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Preface

Strategic airlift air-refueling planning is
becoming more important as the MAC airlift fleet gains an
operational in-flight refueling capability. As fuel sup-
plies become more expensive and scarce, fuel conservation
becomes increasingly more important. We sincerely hope
that airlift and tanker operational planners will use the
results of this research when selecting air-refueling
points and takeoff fuel loads to reduce total fuel con-
sumption.

We would like to thank Colonel C. C. Shaw, Jr.,

HQ USAF/SAGM, who provided the initial topic on optimizing
airlift air-refueling, and Major Burgesson and Lieutenant
David Sauve, AFGWC/DOY, who provided the aircraft fuel
data base for the C-5A, C-141B, and the KC-135. We would
especially like to thank Paul Fruge, ALD/YTE, who released
the KC-10 engineering fuel consumption estimates to use

as fuel consumption data for that aircraft. We would like
also to thank Major Daniel Fox, our thesis advisor, for
his many helpful suggestions and conscientious guidance

in the preparation of this thesis. inally, we would like
to thank Colonel Donald Stevens and Professor Daniel

Reynolds who sacrificed their time to read our papers and
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of AFIT we wish to express our deepest thanks.

This thesis would never have been ccmpleted without
the complete support, sacrifices, and love from our wives,
Jan and Becky. Their steadfast encouragement and patient
endurance of the long hours required to complete this thasis,
contributed more than anything else towards our successful

efforts. We look forward to devoting this time again to

our families.
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Abstract

During the 1980s increases in the potential use of

Strategic ARirlift to transport equipment and personnel is

3 anticipated. The capabilities of Strategic Airlift air-
craft are extended through the inclusion of efficient
in-flight refueling. The primary objective of this research
was to develop a method which determines the combination of
in-flight refueling rendezvous point, takeoff fuel loads
and tanker base which results in the minimum total fuel con-
sumption for an airlifter and tanker aircraft.

The experimental design included the creation of
two models. An analytic flight planning model determined
the optimal rendezvous point and the takeoff fuel loads
for the aircraft in a specific mission scenario. A SLAM
ssimulation model verified the operational feasibility of
the results of the analytic model by simulating the flights
of aircraft,

The optimal rendezvous can only be determined by

analyzing the interaction of the airlifter route distance,

i the cargo load, and the location of the tanker base. As

the fotal distance or cargo load decreases or the tanker

base is located farther along the airlifter's route of
flight, the optimal rendezvous point is located incre-

mentally farther from the boundary established by the
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maximum feasible range of the airlifter from its destina-
tion. The optimal takeoff fuel loads are dependent on the
aircraft combination and will result in the smallest sum

of the total fuel-carrying capacity used. By using the
optimal rendezvous point for an in-flight refueling mission,

significant fuel savings are realized.
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OPTIMIZATION OF STRATEGIC AIRLIFT IN-FLIGHT REFUELING

I. Introduction

; 1 The Problem

o Efficient in-flight refueling of strategic airlift
; aircraft is being recognized as vital to the Military Air-
lift Command (MAC) and the Department of Defense. Cur-
rently, all C-5A aircraft are air-refuelable and by the end
of 1982 all MAC C-141 aircraft will be air-refuelable

(Ref 21:48). As a result of this increased capability,

f MAC is constantly striving through innovation and research,
;\ to make air-refueling missions more productive and effi-
cient. One way to increase the efficiency of airlift air-
refueling missions is to determine the combination of plan-

ning factors; the takeoff fuel, tanker basing, and air-

faoi =t enaiieniiters b

refueling rendezvous point, which would minimize the total
fuel consumed by an airlift and tanker aircraft. No current
method determines an optimal combination of these factors
for in-flight refueling between strategic airlift and tanker

aircraft.

5

Objectives
The objective of this research effort was to
develop a method which determines the optimal combination

. of in-flight refueling rendezvous point, takeoff fuel loads

1
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and tanker base for a refueled aircraft nission. By
determining the optimal combination three questions are
answered. First, should the rendezvous point be close to or
far from the points of departure? Second, how much fuel
should be loaded on the airlifter and tanker prior to take-
off? Third, from what base should the tanker depart?

When the research was begun it was believed that
the following two hypotheses would prove true.

1. The minimum total fuel consumed by the airlift
and tanker aircraft for their combined flight will result
from a rendezvous point located at the maximum flight range
of the airlifter from its destination base. This point
is always located on the boundary of the region of feas-
ible rendezvous points closest to the airlifter takeoff
base.

2. Airlifter aircraft departures with the maximum
allowable fuel load will always result in the minimum total
fuel consumption for both aircraft. This implies that the
fuel transferred is the minimum required to complete the
flight.

By demonstrating the accuracy of these hypotheses
they could then be used to help define a general policy
for efficient in-flight refueling.

Two models were cdeveloped in the course of this

research. The first, FLTPLN, computed the optimal plan-

ning factors for an air-refueling airlift mission. The




; FLTPLN results were then validated for orcrational suit-
ability by a SLAMl (Simulation Language for Alternative
Modeling) simulation model.

These two models were used to explore different
scenarios and many fuel cargo combinations for the airlift
aircraft. Aircraft combinations investigated are listed
in Table 1. Sensitivity analysis was used to determine
the effect on the response variable, total fuel consumption,
- to changes in the input factors of takeoff fuel onload,

cargo, wind, takeoff delays, and total distance.

. TABLE 1

x AIRCRAFT COMBINATIONS

Airlifters Tankers
C-5A KC-135
C~5A KC-10
C~141B KC-135
C-141B KC-10
3 Benefits

Three benefits are apparent from determining an
optimal combination of planning factors which minimizes
total fuel consumed. The first benefit is obviously fuel

conservation. To emphasize the importance of conserving

lSLAM is a sirnulation language developed by '
\ Pritsker and Associates, Inc., West Lafayette, Indiana.
SLAM has been designed to support engineers, managers,

and researchers.




fuel, the Chairman ¢of the Joint Chicfs of Ztaff stated that,
the supply, access and price of o0il will dominate future
national security issues (Ref 13:i). By minimizing total
fuel consumed, operating costs go down, and funds used in
procuring the saved fuel could be used for other equally
essential programs. As the cost of fuel goes up, the
savings from an optimal refueling policy will also go up.
For example, the price of fuel (JP-4) increased from $.42
per gallon in 1979 to $1.16 per gallon in 1980 (Ref 19).
Additional increases can be expected in the future. The
second benefit which results from an optimal refueling
point is that individual mission flight times are reduced.
While the flight time of modern jet aircraft results in a
relatively short deployment time, the savings from the
multiple sorties of a large-scale deployment would be sig-
nificant. This means closure times can be reduced due to
decreased flight times. Closure time occurs when the last
aircraft of a deployment arrives at the destination. More
importantly, the airframe time, which cannot be renewed,
is also reduced. The third benefit from an optimal refuel-
ing point is that operational plans and contingency plans
can be optimally formulated for a wide range of mission
scenarios. By combining all three benefits, the advan-
tages of determining an optimal refueling point, which
ensures more efficient airlift operations are apparent.
During the 1980s, significant increases in the

potential use of airlift to transport equipment and




supplies worldwide is anticipated. Due to political and

-t

natural constraints the importance of air-refueling during

a rapid deployment will also increase. Therefore, the
efficient use of air-refueling of airlift aircraft will

result in significant economies to the Air Force.




1 j I1. Background

vy

Military Airlift Command policies regarding air-
refueling operations for airlift aircraft are relatively

new and untested, compared to those of SAC and TAC.

W

! Employment plans utilizing air-refueling are founded on

only a few years of experience, and have not, as yet, been

'ff*"v1

tested with large-scale deployments or war-scenario exer-

cises. Employment policy and operations concepts for air-
refueling are constantly being formulated and updated as
more research is conducted in this area. Chapter II pro-
vides a background in air-refueling history, employment
principles and policy currently in use at HQ MAC. Included
is a description of the extent of MAC air-refueling

exper ience, active air-refueling policy research, current
planning models in use at MAC and HQ USAF, and a descrip-
tion of mission flight planning, using a typical airlift

flight profile.

History of Airlift Air-Refueling

In the last two decades, strategic airlift has
become increasingly important to the Department of Defense
to support the rapid deployment and resupply of Allied or
United States forces overseas. To increase this resupply
capability, C-5A aircraft were acquired and C-141 aircraft

are being modified to utilize in-flight refueling.

6




In-flight refueling became availch’'z to the Mili-
tary Airlift Command in December, 1969 (Ref 12), with the
introduction of the C-5A aircraft into the Air Force inven-
tory. Although the C-5 was originally built to be air-
refuelable, this capability was not tested and evaluated
until May, 1974, with the final evaluation report submitted
in March, 1975 (Ref 5:ii,2). Presently, MAC is modifying
C-141A aircraft for air-refueling operations and will
change the designation to C-141B.

The need for quick and efficient airlift and the
potential need for air-refueling airlift aircraft was
graphically portrayed during the Arab-Israeli Conflict of
1973. 1In October, 1973, Egypt and her allies confronted
Israel with a pre-dawn surprise attack (Ref 9:27-28).

The initial impact on Israel was a lerge-scale loss of
equipment (aircraft and tanks) as well as a large expendi-
ture of munitions. During the first few days of the war,
the United States realized that Israel would require mas-
sive and rapid resupply to avert a major catastrophe. Due
to the rapid delivery requirement, the only satisfactory
delivery method was airlift. Lack of support from our
European Allies compounded the delivery problem, as they
withheld overflight and landing rights to Israel-bound air-
lifters. As a result, equipment and munitions stockpiled
in Europe were not available for Israeli use and all sup-
plies and munitions destined for Israel had to come from

the Continental United States (CONUS) (Ref 15:14-15).

7
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The only European ally to offer support *~ the United

States was Portugal, which controlled the Azores in the mid-
Atlantic Ocean. Portugal approved the Azores as a MAC
staging base enabling Israel to be resupplied by air with-
out air-refueling (Ref 15:14-15). 1In 33 days, MAC crews
airlifted 22,315 tons of equipment and supplies, flying

421 C-141 sorties and 145 C-5A sorties (Ref 8:26-32).

The gquick and effective resupply of Israel's military
machine enabled Israel to regain the offensive on all
borders and eventually dominate the war (Ref 15:14-15).

The Air Force learned a very important lesson from
this resupply effort. Our strategic airlift fleet is very
dependent on friendly foreign natiors to provide staging
bases. Without Portugal's cooperation, the airlift would
not have been possible since the C-5A did not have an opera-
tional air-refueling capability at that time. To meet
future challenges to the United States or her Allies, the
dependence on staging bases had to be reduced through the
expansion of air-refueling capabilities.

Since 1973, the Air Force has undertaken several
new programs to increase the in-flight refueling capabil-
ity of the strategic airlift fleet. First, the C-5A was
made operationally air-refuelable and aircrews were
trained (Ref 5). Second, 234 C~141A aircraft are being
modified to air-refuelable C-141B aircraft (Ref 13:199).
Third, a new tanker fleet of DC-10s (designated KC-10)

has been purchased. With the addition of the KC-10,

8
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multiple tankers will no longer be requiros to refuel the

C-5 on a routine basis.2 Fourth, a proposal to install
more efficient engines in the KC-~135 tanker is being
studied. The addition of these new engines and their
reduced fuel consumption will allow more fuel to be trans-
ferred to the airlifter or increase the rendezvous range
of the KC-135 for a fixed offload of fuel. This results
in increased range for the airlifters.

With all of these changes, air-refueling of air-
lift aircraft will make a greater contribution to the stra-
tegic and tactical posture of the United States. However,
increasing airlift capability by adding new refueling
assets (KC~10 and C-141B) also requires expertise and
experience in creating plans and policy to employ these
forces.

In the future, contingency plans which call for air-
1lift resources will be re-evaluated using air-refueling as
an option. General Huyser, CINCMAC, has stated that future
airlift plans created to support war plans will address
in-flight refueling as an option in order to take advan-
tage of this increased capability and efficiency (Ref 16).
In addition, studies to determine how to optimally use
strategic airlift refueling must also be undertaken.

These studies should research operational problems as well

2The C-5A fuel capacity is 315,100 pounds and the
KC-10 fuel capacity is 349,153 pounds of which any portion
can be transferred in~-flight to the airlifters. The KC-
135A fuel capacity is only 165,000 pounds.
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as economic and logistic problems. Includcd in the opera-

tional problem area is the problem of obtaining an optimal

ajr-refueling rendezvous point.

Current Concepts and Models

MAC planners are investigating the possible incor-
poration of air-refueling models in various war and opera-
tions plans.3 This responsibility falls to the Opera-
tional Plans Office, HQ MAC/XP (Ref 16). As plans are
periodically revised, air-refueling is being considered as
a possible method of increasing the efficiency and effec-
tiveness of the plans. MAC considers three areas as poten-
tially beneficial in increasing the efficiency of airlift
operations:

1. When air-refueling is the only possible method
available for a particular mission. An example would be a
flight from Moody AFB, Georgia, to West Cairo AB, Egypt,
in a C-141B. A C-141B cannot fly from Moody AFB to Cairo
AB without either stopping enroute for fuel or air-
refueling. If, for political reasons, a staging base is
not available, then the C-141B would be unable to accom-
plish the deployment. Theref»re, air-refueling is the
only way a C-141B can be used on this mission.

2. When a technical constraint is imposed upon an

airlift operation and air-refueling is regquired. For

3Specific contingency plans which address air-
refueling are classified and will not be covered here.

10




example, if a C-5A were to airlift a full load of the
Army's battle tanks from Peterson Field, Colorado (Colorado
Springs), the C-5A would be unable to take off with a full
fuel load due to inadequate runway length (11,000 FT) at
the airfield's pressure altitude (6,172 FT) (Ref 10:B96).
Air-refueling would add the necessary fuel, after takeoff,
to continue the flight to destination.

3. Air-refueling can be used to improve closure
time of a mission or a planned deployment. An example
would be the deployment of a tactical fighter squadron
from the CONUS to Korea. By employing air-refueling, the
improved closure time may be decisive in political negotia-
tions.

Air-refueling employment in a war plan or a large-
scale operations plan has never been tested by MAC and
therefore actual experience is limited. To determine the
feasibility and efficiency of using strategic airlift air-
refueling in a MAC plan, the planning staff must actually
prepare the plen twice; once with the air-refueling
included and once without, so that an intelligent choice
between the two can be made. Actual mission profiles must
be planned so that logistic and aircrew requirements can
be determined and analyzed.

