.2
.1 .9 4.8 37.2 31.6
.2 .8 L4.o 36.6 31.k4
.3 T L3.4 36.2 31.1
4 .6 43.0 35.9 30.8
.5 .5 k2.6 35.6 30.6
.6 A 42.3 35.5 30.5
.1 .3 k2.2 35.3 30.4
.8 .2 k2.1 35.3 30.4
.9 .1 L2.2 35.3 30.k4

1.0 0.0 42.3 35.5 30.5

All 2 n.mi. (3.70 kz) separation

0.0 1.0 68.5 52.1 42.1
.1 .9 66.8 51.1 hi.h
.2 .8 65.4 50.3 4o.9
.3 .1 64.3 bo.7 40.5
4 .6 63.5 kg.2 Lo.1
.5 .5 62.9 48.8 39.9
.6 4 62.€ 48.6 39.8
T .3 62.5 48.6 39.7
.8 .2 62.6 48.6 39.8
.9 1 62.9 48.8 39.9

1.0 0.0 63.5 hyg.2 %0.1

Pou s
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Figure 1. Illustration of Separation and Buffering on Final Approach
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