In planning the air-refueling sorties for a par-
ticular mission, coordination between the MAC staff and
the SAC staff is essential. This coordination results in

a tanker commitm:nt from SAC for the particular plan.
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Agreement on a rendezvous point between the two MAJCOMs

is accomplished by a series of negotiations between the two
planning staffs (Ref 3). During the negotiating, each
staff tries to obtain a rendezvous point most advantageous
for their MAJCOM. However, during this process, analyti-
cal procedures or models which can determine an optimal
route of flight for each aircraft are not used (Ref 23).
Therefore, during the planning process, neither staff
knows if the agreed-upon rendezvous point is picked so as
to minimize total fuel consumed or total mission flying
time for both aircraft.

As HQ MAC/XP is planning routes of flight for war
plans, other routine refueling missions are also being
planned. Daily air-refueling training missions that MAC
and SAC fly e¢re planned in the same iterative manner by
HQ MAC/DOOMF staff officers. Coordination and negotiations
with SAC for an air-refueling rendezvous point is done in
the same manner, again without the benefit of any opti-
mizing procedures (Ref 3). Although these methods are ade-
quate and are operationally feasible, the planning could be
done quickly and more economically using analytical models.

In an effort to obtain knowledge in the area of
air-refueling, HQ MAC has created air-refueling simulation
models. Air-refueling deployments and operations are
being analyzed in order to gain insight into the world of
strategic airlift air-refueling. At HQ MAC, in the recent

past, one primary model has been used to study airlift
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ailr-refueling. The model is presently ir 32 and is known
as the M-14 model, commornly referred to as "Collosus"
(Ref 14). The name M-14 identifies it as the fourteenth
macro-model created at HQ MAC. This model was originally
created without air-refueling, but this feature has been
recently added. This Monte Carlo simulation model simu-
lates the entire Military Airlift Command operations and
incorporates all strategic airlift aircraft presently
owned by MAC. M-14 includes factors such as crews, air
bases, material depots, and logistic material used in
daily MAC operations (Ref 14). The purpose of M-14 is to
study the entire airlift capacity of MAC under almost any
circumstances. Other uses for the M-14 include study and
analysis of time-phased deployments, such as JCS exercises
(REFORGER, JACKFROST) and to study ths interaction effects
of factors on airlift operations (crews, supplies, etc.).
M-14 can also be used to determine or test optimal global
airlift strategies in the event of a global conflict
requiring massive use of airlift. Evaluation and valida-
tion of war and operations plans can also be accomplished
with this model. M-14 is an extremely large model and
cannot be run at HQ MAC due to a lack of computer capa-
bility (Ref 14). As a consequence, a larger computer at
Kirtland AFB, NM, must be uged whenever the M-14 is used.
Major initial inputs to the model include departure
base, destination, route of flight, and fuel and cargo
loads. Another important variable is tanker-airlifter

13
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air-refueling rendezvous point for air-rciuzling missions.
The M-14 model allows the manual input of a rendezvous
point, or it will calculate a rendezvous point for a par-
ticular mission. In either case, the rendezvcus point is
determined without the benefit of analytical optimization.

At a higher command level, HQ USAF Studies and
Analysis (SAGM) has created a refueling model. The pur-
pose of this model is to study tanker force sizing (Ref
22). Given a particular deployment package, the number of
tankers required can be determined, or given a particular
number of tankers, the most efficient employment methods
can be determined and evaluated. This model is detailed in
its fuel calculations, and results have shown that the fuel
figures from the model are within 1 to 2 percent of figures
obtained from the aircraft performance manual and fuel plan-
ning publications (Ref 22). The model is deterministic and
does not use simulation methods. Variables such as wind
factors, which can change dynamically, are fixed for a par-
ticular run of the model. Rendezvous points are either
manually inserted or can be calculated inside the model;
however, no optimization routine is used to try to reduce
fuel consumption by picking the best of all feasible

rendezvous points.

Flight Planning

This section describes and explains flight planning

and fuel planning to include a discussion of the terminology




and concepts used later in describing th.s research.
Flight planning is an extremely important part of aviation,
without which, intercontinental flights would be hazardous
and chaotic. Since this study is concerned with detailed
flight planning calculations, a brief description of
é‘ . flight planning methods will be presented. Appendix A
: will present a sample fuel planning calculation for the
C-141B. These calculations will be linked to the SLAM
L i Simulation Model in Appendix K. For the purpose of this
research, flight planning is defined as the art and science
of determining a route of flight and fuel required to fly
between a departure and destination location. This plan-
ning is done on the ground prior to flight. AFR 60-16,
General Flight Rules, states that prior to each mission
the pilot in command will ensure that the flight path and
fuel planning will be performed in sufficient detail for a
?‘ safe flight (Ref 2:p.2-1). The initial phase of flight
: planning determines the route of flight. This is usually
listed on a computer flight plan obtained from AF Global
Weather Central (AFGWC), Offutt AFB, NE. The computer
flight plan provides flight altitude, route of flight, dis-
e tances, and flying times between reporting points as well
as other information. The flight altitude must conform to
the hemispherical altitude structure i~ ir traffic con-
trolled airspace.

The next and most important part of flight planning

is fuel planning. Since fuel planning and fuel consumption
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% are of primary importance to this research, fuel planning
i will be decomposed into seven sections for an air-refueling
» mission (see Figure 1).
f 1. Start, taxi and takeoff.
; 2. Climb to an initial cruise altitude.
é 3. Cruise to an air-refueling rendezvous point.
: 4. The refueling maneuver.

: 5. Cruise to destination.

: 6. Approach and landing.

' 7. Holding or cruise to an alternate airport

(if applicable), and appropriate fuel reserves.

X Each of these seven areas will be explained so
:; that the terms will be familiar when the air-refueling

! models are described. The following explanation will be
- for a typical MAC air-refueling mission, and is not
> . intended to be used as a guide for planning an actual

- flight.

i The first part of fuel planning is start, taxi, and

i takeoff (STTO). This encompasses the fuel required for

engine start, taxi from the parking spot, and acceleration

fuel during the takeoff roll. 1If ground delays or Air

Traffic Control (ATC) delays are known or anticipated, the
f fuel consumed for these is also computed and added to STTO

f ’ fuel. The STTO fuel is usually a constant fuel quantity

- for a particular aircraft. For example, 1900 pounds of

fuel is used for the C-141B (Ref 1l:p.2-2). The ground

X delay fuel is based on time and is usually computed from a
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constant fuel consumed per unit time. For the C-141B,

the ground idle fuel consumption rate is 60 pounds per
minute. Known ground delays are always accounted for in
fuel planning.

The second part of fuel planning is the climb fuel
consumption. The ground distance traveled during the climb
can be obtained from the performance manual for the aircraft,
or from the computer flight plan. Using distance and the
time required to climb to cruise altitude, the fuel con-
sumed in the climb can be determined from the aircraft
performance manual.

The third part of fuel planning is the fuel required
to cruise to the destination or air-refueling rendezvous
point. To calculate this fuel, time at cruise, cruise
altitude, and aircraft gross weight are required. Again
tables in the performance manual for the aircraft are used.

Once the rendezvous point is reached, the fuel
required for section four, the rendezvous and refueling
maneuver, is computed. At this point, it is important to
insure that each aircraft, the tanker and the airlifter,
has sufficient fuel reserves to continue their mission.

For the airlifter, sufficient fuel must be aboard prior to
the refueling so that if unable to refuel, 1t can reach

a suitable abort location and land with the proper fuel
reserves. These reserves will be detailed later in this

» section. If additional fuel beyond that required to

18




accomplish the abort is available, then en air-refueling
will be attempted.

The air~refueling track is usually a fixed dis-
tance, over which the refueling must be accomplished (Ref
17). The track location and length are determined prior
to flight and the amount of fuel transferred from the
tanker will be enough to allow the airlifter to reach its
destination. The tanker, prior to the refueling, must have
enough fuel to supply the airlifter and return to its
recovery base with the proper fuel reserves. If either the
tanker or the airlifter cannot meet these fuel requirements,
the air-refueling is aborted. However, the abort rate for
airlift aircraft is only between 10 and 15 percent (Ref 3).
Fuel consumption during this stage of flight differs from
cruise fuel rates, and must also be taken into account.
Differences in fuel consumption rates are due to formation
flying with the refueling boom extended. Detailed fuel
computatic  are discussed in Appendix A.

Once the refueling is completed, the airlifter and
tanker cruise to their destinations. Cruise fuel is deter-
mined in a manner similar to the cruise to rendezvous point.

Once the aircraft approaches the destination, the
enroute descent, approach, and landing maneuvers occur and
fuel computations are completed for section six. Approach
and landing fuel is usually given as a constant figure for
all aircraft. For example, the approach and landing fuel

for a C-141B is 2500 pounds of fuel (Ref 1l:p.2-2).
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The fuel reserves for an interna:ivnal MAC flight
are used to insure that enough fuel is aboard the aircraft
to complete the mission as planned and to account for
unforeseen changes. These changes can occur at various
times throughout the mission. Examples are ATC delays,
changes in the direction and velocity of the wind, weather,
and changes in the temperature deviation of altitude.
Combining these unforeseen delays, a large quantity of fuel
could be expended. To ensure that the mission is not
jeopardized, AFR 60-16/MAC Supplement One provides guide-
lines for the aircrew establishing procedures to calculate
fuel reserves. These unforeseen delays are accounted for
in three ways:

1. Enroute fuel reserves.

2. Alternate fuel reserves.

3. Holding fuel reserves.

Enroute fuel reserves are added to the normal
flight plan fuel load and consist of fuel which is 10 per-
cent of the fuel used to fly over a catejory one route/
route segment, not to exceed one hour fuel at normal
cruise (Ref 1:p.2-2). A category one route is any route
where a navigation aid cannot be flown directly over once
every hour. This generally applies only to those portions
of the flight which are over water.

The second fuel reserve is the fuel required to
divert to an alternate airfield due to weather, airfield

closure, or other circumstances. For flights outside the
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CONUS, an alternate is always required (Pe” 1l:p.8-1).
Fuel reserves to fly to the alternate airfield are computed
as follows:

Fuel (is required) for flight time from overhead

destination or initial penetration fix to alternate,

or to the most distant alternate when two are required,
at the speed and altitude in the appropriate fuel plan-
ning publication. Add a ten percent reserve when time
to alternate exceeds one hour for turbojet. . . .
Alternate reserve plus enroute reserve will not exceed
one hour at normal cruise [Ref 1l:p.2-2].

The final fuel reserve to be calculated during
flight planning is the holding fuel. Once an aircraft has
arrived at a destination, there are many reasons why it
may be instructed to hold by ATC. 1In any event, if holding
is necessary, a holding reserve fuel can be calculated as
follows: "Holding fuel will be 45 minutes fuel for turbojet
. « . computed from the appropriate fuel planning publica-
tion using endurance or holding charts [Ref 1l:p.2-2]."

Fuel planning is completed when all of the fuel
figures are added to provide a flight plan fuel load. This
is the fuel required to fly the intended mission. Each
MAJCOM provides planners and aircrews with fuel management
procedures to ensure a safe flight. When the fuel plan-

ning is concluded the important parts of flight planning

are accomplished.
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III. Design of Experiment

Scope and Assumptions

The scope of this research was limited to scenarios
which require refueling of the airlifter to complete the
mission and where in-flight refueling is dictated because
enroute refueling bases are not available. Missions which
involve more than a single tanker and airlifter aircraft
are not addressed. Two scenarios have been selected for
investigation. The first is an airlifter flight from
McGuire AFB, NJ, ﬁb Tehran, Iran. The second scenario is
a flight from Travis AFB, CA, to Yokota AB, Japan.

The following assumptions are made in this research:

1. The tanker aircraft will take off and recover
from the same base which will be limited to CONUS or U.S.
possession bases. The recovery restriction stems from the
high demand for tankers by SAC, TAC, and MAC during a
general contingency operation. Use of a single tanker
base insures the availability of maintenance and staging
crews for fast turnaround of the tanker to support another
refueling mission. This base may be other than the
tanker's home station if the tanker is prepositioned close

to the refueling point.




2. The aircraft operations must b~ in accordance

with AFR 60-16, General Flight Rules, and other major com-
mand regulations pertaining to air-refueling.

3. The maximum allowable cargo, limited by the
maximum gross weight or volume of the cargo compartment,
will be loaded on the airlifter. This operating practice
will minimize the total number of sorties required to

deliver a particular deployment package.

Conceptualization

Two models were developed for this research. The
first, "FLTPLN, " is deterministic and it models the air-
craft flight planning as described in Chapter II. It com-
putes the fuel regquirements for a specific set of mission
input parameters. The model compares the fuel requirements
at 65 rendezvous points in the feasible region and selects
the geographic point which minimizes the total fuel con-
sumed by the airlifter and tanker aircraft. The second
model is a SLAM simalation model whose inputs are provided
by FLTPLN. The model simulates the actual flight (see
Figures 1 and 2) of the two aircraft substituting a stochas-
tic variable for the wind parameter and adding the proba-
bilistic occurrence of takeoff delays. The mean for the
wind is the constant value used by the flight planning
model. The variance of the wind and the probability of

delay are determined from real world events. The simula-

tion tests the operational feasibility of the input
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parameters verifying the r« s;ults of the TFL'FLN model. The
SLAM model was also used to determine the extreme values
of variance of the stochastic variables beyond which the
flight planning results were always operationally
infeasible. A detailed description of the two mcdels is
in Appendix K.

The response variable under consideration in this
research is the total fuel consumed by an airlifter and
tanker aircraft during a mission which requires an
in-flight refueling of the airlifter. As described in
Chapter II, the major factors which affect the total fuel
are the fuel consumption rates for each aircraft and the
time that fuel is consumed at the respective rates. The
| fuel consumption rates are different for each aircraft
& and vary for a specific aircraft with changes in aircraft o

gross weight and meteorological conditions, such as tempera-
ture and air density. These meteoroclogical conditions
change proportionally with the flight altitude of the air-
craft as well as randomly with changing weather patterns.
The gross weight of the aircraft is derived from the basic
h airframe weight plus the cargo and fuel at takeoff. The
d gross weight changes constantly during flight as the fuel
weight is reduced. The flight time is a function of the
total distance and groundspeed. The total distance is the
. flight path of each aircraft between its departure and
destination. Groundspeed is the sum of the aircraft true

; airspeed and the compcnent of the wind velocity in the
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direction of flight. The true airspced varizs with the

mach number and altitude of the aircraft.

The meteorological conditions are the most diffi-
cult to predict. The computer flight plans generated by
AFGWC require a wind and temperature update every 300 NM
along the planned flight path to accurately compute time
and fuel results. A worldwide weather data base updated
in real time supports this interaction. Because this
research is directed at a general policy rather than a
specific solution, the scenario weather patterns are held
constant. The temperature and air density are fixed at the
standard day values for the cruise altitude and the wind is
a constant, set to 263 degrees at 55 KNOTS. This wind is
an approximate mean value for east-west flights at mid-
latitudes. The cruise altitude is selected at the highest
Air Traffic Control Hemispheric altitude which the aircraft
can attain for its gross weight. Thus, all meteorological
conditions are controlled in the models.

Each aircraft has a fixed basic airframe weight
and operationally assigned cruise mach number. Therefore,
only cargo and fuel weight are varied on the airlifter
and only fuel weight on the tanker. The fuel consumption
rates for each aircraft using these parameters are obtained

from the common fuel data base, referred to as FLYME (see

Appendix H).

For an actual flight, the flight path may be modi-

fied because of airspace constraints, national boundaries,
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or weather considerations. Since the tota! distance is the
only route factor pertinent to this research, the flight
path is defined as the great circle route between the
departure and destination points. As a result, a scenario
of departure and destination bases for each aircraft com-
pletely defines the total distance. The major factors
which are varied in this research are therefore:

1. the airlifter scenario,

2. the tanker scenario,

3. the aircraft combination,

4. the airlifter's cargo load, and

5. the airlift initial fuel load.
In order to investigate the interactive effect of each
factor, a full factorial design is employed comhining all
levels of each factor with the levels of all other factors.
This design varies the levels of only one factor at a time
while keeping the others constant. This routine is repeated
until all levels of all factors are examined. Table 2
lists the design factors and their levels.

Two airlifter scenarios were investigated, one
east bound with a tail wind and one west bound with a head
wind. The attempt was to offset the effects of holding the
wind constant in the model. For each airlifter scenario,
four tanker departure bases were considered to test the
impact of tanker basing on the optimal rendezvous point.
The tanker bases were selected with one near the airlifter's

departure base, one to the north, one to the south, and the
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TABLE 2

EXPERIMENTAL DESIGN FACTORS AND LEVELS

Factor Level
: Airlifter Scenario a) McGuire AFB, NJ to Tehran, Iran
i b) Travis AFB, CA to Yokota AB, Japan
i Tanker Scenario a) Castle AFB, CA
R b) Charleston AFB, SC

c) Eielson AFB, AL
d) Fairchild AFB, WA
; e) lLoring AFB, ME

f) McGuire AFB, NJ

. Aircraft Combination a) C-5/KC-10

g b) C-5/KC-135

3 c) C-141B/KC-10
- N d) C-141B/XC-135

x Airlift Cargo Load a) 1) 100,000 1lbs.
. 2) 85,000 1lbs.
3) 70,000 lbs.

R b) C-141B
%N 1) 70,000 lbs.
2) 55,000 1lbs.
3) 40,000 lbs.

oy

1 Airlifter Maxinum Fuel Load
‘ Fuel (1000 1ts.)
Cargo Cargo
Cc-5 (1000 1bs.) C-141B (1000 1lbs.)
261.3 100.0 114.0 70.0
276.3 85.0 129.0 55.0
291.3 70.0 144.0 40.0

. NOTE: These initial maximum fuel loads were
. decremented by 20,000 lbs. ten times or until infeasible
L fuel loads were obtained.
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fourth was Barksdale AFB, LA. Barksdale i the proposed
base of assignment for the KC-10 (Ref 23). This allows
comparison of the KC-10 operating from Barksdale against
operating from a base closer to the airlifter departure
base. The bases considered in each scenario are listed in
Table 2.

For each scenario and aircraft combination, many
rendezvous points are feasible. Rather than compare all
of the feasible points, a small rectangular region is con-
sidered. The rectangle was fixed along the feasible boun-
dary furthest from the airlifter destination. The size of
the rectangle is 20 degrees of latitude by 24 degrees of
longitude. The region was determined to always contain
the optimal rendezvous point. All other points have higher
total fuel values and the values increase monotonically in
all directions away from the optimal point. As a result,
only the matrix of points in the rectangle were required
to define the optimal point. For rendezvous points near
the airlifter's departure base, the leveloff point after
initial climbout was considered as the first feasible
rendezvous point. These cases are close to not requiring
an air-refueling and are treated as extreme levels. A
single abort base is designated for each scenario. 1In the
case of an aborted refueling, the airlifter must have suf-
ficient fuel to recover to the departure base or the

abort alternate, whichever is closer. Loring AFB, ME, is
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the abort alternate for Lh- east scenaric :nd Elmendorf AFB,
AK, is the abort alternate for the west scenario.

The structure of the SLAM model exactly follows
the sequence of flight planning steps outlined in Chapter II.
The wind velocity is allowed to vary and delays which result
in additional fuel consumption are included. The delay
data is based on the actual home station delay rates from
Travis AFB, CA, and Dover AFB, DE, for the C-5A, Norton
AFB, CA, and Travis AFB, CA for the C-141, and March AFB,
CA, and Plattsburg AFB, NY, for the KC-135. The KC-10 is
not operational, so the results of the C-5A data were used
for the KC-10 also. The raw sample data for these delay
rates are in Appendix B.

Multiple runs of each scenario are made in the SLAM
model to test the feasibility of the FLTPLN results. The
sample size, or number of replications per flight was
determined while the sample runs were conducted. The
sampb2 size was directly determined trom results generated
by the SLAM model output. 1Initially, runs of ten replica-
tions with a variance reduction technique were used. The
variance reduction technique was antithetic variates
(Ref 18:484-485). Using antithetic variates and twenty
replications reduced thc variance obtained from twenty
replications using regular Monte Carlo simulation tech-

niques in every case tested.
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IV. Verification and Validation

The steps taken to validate the analytical flight
planning model, FLTPLN, are described in this chapter.
The validation included verification of three aspects of
the model; input parameters, internal design, and tech-
nical accuracy of the computations. The validity of the
output of the model was also measured against the objec-
tives and assumptions used in the modeling efforts. The
validity criteria was set at 5 percent deviation frcm the
performance charts for the FLYME fuel data and 10 percent
deviation of the total fuel consumption results of the
model from manual computations. Final validation of FLTPLN
for operational suitability was accomplished by the SLAM
simulation model.

The input parameters used by FLTPLN are constants
or derived results computed in other model subroutines.
The constants are either levels of the factors varied in
the experiment or parameters extracted directly from
the respective aircraft performance manual. The use of
operational constants such as cruise mach number signifi-
canély adds to the external validity of the model because
these are the values in actual use by the MAJCOMs. The
derived results include fuel data from the FLYME set of
subroutines, great circle distance and course computations

from subroutine RHOTHTA (see Appendix H), and ground speed
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computations from within FLTPLN (see Appcnlix C). The

FLYME fuel data was technically verified by comparing
selected values to the aircraft performance charts. The
results are presented in Table 3. The average deviation
of the FLYME data from the performance charts as a per-
centage of the chart values is 4 percent. This deviation
was consistent for all param:aters in both the FLTPLN and
SLAM models. |
Appendix A contains a sample fuel consumption cal-
culation of a typical C-141 mission using the aircraft per-

formance mantals. Table 4 compares these manual fuel con-

sumption values to the manual computations. These are !
sufficiently close to verify that the aircraft fuel con-

sumption calculaticns are representative of the respective

aircraft.

The internal designh of FLTPLN was verified by pro-
ceeding manually through each step of the program to ensure
that values were used as the designers intended and not
changed or internally lost. The output parameters were
also cross-checked to verify one result from another,.

For example, the onload fuels must equal thz sum of the
route fuels plus reserves. From these tests, the program's
design was technically certified as accurately computing
and printing the experimental results,

The output of the models was displayed in a
5x 13 matrix consisting of total fuel consumption values

for a specific rendezvous point. For every scenario and
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TABLE 3

VALIDATION OF FLYME DATA BASE

Cruise Holding

Clinb Climb Climb Fuel Fuel
Input Time Dist Fuel Rate Rate

Parameters (Min) (NM) (1000 1b) (1000/Min) (1000/Min)
C-5 FLYME 22 133 12.3 .32 .20
500,000% CHT 21 129 11.7 .32 .23
FL.350 % Dev +.05 +.03 +.05 0 -.12
Cc-5 FLYME 25 150 16.1 .42 .23
650,000# CHT 25 150 15.3 .42 .26
FL.290 % Dev 0 0 +.05 0 -.12
C-141B FLYME 15.4 93.6 6.6 .20 .16
240,000% CHT 15.1 91.0 6.3 .21 .16
FL350 % Dev +.02 +.03 +.05 -.05 0]
C-141B FLYME 15.8 22 7.6 .25 .19
300,0004 cCHT 14.8 90.5 6.9 .26 .19
FL290 % Dev +.07 +.02 +.10 -.04 0
KC-10 FLYME 18.3 127.5 10.3 .35 .24
420,0004 CHT 17.6 121 9.8 .35 .24
FL370 % Dev +.04 +.05 +.05 0 0
KC-10 FLYME 22.2 154.5 13.7 .41 .31
575,000# CHT 21.2 151 13.2 .39 .31
FL310 % D~v +.05 +.02 +.04 +.05 0
KC-135 FLYME 19.3 128.6 6.6 .18 .16
180,0004 CHT 20.0 127.0 6.6 .18 .16
FL350 % Dev -.04 +.01 0 0 0
KC~-135 FLYME 27.2  171.5 9.9 .25 .20
250,0004 CHT 28.0 171.0 9.9 .25 .20
FL290 % Dev ~-.03 .00 0 0 0

NOTE: CHT values are cbtained from aircraft perform-
ance manuals.
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combination of factors, FLTPLN determincd an optimal

rendezvous point for which the total fuel requirement was
lower than any other point considered. This can be seen

in the FLTPLN output in Appendix G. While this matrix repre-
sented only a portion of the feasible region of points,

the optimal point was always surrounded by higher values.
Every matrix of total fuel values had a gradient increasing
monotonically from the optimal point out to the feasible
boundary or to the edge of the matrix. Thus the minimum
value of the matrices is considered the absolute minimum

for the entire feasible region.

The output was further validated by checking that
changes in the input parameters resulted in consistent
changes in the output. For example, higher cargo weights
or route distances resulted in higher total fuel consump-
tion.

Further validation of FLTPLN results was accom-
plished using the SLAM model. FLTPLN output (total fuel
consumption per aircraft) was compared to SLAM output and
mission success rates were computed. In this way, FLTPLN
output could be shown to be feasible under actual real-time
flight conditions. The SLAM validation of FLTPLN was done
for each aircraft. The results of this validation are
described in the following paragraphs.

Each of the twenty-three C-5 flights simulated by
the SLAM model was successful under the normal wind factor

using probabilistic ground delays of zero or fifteen
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minutes. The SLAM fuel consumption valucs averaged 2.1

percent higher than those calculated by the analytical
model. Deviation of the SLAM fuel consumptions for the
C-5 are shown in Figure 3 for particular cargo loads,
tanker base, and refueling tankers. A negative value means
the SLAM model computad less fuel than the analytical model
and a positive value means the SLAM model computed more
fuel. Even with this increased fuel consumption, the C-5
was still able to complete all flights successfully. To
further validate FLTPLN a 95 percent confidence interval
based on the SLAM fuel consumption mean and variance was
constructed for each aircraft. Using the upper limit of
the confidence interval as the actual C-5 fuel consumption,
and as a riission completion success criteria, 87 percent
of the flights were successful. For example, if the avail-
able fuel for the C-5 exceeded the upper limit of the fuel
consumption confidence interval the mission was successful.
Every one of the twenty-three C-141B flights simu-
lated by the SLAM model was successful. The SLAM fuel con-
sumption values averaged 2.7 percent higher (see Figure 4)
than that calculated by the analytic model. Using the
upper limit of the 95 percent confidence interval as the
actual fuel consumed in flight and as a mission success
criteria, 83 percent of the C-141 flights were successful.
Combining the success rates for both aircraft the analytic
model correctly predicted the proper ramp fuel load for

the airlift aircraft.
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One hundred percent of the SLAM t-nker flights
were successful using the SLAM wind variant and ground
delays. Also each of the flights was successful using the
upper limit of the 95 percent confidence interval as the
success criteria. The SLAM KC-10 fuel consumption values
averaged less than a 1 pércent decrease (see Figure 5)
from the analytical model result and the KC-135 averaged
lelss than a 2 percent decrease (see Figure 6) from the
analytical model result. From these deviations we con-
cluded that thc analytical model provides results that are
operationally feasible under actual flight conditions for
all four aircraft.

Overall, the tankers burned about 1 percent less
fuel in the SLAM model than in the analytical model. Con-
versely, the airlifters burned about 2.5 percent more fuel
in the SLAM model than in the analytical model. This
difference in airlift fuel can be explained from the nature
of the two aircraft missions. The tanker flies to a
rendezvous point and returns to his departure base which
is relatively close compared to the airlifter destination;
the airlifter, however, flies to the rendezvous point and
then continues on to a destination which is thousands of
miles longer than the tanker route of flight. Conse-
quently, the airlifter has more time to be affected by
increases in the wind factor, and these increases plus any
delay in fuel consumption would cause the increased fuel

requirement. There are two reasons the tanker SLAM results
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are less than the analytical consumption. first is that

i R e et

an increase in wind factor has less effect on the tanker
than on the airlifter. A head wind increase to the
rendezvous point becomes a tail wind increase when return-
g ing to destination. Second, is the difference in the loiter
2. : fuel computations. 1In FLTPLN the tanker loiter fuel is

! always based on a fifteen-minute loiter duration; however,
in SLAM the loiter time is based on actual aircraft

%.i arrivals which usually requires less than fifteen minutes
loiter time. For the tankers, fifteen minutes loiter fuel
is more than the difference between SLAM and FLTPLN fuel
éi values. However, without any adjustments for loiter fuel
the fuel consumption values remain within our 10 percent

validation criteria. Finally, from these validation

TR

E results we observe that the SLAM model has validated the

; results of the analytical model. The SLAM model validation
: is discussed in Appendix I.
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V. Results and Analysis

The major purpose in the analysis of the research
results was to identify the principal factors affecting
the determination of the optimal rendezvous point and
takeoff fuel loads. First, these principal factors were
analyzed in terms of the two hypotheses stated in Chapter I.

The effect of cargo load on the optimal rendezvous
point is the first factor to be considered. The first
hypothesis stated that the optimal rendezvous point would
occur at the maximum flight range of the airlifter from
its destination base. This maximum range from the destina-
tion constitutes a boundary of the region of feasible
rendezvous points closest to the airlifter takeoff base.
The dashed lines on Figures 7 to 10 represent this boundary
at the levels of the cargo weight indicated. The optimal
rendezvous points determined by FLTPLN did not always occur
at this boundary range. The separation between the ren-
dezvous points and the feasible boundary is indicated on
the figures by the arrows. For example, in Figure 7, the
100,000 pounds cargo load on the C-5A resulted in an
optimal rendezvous point location 244 nautical miles from
the respective feasible boundary. The results for the
C-141 on Figure 8 are similar. As the cargo weight is

decreased, the range of the airlifter increases. This
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shifts the feasible boundary away from tre airlifter
destination base. For each decrease in cargo weight,

the optimal rendezvous points shift toward the airlifter
takeoff base along with the corresponding feasible boun-
dary. However, the optimal rendezvous point is located
farther from the hypothesized location with each decrement.
For the maximum feasible cargo weight of an airlifter, the
optimal point occurs on the feasible boundary, as is
indicated on Figure 9 for 70,000 pounds. Beyond these
cargo weights, the shorter range of the airlifter does

not permit a feasible solution. These results contradict
the first hypothesis.

The second factor to be considered is tanker base
selection. Five of the six airlifter/cargo weight combina-
tions for the east scenario resulted in the same optimal
rendezvous points regardless of which tanker base was used.
However, for the west scenario, most tanker bases resulted
in a unique rendezvous point for a given airlifter/cargo
weight combination. The rendezvous point using Eielson
was different from the rendezvous point using Fairchild
or Castle. The location of Eielson far along the western
route of the airlifter, precipitated this result. However,
each of the bases had some influence on the rendezvous
point measured by the distance of the point from the great
circle route of the airlifter. Table 5 lists these dis-
tances by bases. The influence of the tanker base con-

sistently increases as the bases are located farther along
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TABLE 5

TANKER BASE INFLUENCE ON RENDEZVOUS POINT

Base Location
Eielson 758.7 NM
Fairchild 402.2 NM
Castle 93.7 NM

the airlifter's route. The lack of variance due to tanker
basing in the east scenario rendezvous points stems from
the increased fuel requirements for the airlifter. Because
of the large fuel requirement to reach the ultimate des-
tination in the eastern scenario, little flexibility was
present in determining the rendezvous point. Thus, the
location of the tanker base affects the selection of the
optimal rendezvous point more when the fuel constraints

on the airlifter are relaxed by enroute tanker basing or
shorter total distances for the airlifter.

The second hypothesis stated that the maximum
allowable takeoff fuel load for the airlifter would result
in less total fuel consumption than any other fuel load.
However, for most scenarios, the optimal airlifter fuel
load was the minimum required to reach the optimal
rendezvous point and still maintain sufficient fuel
reserves to abort to the closest recovery base. This is

indicated by the lowest point on the graph in Figure 11,
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Investigating higher fuel onloads for the same scenario,

the optimal rendezvous point was found to remain the same,
but the total fuel requirement increased. This trend can
be seen in the sample FLTPLN output data in Appendix B.
For smaller fuel loads, the rendezvous point was located
closer to the airlifter takeoff base. This, however,
resulted in a larger total fuel requirement for the mission.
This trend is also shown by the graphs in Figures
12 to 15. The fuel loads of the airlifter and tanker com-
binations are expressed as percentages of their respective
fuel capacities. Each curve corresponds to a different
combination of cargo weight and tanker base. As thé
airlifter fuel load is reduced, the tanker fuel load is
increased by an amount proportional to the tanker fuel
decrease. The total fuel represented between any single
point on a curve (Figures 12 to 15) varies only a few
thousand pounds. Therefore, the transfer fuel is the only
factor which changes significantly. The slope of each line
represents the relative efficiency of the aircraft for
transporting fuel to the rendezvous point. Similarities
in the C-5/KC-10 graphs (Figure 12) and the C-141B/KC-135
(Figure 13) graphs can be explained by comparing fuel
consumption rates. For example, the C-5 and KC-10 have
similar fuel consumption rates, as do the C-141B and KC-
135. The slopes of the lines for thesz combinations are
approximately ~-1.2. The approximate slopes for the C-5/

KC~135 (Figure 14) and C-141/KC-10 (Figure 15) which have
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vastly different fuel consumptions, are -0.€ and ~-2.6
respectively. Therefore, for the latter two combinations,
the C-5 and KC-10 utilize a smaller percentage of their
fuel capacity than the KC-135 or C-141B for the same total
amount of fuel.

The optimal fuel loads marked by a box on each
curve, corresponds to the two percentages whose sum is the
smallestwof any two fuel load percentages on a curve.

For example, the McGuire 70,000 pound line in Figure 12
has the optimal load at the point corresponding to a sum
of 112 percent for both aircraft while other points on the
graph increase up to 123 percent at the extreme end of the
curve.

The optimal airlifter fuel load did not always
occur at the minimum level. This is indicated by the
boxes on Figures 13and 15. For these curves, the maximum
airlifter fuel load was optimal. However, because of the
differences in slopes for these combinations, the sum of
the percentages is still the minimum for all values along
the curve. This minimum sum criterion contradicts hypo-
thesis two. The relative efficiencies of the two aircraft
to carry the fuel to the rendezvous point, represented by
the slope of the curves in Figures 12 to 15, are the deter-~
mining considerations for optimal takeoff fuel loads.

The main result of this research is the identifica-
tion of significant fuel savings which can be derived from

the use of the optimal rendezvous point and takeoff fuel
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loads. The exact savings depend on the 3c:nario and air-
craft combination. Table 6 lists the average fuel savings
by aircraft combination for the optimal rendezvous point
and fuel loads compared to the point and fuel loads defined

by the two hypotheses.

TABLE 6

AVERAGE FUEL SAVINGS--OPTIMAL RENDEZVOUS POINT
VERSUS HYPOTHESIZED RENDEZVOUS POINT

Average Fuel

Aircraft Savings

Scenario Combination (1bs.)
East C-5/KC-10 25,200
C-141B/KC-10 8,300
C~-5/KC-135 19,700
C-141B/KC-135 6,300
West C-5/KC-10 39,400
C-141B/KC-10 21,700
C-5/KC-~135 34,700
C-141B/KC-135 10,300

Since the original two hypotheses were contra-
dicted by the research results, the hoped for general
optimal refueling policy was not derived. The results
were examined to see if any general hypotheses were sug-
gested.

The results are summarized below by describing the
efféct of the »>rincipal factors on the determination of
the optimal rendezvous point and onload fuels. At the
maximum feasible cargo weights, the optimal rendezvous

point occurs on the feasible boundary closest to the




airlift takeoff base. For lesser cargo weights, the
separation between the point and the coresponding feasible
boundary increases. Enroute tanker bases draw the loca-
tion of the optimal rendezvous point closer to the tanker
base than do inland bases. The inland bases will most
often result in the same optimal rendezvous point despite
vast differences in the tanker's flight distances. The
takeoff fuel loads for both aircraft are optimized by mini-
mizing the combined percentage of fuel capacity used by the
two aircraft. This sum is greatly dependent on the spe-

cific aircraft combination used.

Sensitivity Analysis

The sensitivity analysis systematically varied the
levels of selected input factors and was used to verify
the consistency of the results of the models for the entire
feasible range of the input variables. The analytic
results were collected for extreme values of airlifter and
tanker total flight distances, and cargo weights for each
aircraft combination. Sensitivity analysis of the SLAM
model was completed for the extreme values of ground
delays, wind factor, and increased in-flight cruise times.

The sensitivity of the results to the total dis-
tance flown by the airlifter was tested by generating
scenarios with different destinations. For the east
scenario CONUS bases, an airlifter destination at Cairo,

Egypt, represented the minimum distance examined. This
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reduced the Tehran flight distance by 570 !M. The maximum
extreme distance examined used Kabal, Afghanistan, as a
destination, which increased the airlifter flight distances
by 510 NM. The Cairo data results were consistent with
the Tehran data except previously unfeasible cargo loads
became feasible. For example, 120,000 pounds cargo levels
for the C-5A and the 70,000 pounds cargo level for the
C~141B both became feasible. For the Kabal data, the
55,000 pounds cargo load for the C-141B became infeasible.
As a result, few airlifter fuel loads were feasible. The
rendezvous points were located closer to the airlifter des-
tination and the transfer fuel at this increased tanker
range was reduced by an average of 23,000 pounds. These
results are continuations of the trends established by the
main data and are consistent with the previous results.

A southwest scenario from Travis AFB, CA, to Clark
AB, Philippines, provided an example of enroute basing
using Hickam AFB, HI, as the tanker base. The rendezvous
point moved an average of 1203 NM from the great circle
route for all runs of this scenario. The use of Barksdale
AFB, LA, by the KC-~10 resulted in the same rendezvous point
as Castle, though the extra 2500 NM route segment for the
tanker increased the total fuel used. Thus, these extreme
examples of enroute and deep inland tanker basing were con-
sistent with previous results in the determination of the

optimal rendezvous point.
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The effects of cargo loads on the rcesults of the
analytic model were consistent with the Tehran results for
all feasible values. For large cargo loads which pre-
cluded transferring sufficient fuel to complete the mission,
no feasible solution was possible. This occurred at 140,000
pounds for the C-5A and 70,000 pounds for the C-141B. For
small cargo loads, the allowable fuel load was sufficient
to conduct the mission without refueling. Between these
extremes, changes in the cargo load consistently produced
the previous results illustrated in Figures 7 to 10.
Therefore, the entire feasible ranges of the input param-
eters produced consistent results for all scenarios.
Extreme values of the factors indicate feasible boundaries
but do not change the trends or results.

Although the primary purpose of the SLAM model was

to validate the analytical model for operational suitabil-

ity, it was also used to conduct part of the sensitivity
analysis. The SLAM sensitivity analysis was conducted in
three major areas: (1) increases in ground delay times,

(2) increases in wind factors, and (3) increases in

B N

cruise times.

The first variable investigated was the ground
delays. In the SLAM model, the delay was either zero, or i
fifteen minutes. To determine the sensitivity of ground #
delay time on the results, the delay was increased to
twenty-five minutes. Increased ground fuel consumption

resulted; for example, 800 pounds for the C-141B, 1200
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pounds for the C-5, but this had no effe~t on the mission
completion rates for any of the aircraft or scenarios. A
larger increase in the ground delay time was not explored
because from the experience of the authors, an aircraft
commander would not run the engines for longer than twenty-
five minutes on the ground while waiting for maintenance
repairs or other types of services.

The second variable investigated was the wind
factor. The SLAM model was created with a normally dis-
tributed wind variant with a mean of 55 KNOTS and a standard
deviation of 10 KNOTS. The wind was first changed to a
mean of 55 KNOTS and standard deviation of 20 KNOTS. This
caused 43 percent of the missions to fail due to inadequate
fuel. When the wind standard deviation was increased to
30 KNOTS none of the missions flown #gainst a headwind
were successful. It is not surprising that the missions
failed when the wind standard deviation was increased to 20
KNOTS since that is a significant increase. Those missions
which failed, all flew the west scenario to Yokota, had a
headwind for most of the route. The effect of an increase
of 20 KNOTS on a C-141 which travels 3000 NM after the
rendezvous (this is representative of the rendezvous point
to destination distance for the west scenario) increased
the fuel consumption by 4400 pounds. A wind increase of

30 KNOTS increased the fuel consumption by 6400 pounds

which caused all C-141B missions to fail. 1In actual
flight operations large wind factor deviations are not
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expected. Combining weather satellite data and pilot mis-
sion weather reports which are forwarded to Air Force
Global Weather Central, the current wind forecasts are very
accurate.

The third variable investigated was the increase in
unplanned cruise time for each aircraft. To examine these
delays, the cruise time was increased by fifteen minutes
for each aircraft. With the extra cruise time added, 83
percent of the C-5 missions were completed but for the
C-141 only 74 percent of the missions were completed. For
the KC-10, 100 percent of their missions were successful
but for the KC-135 only 83 percent of their missions suc-
ceeded. The low mission completion rates seem to indicate
that a fuel reserve is needed to make the mission comple-
tion rate acceptable. HQ MAC does have a fuel reserve
for aircraft flying on overwater routes. If these fuel
reserves are added to each aircraft's fuel load, the mis-
sion completion rates increase to 100 percent.

Since the original fuel load hypothesis has been
rejected and the optimal airlifter ramp fuel loads are most
often less than the maximum fuel allowable, adequate fuel
capacity remains for a fuel reserve. The reserve would com-
pensate for cruise delays, and should not change the trends.

The sensitivity analysis performed indicates that
variations in the parameters of the FLTPLN model used in
the specific scenarios of this research do not change the

basic results obtained.
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VI. Conclusions and Recommendations

The conclusions of this research are presented as
they relate to the questions and hypotheses stated in
Chapter I. For a specific mission defined by the input
factors, one rendezvous point always resulted in less total
fuel consumption than any other point. This point results
in a significant fuel savings compared to the suboptimal
points. However, the optimal point‘was not always located
at the maximum feasible range of the airlifter from its
destination as proposed by hypothesis one. The location
of the optimal rendezvous point can only be determined by
considering the interaction of the airlifter's total dis-
tance, cargo load and the location of the tarker base.
However, definite trends in the results emerged. As the
airlifter total distance to destination or cargo weight
was increased, or the tanker base was located farther
inland of the airlifter takeoff base, the optimal ren-
dezvous point was located incrementally closer to the maxi-
mum feasible range boundary. If airlifter di- - ce to des-
tination or cargo weight were reduced or ' «che .. nker base
was-located along the airlifter's route of flight,; the
optimal rendezvous point was located farther from the

feasible boundary and closer to the tanker base.




The second hypothesis is also rejected in favor of
a proposal to determine the takeoff fuel loads as they
relate to the percentage of the aircraft total fuel capaci-
ties. Adjusting the transfer fuel until the sum of the two
percentages of fuel capacities is the minimal sum for all
feasible fuel loads will result in the minimum total fuel
consumed by both aircraft. This minimum sum is dependent
on the aircraft combination. It typically occurred at the
minimum airlifter fuel loads when the KC-10A was used and
maximum airlifter fuel loads when the KC-135A was used.

The following recommendations are submitted as a
result of this research:

1. The planning of Strategic Airlift air-refueling
missions should incorporate the results of this research
when determining the rendezvous point and takeoff fuel
loads. Attempts at optimization of these factors will
result in significant fuel savings to the Air Force.

2. To aid in the optimization of specific airlift
missions, the concepts of the analytic flight planning model
used in this research should be expanded to include three
additional dimensions:

A. A real time weather data base,
B. Actual route segment flight planning to
replace the great circle route planning of the FLTPLN

model; and finally,




C. The inclusion of the possibllity of multiple
air-refuelings of a single airlifter or of multiple air-

lifters by a single tanker.
The computer flight planning programs maintained
by AFGWC/DOY provides the best oppcrtunity to consolidate

all of these dimensions into an operational air-refueling

flight planning model.
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Appendix A
Manual Fuel Consumption Computation of a Typical

Airlift Mission Profile Using the C-141B

rerformance Manual
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This appendix contains a typical fuel planning cal-
; culation for a C-~141B mission. Output from these calcula-
tions will be compared to the model outputs. (All per-

formance figures are from the C-141B performance manual,

‘- Change 16, 24 Aug 1979.)

L The mission will be from McGuire AFB, NJ, to Tehran,
Iran. The tanker will be a KC-135 departing and returning

{ ‘ from and to McGuire. The following steps are used to calcu-

- late fuel requirements:

1. INITIAL CONDITIONS (C-141B): (obtained from
FLTPLN)

RAMP GROSS WEIGHT - 325,000 1lbs.

McGuire to rendezvous entry point DISTANCE -
1350 NM.

e - -
b 3

Rendezvous track = 250 NM.

o

Rendezvous exit point to destination DISTANCE -
1810 NM.

] TRANSFER FUEL - 53,000 lbs. (JP-4).
WIND FACTOR - 55 KNOTS.
2. FUEL CONSUMPTION CALCULATIONS:
The following section calculates mission fuel
- consumption for the initial conditions in (l1). Fuel con-
h sumption calculations consist of seven areas:
A. START, TAXI, AND TAKEOFF FUEL - 1900 1lbs.
B. INITIAL CLIMB FUEL:

(1) INITIAL PARAMETERS: TAKEOFF GROSS
WEIGHT (GW) =

71
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? RAMP GW - TAKEOFF FUEL =

325,000 - 1900 323,100 1bs.

it

i

CLIMB ALTITUDE 33,000 ft.
(2) FROM T.O. C~141B 1-1 Chapter 4:
CLIMB FUEL = 9050 1lbs.
CLIMB DISTANCE = 144 1lbs.
C. CRUISE FUEL:
(1) DISTANCE from level off to rendezvous point =
1350 - 144 = 1206 NM.
(2) Fuel flow at cruise altitude for a constant
MACH (0.74) is a function of Gross Weight and Temperature
Deviation from a Standard Day and is given in air nautical

. | miles (ANM) per 1000 lbs. fuel.

£ (3) CRUISE GW = TAKEOFF GV - CLIMB FUEL =
7 323,100 - 9,050 = 314,050 lbs.

(4) TRUE AIRSPEED (TAS) AT 33,000 ft. (.74)
MACH = 431 KNOTS

: GROUND SPEED (GS) = TAS + WIND FACTOR =
A 431 + 55 = 486 XNOTS

ANM = DISTANCE % TAS/GS = 1026 NM % 486 KNOTS/
431 KNOTS = 1081 ANM

(5) FUEL CONSUMPTION RATE = 27 ANM/1000 lbs.
E o fuel

. FUEL CONSUMPTION = 1081 ANM/27 ANM/1000 1bs.
fuel = 40,000 lbs.

‘. D. REFUELING TRACK FUEL CONSUMPTION
(1) TRACK DISTANCE = 250 NM

(2) ENTRY GW = CRUISE GW - CRUISE FUEL
= 314,050 -~ 40,000 = 274,050 1bs.

(3) AIRSPEED = .75 MACH @ 25,000 ft. altitude.

72




R T

(4) FUEL CONSUMPTION RATE = 250 lbs./minute
(5) REFUELING TIME = DISTANCE/AIRSPEED
TAS @ 25,000 ft. = 453 KNOTS

GROUNDSPEED = TAS + WIND FACTOR =
453 + 55 = 508 KNOTS

TIME

DISTANCE/GROUNDSPEED

TIME

i

250 NM * 60/508 KNOTS = 29.5 min.

FUEL CONSUMPTION = 29.5 min. % 260 1lbs./min=
7680 lbs.

E. POST-RENDEZVOUS CLIMB TO ALTITUDE
(1) INITIAL CLIMB GW = ENTRY GW - TRACK FUEL &
TRANSFER FUEL
274,050 + 53,000 -~ 7680 = 319,370 lbs.
(2) CLIMB ALTITUDE = 29,000 ft.
{(3) From the C-141B performance manual:
CLIMB DISTANCE = 27 NM
CLIMB FUEL = 1400 1lbs.
F. CRUISE TO DESTINATION FUEL

(1) CRUISE GW = CLIMB GW -~ CLIMB FUEL
= 319,370 - 1400 = 317,970 1lbs.

(2) CRUISE DISTANCE = RENDEZVOUS EXIT TO
DESTINATION

DISTANCE - CLIMB DISTANCE = 3810 - 27 =
3783 NM,

(3) AT 29,000 ft. TAS = 438 KNOTS
GS = 438 + 55 = 493 KNOTS
(4) ANM = 3783 % 438 / 493 = 3361 ANM

(5) FUEL CONSUMPTION RATE = 29 NM/1000 1lbs.
fuel

(6) FUEL CONSUMPTION = ANM/RATE = 3361 ANM/
29 ANM/1000 lbs. = 115,900 1lbs.
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G. APPROACH AND LANDING FUEL IS 2500 1lbs.

The total planned fuel consumption from McGuire AFB

to Tehran, Iran is:

G
2: (FUEL CONSUMPTION)i = 175,900 1lbs.

i=A




Appendix B
' Aircraft Ground Delay Data
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The aircraft ground delays in the SLAM Simulation

Model were based on the data shown below. The data was

ity

obtained from various CONUS Air Force bases for the follow-

ing aircraft:

AIRCRAFT: KC-135

, PERIOD: 30 DAYS
T INSTALLATION: MARCH AFB, CA
o TOTAL TAKEOFFS: 93 1
DELAYED TAKEOFFS: 12

' LENGTH OF DELAY LENGTH OF DELAY

e DELAY # (MIN) DELAY # (MIN)

{f 1 21 7 19 i.
2 19 8 77 E
3 227 9 210 é
4 6 10 48

' 5 34 11 74 ’
6 236 12 1

76

{ |
B 4




AIRCRAFT: KC-135

_ PERIOD: 30 DAYS

2 INSTALLATION: PLATTSBERG AFB, NY
X TOTAL TAKEOFFS: 101
DELAYED TAKEOFFS: 47

* LENGTH OF DELAY LENGTH OF DELAY
DELAY # (MIN) DELAY # (MIN)
; 1 26 25 12
: 2 179 26 96
) 3 39 27 23 I
! 4 11 28 20 |
. 5 13 29 70 1
: 6 12 30 57 |
; 7 151 31 22 |
! 8 12 32 21 |
» 9 135 33 21 :
4 10 132 34 19 ]
11 45 35 28 ¥
12 53 36 19 j
13 14 37 14 }
14 25 38 153 {
15 26 39 137 :
16 26 40 73
17 64 41 70
18 32 42 16
19 34 43 37
20 76 44 20
j 21 20 45 27
; 22 13 46 20
23 24 47 19
24 62
77
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] AIRCRAFT: C-141

p PERIOD: 30 DAYS

E INSTALLATION: NORTON AFB, CA
TOTAL TAKEOFFS: 156

DELAYED TAKEOFFS: 25

= LENGTH OF DELAY LENGTH OF DELAY
; DELAY # (MIN) DELAY # (MIN)
: 1 72 14 152
- 2 122 15 99
‘ 3 150 16 134
: 4 25 17 . 87
;4 5 78 18 41
a?; 6 22 19 117 :
\ 7 85 20 61 1
8 27 21 25
9 177 22 16
1 10 42 23 66
11 29 24 42
12 90 25 56
13 42
{
.
| ]
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AIRCRAFT: C-5

Y PERIOD: 60 DAYS

INSTALLATION: DOVER, DE
TOTAL TAKEOFFS: 143
DELAYED TAKEOFFS: 25

LENGTH OF DELAY LENGTH OF DELAY !
DELAY # (MIN) DELAY # (MIN) ¥
1 31 14 90
2 28 15 121
3 72 16 1152
4 30 17 243
5 35 18 44
6 37 19 36
7 29 20 162
8 187 21 1578
9 48 22 119
10 67 23 24
11 34 24 146
12 98 25 218
13 104
L ;
]
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C THIS IS THE MASTER FLIGHT PLANNING PROGRAM
c
PROCRAM FLTPLN (INPUT,OUTPUT)
¢
DIMENSION XX(38)
BIMENSION LAT(71)LONG (71 +PRLITY (HRN(T)1CARGD(5)
DINENSION LEG(SIFUEL(18) (FEASELIS13) (FLELMINGIE)
DIMENSION MACH (&) MXCNT (4) NXFUEL {4} OFNT (4)»RFF (4)
DIMENSION RMLIT): RMACHI2), STIOF(H) KE(IELLUI
REAL LATLONG MR MXCNT ) HEFUEL/LEG MACH
INTECER AT TK
X DATA P1,DECIRAD/3.141592654:57.23577951, . 81745329252/
DATA MACH 7,770 74 .82+ .52/
DATA RMACH/ .62 .74 /
1l DATA RFE /.45 .26y .27 .25/
G DATA MXGHT/712.51323.11596.6:1276.8/
2 DATA MYFUEL/315.11 151,45 345.4 163.8/
- DATA OPUT/ 354.8: 141.6) 243.47y 185.9/
e DATA STIOF/2.8: 1.9 3.6 2.8/
DATA CARGO/188.185.176.176.155.148./

i g S e Al A N i ) i s

o

FUNCTION STATEKENT TO CONVERT RADIANS TG DEGREES
DRAD(COORI = (IKTICOOR)+(COUR-INTICOORI}/2.63/DEC

€ FUNCTION STATEMENT T3 CONVERT DEGREES TO RALIANS
ROEG (ANGLE} = INTIANGLEN 8. 4H(ANCLE-INTIAKGLEY)

GROUND SPEED CALCULATION FROM TRUE AIRCPEED AND WIND
GSISPDIALTTC) = TASP{SPD,ALTISCOS (ASINIHVISINWND-TT)
£ JTASP(SPDIALTY) )} -KV2CDS (ND-TC)

- izt oy

"

P4
L]

Ceg

- SCENARIO INPUT DATA IN DEGREES, MINUTES TENTHS
i PRINT#:"  EAST SCENARID # 1®
t PRINT#,%  TANKER BASE # 1"
ELEV] = 6.8
LAT(1) = 38.214
LONG(1)= 121.57
LAT(2) = 35.27
LONG(2)=-139.124
LAT(3) = 61,131
LONG(31= 149,535
LAT(&) = 64,37
: LONC(41= 147.63
ELEVE - 8.8
€ CONVERT LAT/LCNG UECREES TO RADIANS
| DO 18 1:=1:4
PRL{I) = CREDILATII))
MRN(I)= TRADILONGIIN
1) CONTINUE

Lo ]

"

9
b
-
i
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€ WIND DIRECTION IN RADIAKS AT 4D

ND = &t
€ UIKD VELOCITY IN NM / WMINUTE AT WV
N o= S1bEbbYT

€

C SELECT KC-18A TANKER FIRST THEN KE-135A TANKER
DI 9% MN =1, 2
K =3
IF (NN JEQ. 2) TK = 4

¢
C SELECT C-5A AIRLIFTER FIRST THEN C-141P AIRLIFTER
DO 936 M =1y b
PRINT 788
748 FORMAT (1Xa/o128{"#"))
A =1

IF ¥ GE, &) AC =2
PRINT®:* AC ="1ACy" TK ="+ TKs"™ CARGO =":CARGO (MM}
€ CALCULATE RESERVE FUELS
RESY = 38./ AC
REST = 15.#(5.-Ti)
AZFW = OPWNTIAC) + CARCO{MM)
€ DETERWINE CEASIBLE EOUNDARY RANGE
CKFUEL = AWIM{(HYFUEL CAC) (MXGKTLRCI-AZFNI?
CALL RHOTHTALPRLULY $MRHLETPRL(ZIVHRNHZ) 2y TDISTHGCTEY
ACH = MIGNTIAC) - (CKFUEL-RESVI/Z,
ALT2 = CALT(AGN+AL,TC)
CALL FLYME (ACH MACH{AC) 1ALTZ 11 TUFF VALY
LEG(2) = (CKFUEL-RESVI#GSIMACRIAT) +ALTZHTC) /CKEF
€ RPT AT LEVEC OFF IF WITHIN 493 N¥ OF AIRLIFTER EASE
IF (LEGIZ).LT. (TDIST-483.}} GO 70 28
PRINT#," RPT AT LEVEL OFF"
ACK = NICWT{AC)
CALL FLYNE (AGHIELEVL 25120 CLRDIST ALY
PRINT®,"  CLPDIST =", CLEDIST
LEGI2) = TDIST-CLNDIST-358.
28 LEGUL) = TDIST-LEGIZ)
€ COMPUTE COORDINATES OF DOUNDARY RPT OM GREAT CIRCLE
CALL CATLONG(PRL(L) oMENCLY W LEG(L) +GL+FRLLT) 1 HRNIT))
€ SET SEPARATION BETREEN RPT
SN = 5. # RAD
IF {PRL17),CE.PRLI4)} SN = -SN
EN = 2. SRAD
[F {SINIGC).CE.8) EWN = -EN
€ SET INITIAL AIRLIFTER FUEL LDAD AT mAlIMum
AFUEL = CKFUEL
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C DEVELOP MATRICES FOR 18 AIRLIFTER FUEL LE2D.

DO 146 In=1, 18

PRL{S} = PRLID)

MRN{S) = MRN{T7)

FUELRINGIM = 777,17
AGHT = ANINI{RZFN4AFUEL)NXCKT (RC)H)
AFL =CALT(AGKT/ACHTC)

€ COMPUTE CLINE VALUES FOR CURRENT AIRLIFTER FUEL LOAD

¢

CALL FLYNE{AGHT(ELEVL,AFL 1 CLATAC)
CALL FLYNE(AGNT+ELEVE1AFL,2:CLND,AC)
CALL FLINE(AGHT ELEVL AFLI3\CLIF/AC)

€ GENERATE 5 X 13 MATRIX OF RPT

DO &3 L=1113
DO 7% K:115

C COMPUTE ROUTE SEGMENT DISTANCES

- 158

, c

CALL RHOTHTA(PRLUL) +HRN (1) PRLUS) oKRNISYHLEGUE) 1GToRAL (1))
CALL LATLONGIPRLUS)sMIN(S} 1256, v (GC-P1)+PRLIE) 1MRNIS})
CALL RHOTHTALPRL(S)MRN (S} +PRLIZ) +HRNIZ)HLEGLZ) 1GCIRILIZN)
CALL RHOTHTA(PRLUS)/MRANTE) \FRLIS) +MRNI3HALEGI3) 1GCHRHLIZN
CALL RHOTHTA(PRLU4) +KRN(&}PRLIL) JHRN () SLEG (4} 1GLIRHLIA))
CALL RETHTA(PRL(3} +HRN(S)+PRL (41 MRN {4} 1LEG(5)+GTIRHLISH)
FEASBLIK:L) = 777777

- | ¢ AIRLIFTER POST RENDEIVOUS T0 DESTINATION

(4]

kL

i
|
!

FAV = 128./ AC
AGH = AMINI (AZFNRESV+Z3FRAV. MXGNT(RC))
D03 JJ=1r3
(LD = 8.8
CLF = 6.8
AFL = CALT(AGH.AC.RUL(Z})
IF (AFL .EG. 25.) GO 10 25
CALL FLYNE(ACN23.1AFL124CLD1AC)
CALL FLYME(RGH:23.1AFL13+CLFAC)
CLD = CLD3GS(HACH(AC) AFL/RNLIZ) ) /TASP (HACH(AC) AFL)
AGN = AMINT(AZFW+RESV+FAV \MIGUT(ACH)
CALL FLYNE (AGNMACH(AC)AFL 4+AFF AC)
FUEL(Z)={LEG(2) -CLD)3AFF /GS {MACH(AC) »AFL RALIZ))
AGH = ANINL(AZFW4FUEL (2)+CLF4RESVHECWT (AC))
FAV = FUEL(2} / 2.
CONTINUGE
fiFL2 = AFL
FUEL(2} = FUEL{Z) 4 CLF
IF (FUEL(Z} .GT. {CKFUEL-RESV)} GO TO &8




4 € AIRLIFTER DEFARTURE TQ REALEZVOLS
LEG{1} = LECUL) - 288,
AFL = CALT(AGWT.AC,RML(1)) -
ATIM = (LEG(1)-CLND) /GS(MACH(RC) +AFL RAL(1})
ACW = AGNT - CLMF
CALL FLYNE(AGK MACH(AC) 1AFL 41AFFAC)
ACW = AGN - (ATIM # AFF/ 2.}
CALL FLYME(AGNIHACHIRC) 1AFL 1 41AFFAC)
: FUEL(1) = ATIM # AFF + CLNF
i ATIN = ATIN + CLMT

>

AIRLIFTER ABORT TO ALTERNATE
3 ACW = ACWT - FUELLT)
b AFL = CALT(AGH/AC/REL (3N
CALL FLYME(RGN/HACH(ACHAFL 4+ AFFAC)
] AGH=AGH- (LECI3)2AFF/CS (MACHIAC) +AFLIRALI31) /2.
o CALL FLYME(AGH MACHIACY 1AFL 44 4FF1AC)
: FUEL (3)=LEG{3} #AFF /GS (HACHIAC) +AFL,RIL {31}

[ x)

AIRLIFTER ABORT TO DEPARTURE BASE
: ACN = AGMT - FUEL(Y)
- RMLIGY = RMLI1) - PI
P AFL = CALT(ACN:ACIRRL (L))
2 CALL FLYNE (ACW+MACH(AC) 1AFL 41 AFF1AC)
- | ACN=ACH- (LEG (1) 3AFF /CS (MACHIAC) 1AFLVRIL(6) 1) /2,
CALL FLYME (AGH1MACHIAC) 1AFL 141 AFF1AC)
FUEL{6)=LEG (1) 3AFF/CS{MACH(AC) +AFL RAL (6)}

o

: AIRLIFTER RENDEZVQUS TRACK FUEL

* FUEL(7)=258 . 4RFF {AC) /GS (RRACH(ACY + 25, RHLULD)

; IF (IFUEL(1)4ANINT (FUEL (3) +FUEL L&) J4RESV4FUEL (7))
- t +6T. AFUEL) GO TO 46

€«

3 TRFL IS THE TRANSFER FUEL AT REMDEZVOUS
K TREL = FUEL(1)+FUEL(T)4FUEL{2)+RESY - AFUEL
k IF (AFUEL+TRFL-FUEL(1)-FUEL(T} BT, CKFUEL) GO TO 8

L I o ]

TANKER POST RENDEZVOUS TO DESTINATION
FAV = (5.2-TKI48,5

4 TONT = OPNT(TK)4REST

) TGN = ANINE(TGNT 4 2.3FAV, MICHT (TK )

- D0 44 JJ e 3

. CLD = 6.8

= . CLF = B4

e | TFL = CALT(TCH) X, RNL(S))

- IF (TFL LEG. 25.) 6O T0 35

.
2
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CALL FUYNELTON 25, TFL 20 CLD TR)
CALL FLYNE(TCON+25,TFL13:CLFVTK)
CLD = CLDSCSMACHITK} »TFLARUL(SH}/TASP (MACR(TKY 1 TFL)
35 TCM = AMIRI(TCWT + FAV, MIGWT(TK))
CALL FLYME(TON MACHITKE TFLA &2 TFFYTK)
FUEL{SY= (LEG(S)-CLD)STFF/GSIMACH (TK} 1 TFLoRML (51
TCW=AMING (TCNT+FUEL (S)4CLFy MXCHT(YK)]
FAY = FUEL(S) /2.
48 CONTINUE
FUEL(S) = FUEL(S) +CLF
C
C  TANKER RENDEZVOUS TRACK FUEL
FUEL (8)=256.9RFF (TK) /GE (RRACH(AC}»25. RHL 1))
TON = AMINI (TOR+FUEL(B)» MXGNTLTKY)
CALL FLYME(TON/HACH(TK} 125, S+ MAITF TK}
FUEL{8} = FUEL(B} + 15.% NAITF
¢
C  TANKER DEPARTURE 10 REMDEZVOUS
FAV = (4.3-TK}45.4
TCNT = OPNT(TK) +RESTHFUEL (S14TRFL4FUEL(R)
TGN = ANINI (TOWT+2.#FAV, MIGNTITK))
D058 JJ=1r3
TFL = CALT{TCH: TK/REL{4})
CALL FLYME{TCM/ELEVZ)TFL1 11 CLTHTK)
CALL FLYNE(TON/ELEVZiTFL Z/ELD2TK)
CALL FLYME{TON2ELEVZTFLI3.CLF TK)
TCM = AMINI (TCNT+FAV) RXGHTITK))
CALL FLYME (TGN MACH{TKY »TFLi 4 TEF TH)
TUIM = (LEC(4}-CLD}/GS (HACHITKY 1 TFL.RNL (4))
FUEL{&} = TTIM & TFF
TGW= AMINI(TCWT + FUEL (4} + CLF» HXCNT(TK))
FAV = FUELIG) 7 2.
56 CONTINUE
FUEL{&) = FUELI&) + CLF
TGHT = TOWT + FUEL{&)
IF {TGHT .GT. MXCNT(TK}) GO TO &8
¢
€ COMPUTE TANKER TAKE IFF FUEL LOAD AT TFUEL
TFUEL = FUEL(4)+TRFLAFUEL (B)4FUEL (S)4REST
IF {TFUEL .GT. MXFUEL(TK}) GO 10 ¢4

¢
€ STORE TOTAL FUEL CONSUMPTIGN INM FEASBL MATRIX
FEASBL(XsL)= FUELL1Y4FLEL(Z)4FUELITY
¢ $FUEL (41 4FUEL{SIHFUELLE)

PRSP,




€ SELECT MININUM VALUE AND SAVE PARPRETERS
FUELMINCIMG = AMIND(FUELMINCIND Y FEASTLIKOLIE)
IF (FUELMIN(IN] .NE. FEASBLIKiL}) GD 70 ¢8
KKiIM) = X
L = L
WBI=10S
D) = LEGLD
IX(145) = RML:D)
18 = FUELID
IX{I415) = FUELLI4S)
3 CONTINUE
KX{Z1) = AFUEL + STTOF(AC)
IX422) = TRUEL + STTOF{TK)
123} = TRFL
KX{z4} = AFLZ
(z5) = 6.
IX(24) = TIIM 4+ 15, - ATIH
IF {1X{26}3 561 58y 58
56 Ies) = -8
kK(z8) = 8.
5% 12T = PRLLG)
1X(23) = MRN(b)

£
€ INCREMENT LATITUDE CoLUMN
40 PRL{S) = PRL(S) + SN
78 CONTINE
C INCREMENT LONGITUDE AFTER FIFTH LATITUDE

PRLIS) = PRL(T)

WRK{5} - MANIS) + ER
88  CONTINUE

IF (FUELMINCINY (EQ. T77.777) GO 10 180
¢
£ PRINT MATRIX VALUES AND QUTPUT FOR MINIMUM RPY

DO %48 K = 3: 3
PRINT 888, (FEASBL(KiL)+L=1413)

17} FORMAT (1%013(ZXaF7.34)
%68 CONTINUE

LAT{6) = RDEG(XX(Z7)+DEG)

LONG (&} = RDEG(XX128)3DEC)

PRINT#:" "y I FUELMIR{TH) KKCINYLLUIND
- t “ APT ENTRY ="+LAT(6)LONGIS)
SR PRINT#,"  LECS =" (XU{D)+1=135)
PRINT#," TRUE COURSES ="+ (XX{1}+1=8+18)
PRINTH,"  FUELS ="/ 1XX{1)+]1=11,18) )
ACNT = OPNT(AC)4CARGO (MM1+XX {21}

18
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PRINTH»"  AFUEL ="+XX(Z1)+" AGHT =")ACNT,
- *AFLZ =" XXAZ41 " ATOT =*»XX(28)
TGHT = OPNTITK} + XX(22)
PRINT#" TFUEL =" XX(Z22}," TONT =")TCHT:
¢ " TRFL ="»XX{2304" TTOT ="+XX{25)
C DECREMENT ATRLIFTER TAKEOFF FUEL LOAD
168 AFUEL = AFUEL - 28,
€ SELECT OPTINAL RPT FROM MINIMUM VALUES :
FUELIN = FUELMIN(D) ;
DD 3o H=1,18 i3
FUELIM = AMINLIFUELIM)FUELMIN(®}) b
; IF {FUELIM .NE. FUELMIN(M)} GO TO 386
. IM=H
e 388 CONTINUE
IF (FUELIM .NE. 777.777) GO TD 468
PRINT#:" NO FEASAELE SOLUTION"
GO 70 %38
468 PRINT 708
PRINT#:"  FUELMIN("»IMa"+"KKUIHY 2" "sLLCIME ™) ="+ FUELNINCIX)
B LAT(7} = RDEGIPRLI(7}#DEC)
; LONG(7)= RDEG(MRN(7}2DEG)

XN PRINT®, " POINT OKE ="+LAT(7).LONG(7}
R - PRINT 74¢
1 998 CONTINUE
i 999 CONTINUE
s1oP

END

L
|
|
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SUBROUT INE RHOTHTALPL1PIN/P2¢PZN RHD( THETAIRAL)
€ CONPUTES %RZAT CIRCLE DISTANCE AND CQURSE
@b = 156794307
IF {P1 .GT, QD) P1 = QD
IF (P2 .CT, QD} PT = QD
D=ACOS (SIN(PLI4SIN(PZI4COS (P1)4CASLPLIHCTE (FEN-PIN))
RHO=D#3437. 74677
THETA=ACOS{ (SIN(P2)-SINIPI)ATOS DY) /SINIBY JCOSIPLY Y
[F(SIN(P2A-PIN) .GE.B} THETA= 4.283185388-THETA
RML = ATANC(PIN-PZM) 7 (ALOG(TAN(3.78539816354P2/2))
£-ALOG(TAN(#.7653981635+P1 /2011
IF(RAL.LT. ) REL=3,1015920544 R0
TIF{SIN(PZN-PIN} .CE.B) RML=3.1415524544R0L
RETURN
END

"

£
SUBROUTINE LATLONG(P1,P1M:RHO. THETA,P2,P2N)
¢  COMPUTES LAT/LONG GIVEN DIST AND COURSE FROM POINT
R = RHO 7 3437.74677
P2 = ASIN(SIN(PL) # COSIR} + COS(P)) 2
13 SIN(R + COS(THETAN)
0 = ACOSC(COS(RY-SIN{PLI#SIRIP2)}
14 1COS(PLY/COSIPZ))
IF (SINITHETA) .0E. 8.) D= <D
PIM=PIN+ D
IF (PZH.GT.B. .AND. SIN(PZN).LT.8.} P2M=P2N-5.282185368
IF (PZW.LT.8. .AND. SIN(PZM).GT.B.1 PZNM=4,283185388+P2H
RETURN
END

—a—
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Appendix D
SILAM Description
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SLAM (Simulation Language for Alternative Modeling)
is a new FORTRAN-based simulation language which allows
simulation models to be created in three world views:

1. Network

2, Discrete

3. Continuous

A SLAM model consists of a set of interconnected
symbols that describe the operation under study. SLAM pro-
vides network symbols (see Figures D-1to D-10) which can be
used to build models and which can be translated into input
statements for computer processiﬁg. SLAM symbols and input
statements used for the SLAM Flight Simulation Model
described in Chapter IV are explained here. The following
symbols, statement formats, and definitions are taken from

Introduction to Simulation and SLAM by A. Alan B. Pritsker

and Claude D. Pegden (1979), pp. 435-551.

Network Element Fiqure
1. ASSIGN NODE D-1
2. CREATE NODE D-2
3. ENTER NODE D-3
4, EVENT NODE D-4
5. GOON NODE D-5
6. MATCH NODE D-6
7. QUEUE NODE D-7
8. TERMINATE NODE D-8
9. REGULAR ACTIVITY D-9

10. SEPVICE ACTIVITY D-10
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NODE TYPE:

FUNCTION:

INPUT FORMAT:

SPECIFICATIONS:

SYMBOL:

Fig. D-1.

ASSIGN

The ASSIGN node is used to assign values
to SLAM variables (VAR) at each arrival
of an entity to the node. A maximum of M

emanating activities are initiated.

ASSIGN, VAR=value, VAR=value,...,M;

ENTRY OPTIONS

VAR ATRIB (INDEX),XX(INDEX) ,II, where
INDEX is a positive integer or
the SLAM variable II.

value an expression containing con-
stants, SLAM variables, or SLAM
random variables.

M positive integer.

VAR=VALUE M

ASSIGN Node Description Summary




NODE TYPE:

FUNCTION:

INPUT FORMAT:

SPECIFICATIONS:

SYMBOL:
TE

CREATE

The CREATE node is used to generate
entities within the network. The node is
released initially at time TF and there-
after according to the specified time
between creations, TBC, up to a maximum

of MC releases. At each release a maximum

of M emanating activities are initiated.

CREATE, TBC,TF,MA,MC,M;

TeC

ENTRY OPTIONS
TBC constant, SLAM variable, or
SLAM random variable.
TF Qonstant.
MA positive integer.
MC positive integer.
M positive integer.
MA
MC M .

Fig. D-2. CREATE Node Description Summary




NODE TYPE: ENTER

{ FUNCTION: The ENTER node is provided to permit the

user to enter an entity into the network

from a user-written event routine. The
?, node is released at each entity arrival
and at each user call to subroutine
?E ENTER(NUM). A maximum of M emanating

activities are initiated at each release.

E; . INPUT FORMAT: ENTER, NUM,M;
. i SPECIFICATIONS: ENTRY OPTIONS
NUM positive integer.
y
.
F M positive integer.
; SYMBOL:
EF
o j
- i

Fig. D-3. ENTER Node Description Summary

R A
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NODE TYPE:

FUNCTION:

INPUT FORMAT:

SPECIFICATIONS:

SYMBOL:

EVENT

The EVENT node causes subroutine EVENT

to be called with event code JEVNT at each
entity arrival. This allows the user to
model functions for which a standard node
is not provided. A maximum of M emanating

activities are initiated.

EVENT,JEVNT, M;

ENTRY OPTIONS
JEVNT positive integer.
M positive integer.

Fig. D-4. EVENT Node Description Summary

ooty aind ot cdst. Poen




NODE TYPE: GOON

FUNCTION: The GOON node provides a continuation
node where every entering entity passes

‘ol directly through the ncde.
INPUT FORMAT: GOON, M;

SYMBOL:

s ke *
.

-

: Fig. D-5. GOON Node Description Summary
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NODE TYPE: MATCH

FUNCTION: The MATCH node is used to delay the move-
ment of entities by keeping them in QUEUE
nodes (QLBLs) until entities with the
same value of attribute NATR are resident
in every QUEUE node preceding the MATCH
node. When a match occurs, each entity
is routed to a route node NLBL that corres-

i : ponds to QLBL.

. INPUT FORMAT: MATCH,NATR, QLBL/NLBL, QLBL/NLBL, . ..;

4

" - SPECIFICATIONS: ENTRY OPTIONS

g
B+ NATR positive.

? QLBL a queue node label.

3 NLBL a node label for any type of
! node.

SYMBOL:

i = = 2 |NATR - -

5

i _ LeL NLBL i

E Fig. D-6. MATCH Node Description Summary
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NODE TYPE: QUEUE

FUNCTION: The QUEUE node is used to delay entities
in the IFL until a server becomes avail-

able. The QUEUE node initially contains

A g g i

IQ entities and has a capacity of QC

entities.

INPUT FORMAT: QUEUE (IFL), IQ,QC,BLOCK;
.i SPECIFICATIONS: ENTRY OPTIONS
:‘é IFL integer between 1 and MFIL.
a ; IQ non-negative integer.
- QC integer greater than or equal
5\ to IQ.
‘f SLBLS the labels of MATCH nodes

separated by commas.

SYMBOL:

4 w
i

3 Fig. D-7. QULUE Node Description Summary

hd
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NODE TYPE: TERMINATE

Ao

FUNCTION: The TERMINATE node is used to destroy
entities and/or terminate the simulation.

All incoming entities to a TERMINATE

node are destroyed. The arrival of the
TCth entity causes a simulation run to

be terminated.

INPUT FORMAT: TERMINATE,TC;
SPECIFICATIONS: ENTRY OPTIONS

TC positive integer.
SYMBOL:

Fig. D-8. TERMINATE Node Description Summary
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ACTIVITY TYPE: REGULAR

FUNCTION: A REGULAR activity is any activity
enamating from a node other than a QUEUE
node. The REGULAR activity is used to
delay entities by a specified duration,
perform conditional/probabilistic testing,

and to route entities to non-sequential

nodes.
INPUT FORMAT: ACTIVITY/A,duration, PROB or COND,NLBL;
SPECIFICATIONS: ENTRY OPTIONS

A positive integer.

duration constant, SLAM variable, SLAM
random variable.

PROB or probability: constant between 0
and 1.

COND condition: value .OPERATOR.
value where value is a constant,
SLAM variable, or SLAM random
variable and OPERATOR is LT, LE,
EQ, GE, GT, OR NE.

NLBL the label of a labeled node
which is at the end of the
activity.

SYMBOL:
A

Fig. D-9. REGULAR Activity Description Summary
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ACTIVITY TYPE: SERVICE

FUNCTION: The SERVICE activity is any activity
emanating from a QUEUE node. The service

activity is used in conjunction with the

. QUEUE node.
: INPUT FORMAT: ACTIVITY (N) /A,duration,PROB,NLBL; ¥
& SPECIFICATIONS: ENTRY OPTIONS l j
' N positive integer. jﬂ
;;' A positive integer between 1 .1
3 and 50.
i duration constant, SLAM variable,
SLAM random variable.
. probability constant between 0 and 1.
: NLBL label of a labeled node.

SYMBOL:

v

3 o G

Fig. D-10. SERVICE Activity Description Summary
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C SLAM COMPUTER CODE

GEMoMARCOTYE N THESIS+11/11/88191YESINO# YES/NO KO}
LINITS12:5+5%

NET;

AS1

83

G011

6033

ASH
ASN

]

bt
ST
AS4

6022

G044

Asa

CREATErrrelstd
GOON+ 14
EVENT+18
TERH}
ENTER+ 14
ASSICN11=1
ACT+ 11831
ACTHIX{11) 12 ASHE
ENTERs2%
ASSICN»11=2}
ACT 110454}
ACT XX (12) ¢ 1AS3E
ASSIGNLATRIB(1)=XX{12) 1 ATRIBIS) =1}
ACTs15,ATRIB(Z) .EG.1.0R.ATRIRIZ).EQ.3:C0117
ACT+15+ATR1IB(2) ,FQ.2.0R.ATATBI2) .EQ.4+C0334
GOON» 1
ACT+15+.18,85M4
ACTy+.82ASNT
GOONy 1

ACT1 13y, 14ASN;
ACTyr . 99ASN
ASSICNLXX(15)=15,4
ACT 44455
ASSICN» XX (15)=8.7
ACT 19 1ASS
ASSIGNRTRIB(4)=USERF {1} $ XX (17} =101}
ACT+3.911.E6.2, .AND. XX (18).EQ.1+AST}
ACTy o 11,EQ.2. . AND. XX(18) . NE. 1.1 D13
ACT+3.99R87
GO0Hs §
ACT XX (12)43114571
ASSIGNLATRIB(4)=ATRIB (4} +USERF(3)}
ACT/USERF (5) 120597
ASSICNsATRIB(1) =XX(11}4ATRIBI(S)=2.7
ACT,15.ATRIB(2).EQ.3.0R.ATRIBI2) .EQ.4,G022}
ACT+15,ATRIB(2) .EQ.1.0R.ATRIBI2) .EQ. 26044}
GOON+1
ACTy15s.18,A5G}
ACT»y .82 GOA4S
GOON» 1
ACT+15+.3+450¢
ACTrv.7:ASR
ASSICN»XX(16)=15.1
ACTorAS2




e

RSR  ASSICN.XX(16)=8.}

ACTye1ASZ

ASZ  ASSICN:ATRIB(4)=USERF(Z) XX{18) 210414
ACT+3  I1.EQ. 1, AND.XX(17),EQ. 1. +ASH}
ACT+o11.EQ. L. AND. XX(17) NE.1.,D2}

ACT1311AS4T

D2 GOON#t
ACT XX (11D 4341 RSHS

056  ASSICH.ATRIB(4)=ATRIB(4)+USERF (4) ¢
ACTUSERF (&) ¢

AS8  ASSICN.ATRIB(&)=ATRIB(A)+USERF 181+ XX (26) =USERF (18)
ACT,USERF 112} 4

ASA  ASSICN(ATRIB(4)=ATRIB(4)+USERF{14) XX {22} =TNON}
ACT10402

AS9  ASSICN.ATRIB(4)=ATRIBIA)Y+USERF(7) XX (19)=USERF(9)+
ACTPUSERF (11}

ASB  ASSTGN:ATRIB(4)=ATRIB(A)+USERF{13) 1 XK(21)=TNOWi
@1 QUEUE(1) .87
2 QUEUE(Z).8i
NT1  MATCH.2,41/G05.82/G0161
605  GOON:t}
ASC  ASSICN:ATRIBIAI=ATRIB(&)+1.021}
ACT oo USERF (17).LT.8.,T15

ACT ¢ 185X

ASY  ASSIGN+ATRIBI3)=USERF (1)}
ACT/ATRIB(3) 9+ ASES

Tt TERMs1}

ASE  ASSIGK:ATRIB(&}=ATRIB(A)+USERF (21)+XX(27)=ATRIB(3)45,
ATRIB(3}=USERF (23)}
ACT ATRIB(3)

ASC  ASSICN.ATRIB(4)=ATRIB(4) +USERF (25} 7

13 TERM

G016 GOON+ 1§
ACTH

ASD  ASSICN/ATRIB(A)=ATRIB(4)+USERF (16) 417

ACT o+ USERF (18) .LT.B. 472§

ACT1r1ASYS

ASY  ASSICN.ATRIB(3)=USERF (1914
ACTATRIB(3) 4 1ASF3

T2  TERMS

ASF  ASSICNSATHIBU4Y=ATRIL!4)+USERF (28),XX(27)=ATRIB{3)#5s
ATRIB (33 =USERF (22} 4
ACTPATRIL .V}
ASH  ASSICN:ATRIE [4)=ATRIB(4}+USERF (28)]
T4 TERM
ENDNETS
INIT 8:9625




INIT.0:988;
KON TR TRACE 169881
SEEDS 19375295 (1)
SIHULATE
SEEDS-9375295(1)
MOHTRICLEAR 0
- MONTR+ TRACE 181969
' SINULATE
SEEDS19375295(2)
- HONTRyCLEAR 8
I MONTRy TRACE 10+968
SINULATE
SEEDS-9375295(2)
% NONTRICLEAR @
: MONTR» TRACE 181988
P SINULATE
e SEEDS9375295(3)
: HOHTR+CLEAR 1@
: HONTR1 TRAC. 1960
) SINULATE
LY SEEDS 19375295 (4)
N HONTR+CLEAR 8
NONTR+ TRACE 181988
SINULATE
SEEDS»-937529543)
MONTRCLESR
NONTR1 TRACE 11988
SIKULATE
SEEDS1-9375295(4)
MONTR+CLEAR 8
NONTRy TRACE 10,988
SINULATE
] SEEDS19375295(5)
I, HONTRsCLEAR 8
KONTR» TRACE 10,986
; ‘ SINULATE
e FIN
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Appendix F

User Function Summaries
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l. User functioq.one iUSéﬁFl) (Figure F—lf} is
used to calculate the fuel required Quring 2ll airlifter
ground operations. Normal ground operations consist of
start, taxi, takeoff (STTO) and delays. STTO fuel is a
constant value for a particular aircraft shown in Figure
F-26. USERF1l returns fuel consumed in thousands of pounds
of fuel using the equation:

STF + XX(15)+ FF where

USERF1

XX(15)

]

delay time (min)

STF = STTO fuel (1000 1lbs)

FF = ground idle fuel consumption (1000 lbs/min)
Ground idle fuel consumption for all aircraft is shown in
Figure F~26 and obtained from the aircraft's performance
manuals.

2. User function two (Figure F-2) is used to cal-
culate the fuel required during all ground operations for
the tankers. Calculations are similar to USERFl and will
not be repeated. XX(16) is the tanker ground delay.

3. User function three (Figure F-3) calculates
the takeoff fuel from brake release until landing gear
retraction for the airlifter. Values used are:

USERF = 1000 lbs fuel for the C-5A

500 1bs fuel for the C-141B

lAll of the figures referred to in this appendix
appear at the end of the appendix.
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4. User function four calculate: -te takeoff fuel
for the tanker (Figure F-4). vValues used are:
USERF = 1000 lbs for the KC-10
500 1lbs for the KC-135
5. User function five (Figure F-5) is used to
return the initial climb time for the airlifter computed

by FLYME using:

XX(10) = Airlifter current gross weight
" XX(32) = Cruise altitude calculated by sub-
) routine CALT based on XX{1l) and
IBIRD.
. XX(31) = Airlifter departure basz elevation.

6. User function six (Figure F-6) calculates
tanker time (sec) in the initial climbout. Calculations

i are similar to user function five except for the following

N
' input variables to FLYME:
XX (9) replaces XX(10) as the current tanker
gross weight.
XX(42) replaces XX(32) as the tanker cruise
altitude.
XX(41) replaces XX(31) as the tanker departure
base elevation.
‘ 7. User function seven (Figure F-7) computes the
[

airlifter initial climb fuel using FLYME and the same input
i variables as USERF5. The value returned is in thousands
of pounds of fuel. Also XX{35) is set equal to the climb

fuel.
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8. User function eight (Figurc F-%) computes the
initial tanker climb fuel using FLYME with the USERF6
input parameters. Also XX(40) is set equal to the climb
fuel.

9. User function nine (Figure F-9) computes the
airlifter climb distance (NM) using FLYME and USERF5 input
parameters. USERF9 also sets XX(19) equal to the climb
distance.

10. User function ten (Figure F-10) computes the
tanker initial climb distance (NM) using FLYME with input
parameters of USERF6. USERF10 also sets XX(20) equal to
climb distance.

11. User function 11 (Figure F-11) calculates the
airlifter cruise time (min) from leveloff to rendezvous
entry point. Variables used are:

a. XX(1) = distance from airlift departure to
rendezvous entry point.

b. AS = airlifter true airspeed at altitude
XX (32) (NM/MIN)
USERF11 = XX(33) = CRUISE TIME =

XX (1) - XX{19)
AS + RNORM(1,.16)

= NM
RNORM = Cruise altitude winds
(. = 1 NM/MIN; o = .16 NM/MIN)
The parameter for these cruise winds was obtained
from Global Weather Central AFGWC/DOY, Offutt AFB, NE.
The winds are modeled as constant between 25,000 ft to

41,000 ft. The wind variance of .16 NM/MIN was taken
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as an average of wind velocity chunrnges ov-- the routes
selected.

12, User function 12 (Figure F-12) determines the
tanker cruise time from leveloff to the rendezvous entry
point in the same manner as USERF1ll. XX(43) is set equal
to the cruise time and the user function returns time in
minutes. An undefined variable used in USERF12 is XX(4)
which is the distance between the tanker departure point
and the rendezvous entry point.

13. User function 13 (Figure F-13) computes the
airlifter cruise fuel from leveloff to rendezvous entry
point. The steps used to compute the fuel are:

a, Compute the initial cruise gross weight:

XX(10) = Ramp gross weight (XX(75)) - ATRIB(4)
ATRIB(4) = total fuel consumed up to level off.

b. Compute the fuel consumption rate (V) at cruise

altitude XX(32). The rate is returned from

FLYME in thousands of pounds/minute.

c. Cruise fuel = V x XX(33) fuel/min * min =
1000 1bs fuel.

Finally, USERF13 decrements the aircraft gross weight by
the cruise fuel.

14, User function 14 computes (Figure F-14) the
tanker cruise fuel from level off to the rendezvous entry
point in an analogous manner to user function 13. The
user function returns cruise fuel in thousands of pounds.

15. User function 15 (Figure F-15) computes the
airlifter loiter fuel. The computation is computed as

follows:




a. Determine loiter time (ATIME). This is deter-
mined, after both aircraft have reached the
match node, MAT1, by computing TNOW - XX(21),
where XX(21) is the arrival time of the air-

S lifter and TNOW is the arrival at MAT1 of the

3 last aircraft. If the expression is negative

or zero, the user function is returned as zero

and there is no loiter time. If the expression
is positive, then airlifter loiter occurred and
the loiter fuel is computed.

o IR e,

i

B p——

b. Compute the loiter fuel. The loiter fuel con-
sumption rate is determined from FLYME and
returned as V. The loiter fuel is then com-
puted as "ATIME * V" and returned in thousands
of pounds.

P

=

16. User function 16 (Figure F-16) computes the

; . tanker loiter fuel in a manner analogous to user function
E_t. 15. XX(22) is the tanker arrival time at Q2.

17. User function 17 (Figure F-17) calculates the
e | rendezvous abort fuel for the airlifter (1000 1lbs fuel).
;\ If this user function is less than zero the airlifter does
not have the required fuel to return to the abort base and
# a refueling is not possible. Therefore, the mission

: becomes infeasible and the model is terminated. The user

function is computed by:

XX(8) = ATRIB(4) - XX(23) where
XX(8) = Airlifter ramp fuel
XX(23) = Flight plan fuel to fly from rendezvous

; : entry point to the abort base, calculated
by FLTPLN.

18. User function 18 (Figure F-18) serves the same
purpose for the tanker as USERF1l7 serves for the airlifter
and returns the remaining tanker fuel after the abort fuel

has been subtracted. XX(7) is the tanker ramp fuel
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and XX (24) is the flight plan fuel to flv “iom rendezvous
entry point to the abort base, calculated by FLTPLN.

19. User function 19 (Figure F~19) computes the
refueling track time. The track is 250 NM at 25,000 feet

altitude. The time is computed as follows:

a. Track true airspeed (TASTRK) is computed from
SUBROUTINE TASP.
b. Compute track time:

( 250 NM )
TASTRK + WIND

TASTRK = True airspeed during refueling.

= MINUTES

20. User function 20 (Figure F-20) determines the
tanker track .fuel consumption. The air-refueling track
fuel consumption rates for each aircraft were obtained
from each aircraft's performance manual. The rates are
shown in Figure F-26. Track fuel consumption is computed

as:

USERF20 (TRACK TIME * FUEL CONSUMPTION RATE)

Thousands of pounds of fuel.
21. User function 21 (Figure F-21) computes the
airlift refueling track fuel consumption similar to USERF20.
22. User function 22 (Figure F-22) determines the
tanker cruise, approach, and landing time from rendezvous
exit to destination as follows:

a. Compute an average gross weight (GW) from
rendezvous exit to landing.

AVG GROSS WT = (RENDEZVOUS EXIT GW - TRANSFER
FUEL + TANKER ZERQ FUEL WT + RESERVES) + 2
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The gross weight at the end ¢ the flight is
computed as XX (95) + XX(46) where XX(95) =

zero fuel wt and XX(46) = tanker fuel reserves.
Using an average gross weight will permit the
tanker to initially climb higher than allow-
able at his track exit gross weight. 1In this
way the model approximates a step climb profile.

: b. Cruise altitude to destination is determined
i from SUBROUTINE CALT using step A gross weight.

i c. Climb time (CT) from 25,000 ft (refueling
i altitude) to cruise altitude is determined from
SUBROUTINE FLYME.

d. The climb distance' (CD) is determined from
FLYME.

e. The climb fuel is determined from FLYME and
set equal to XX(60).

f. The gross weight is decremented by the climb
fuel.

- g. The cruise distance (CRDIST) from the level-
- off point to tanker destination is computed as
; ! the distance from the rendezvous exit point to
destination minus the climb distance (CD).

4 h. The time, XX(62), is computed as:

_ CRDIST .
XX(02) = s IND FACTOR T 1° minutes
The 15 minutes is a constant time all aircraft

use for approach and landing.

\*‘

3 i. USERF22 = XX(62) + CT = CRUISE TIME + CLIMB
) TIME

5 23. User function 23 (Figure F-23) computes the

airlift time (min) from rendezvous exit point to landing
. at the airlift destination. Computations are analogous
é j to user function 22. Variables used are defined in

Figure K-3, Appendix K.




24. User function 24 (Figure F-24) computes the
tanker fuel consumed frcm the rendezvous exit point to
destination. Computations are as follows:

a. Determine the approach and landing fuel for
the tanker. This value changes by aircraft;
values used were taken from AFR 60-16 MAC

‘ Supplement One, except for the KC-10 which was
g, . estimated by HQ SAC/DO0S.
b. Determine cruise fuel consumption rate (R)
g . from FLYME using the average gross weight
computed by USERF22.
e c. Compute cruise, approach, and landing fuel:

USERF24 = CRUISE TIME * FUEL CONSUMPTION RATE
+ APFROACH AND LANDING FUEL + CLIMB FUEL

= XX(62) % R + AAL + XX(60)
25. User function 25 (Figure F-25) computes the
tf airlifter fuel from rendezvous exit to destination. Compu-
;§ tations are analogous to user function 24. Variables used

are defined in Figure K-3 in Appendix K.
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FUNCTION USERF (IFN)
COMMON/SCOM1/ATRIB (100) ,DD(100) ,DDL(100) ,DTNOW,
1II,MFA,MSTOP,NCLNR, NCRDR,NPRINT, NNRUN,
INNSET,NTAPE,SS(100) ,SSL(100) ,TNEXT,TNOW, XX (100)
COMMON QSET
Go 170 (1,2,3,4,5,6,7,8,9,10,11,12,13,14
1,15,16,17,18,19,20,21,22,23,24,25) ,IFN
GND FUEL FLOW & TAXI FUEL-AIRLIFT
IF (ATRIB(2) .EQ.l..OR.ATRIB(2) .EQ.3.)FF=.12
IF(ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.)FF=.08
IF (ATRIB(2) .EQ.1..OR.ATRIB(2) .EQ.3.)STF=1.8
IF(ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.)STF=1.4
USERF=STF+XX (15) *FF
RETURN

Fig. F-1. USERF (l)--Ground Fuel Flow &
Taxi Fuel-Airlifter

GND FUEL FLOW & TAXI FUEL-TANKER
IF (ATRIB(2) .EQ.1l..OR.ATRIB({2) .EQ.2.)FF=.1
IF (ATRIB(2) .EQ.3..0R.ATRIB(2) .EQ.4) FF=.12
IF(ATRIB(2) .EQ.1..0OR.ATRIB(2) .EQ.2.)STF=1.5
IF(ATRIB(2) .EQ.3..0R.ATRIB(2).EQ.4.)STF=2.0
USERF=STF+XX{16) *FF
RETURN

Fig. F-2. USERF (2)--Ground Fuel Flow &
Taxi Fuel-Tanker

TAKEOFF FUEL AIRLIFT
IF (ATRIB(2) .EQ.1l..OR.ATRIB(2) .EQ.3.)USERF=1.0
IF (ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.)USERF=.5
RETURN

Fig. F-3. USERF (3)--Takeoff Fuel Airlift

TAKEOFF FUEL TANKER
IF (ATRIB(2) .EQ.1..0OR.ATRIB(2) .FQ.2.)USERF=.5
IF (ATRIB(2) .EQ.3..0R.ATRIB(2) .EQ.4.)USERF=1.0
RETURN

Fig. F-4. USERF (4)--Takeoff Fuel Tanker
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C CLIMB TIME AIRLIFT

5

51

IOPT=1

IBIRD=1

IF(ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.)IBIRD=2
XX (10)=XX(75) -ATRIB(4)

XX (32)=CALT (XX (10) ,IBIRD,XX(81))

CALL FLYME(XX(10) ,XX(31),XX(32),I0PT,V,IBIRD)
USERF=V

RETURN

Fig. F-5. USERF (5)--Climb Time Airlift

C CLIMB TIME TANKER

6

5

55
6

IOPT =1
IF(ATRIB(2) .EQ.1.0R.ATRIB(2).EQ.2.)GO TO 55
IBIRD=3
GO TO 56

IBIRD = 4

XX (9)=XX(76)-ATRIB(4)

XX (42)=CALT(XX(9) ,IBIRD,XX(84))

CALL FLYME (XX(9),XX(41),XX(42),I0PT,V,IBIRD)
USERF=V

RETURN

Fig. F-6. USERF (6)--Climb Time Tanker

C CLIMB FUEL AIRLIFTER

7

58

IOPT=3

IBIRD=1

IF(ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.) IBIRD=2
CA.. FLYME(XX(10),XX(31),XX(32),I0PT,V,IBIRD)
USERF=V

XX(35)=v

RETURN

Fig. F-7. USERF (7)--Climb Fuel Airlifter

C CLIMB FUEL TANKER

8

60

AL s i . bt =

IOPT=3

IBIRD=3

IF (ATRIB(2) .EQ.1.0R.ATRIB(2) .EQ.2) IBIRD=4
CALL FLYME (XX(9),XX(41) ,XX(42),I0PT,V,IBIRD)
USERF=V

XX(40)=V

RETURN

Fig. F-8. USERF (8)--Climb Fuel Tanker
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C CLIMB DISTANCE AIRLIFTER
9 IOPT=2
IBIRD=1
IF (ATRiB(2) .EFQ.2..0R.ATRIB(2) .EQ.4) IBIRD=2
62 CALL FLYME(XX(10) ,XX(31),XX(32),I0PT,V,IBIRD)
XX (19)=V
USERF=V
RETURN

Fig. F-9. USERF (9)--Climb Distance Airlifter

C CLIMB DISTANCE TANKER
10 I0PT=2
IBIRD=3
IF (ATRIB(2) .EQ.1l..OR.ATRIB(2) .EQ.2.) IBIRD=4
64 CALL FLYME(XX(9),XX(41),XX(42),I0PT,V,IBIRD)
XX (20) =V
USERF=V
RETURN

Fig. F-10. USERF (10)--Climb Distance Tanker

C CRUISE TIME AIRLIFTER
11 AMACH=.,77
IF(ATRIB(2) .EQ.2..0R.ATRIB(2).EQ.4)AMACH=. 74
AS=TASP (AMACH, XX (32))
USERF=( (XX (1) -XX(19)))/(AS+RNORM(1.0,.16,1))
XX (33) =USERF
RETURN

Fig. F-11. USERF (1ll)--Cruise Time Airlifter

C CRUISE TIME TANKER
12 AMACH=.82
AS=TASP (AMACH, XX (42))
USERF=( (XX (4)-XX(20)))/(AS+RNORM(1.0,.16,1))
XX (43)=USERF
RETURN

Fig. F-12. USERF (12)--Cruise Time Tanker

C e e ey




13

69

70

14

71

15

50

54

C AIRLIFT CRUISE FUEL

IoPT=4
IF (ATRIB{2) .EQ.2.0R.ATRIB(2) .EQ.4) GO TO 69

AMACH=.77

IBIRD=1
GO TO 70
IBIRD=2

AMACH=. 74

XX (10) =XX(75)-ATRIB(4)

CALL FLYME(XX(10) ,AMACH,XX(32) ,IOPT,V,IBIRD)
USERF=V*XX(33)

XX(10)=XX(10)-v
RETURN

Fig. F-13. USERF (13)-~-Airlift Cruise Fuel

C TANKER CRUISE FUEL

IOPT=4 )
IF(ATRIB(2) .EQ.1.0R.ATRIB(2) .EQ.2)GO TO 71
IBIRD=3
AMACH=.82
GO TO 72
IBIRD=4
AMACH=.82
XX (9)=XX(76) -ATRIB(4)
CALL FLYME (XX(9),AMACH,XX (42),I0PT,V,IBIRD)
XX(9)=XX(9)-Vv
USERF=V*XX (43)
RETURN

Fig. F-14. USERF (1l4)--Tanker Cruise Fuel

C LOITER FUEL AJRLIFTER

I0PT=5

ATIME=TNOW-XX(21)

IF (TNOW-XX(21))50,50,54

USERF=0

RETURN

IBIRD=1

IF(ATRIB(2) .EQ.2..0OR.ATRIB(2) .EQ.4.) TBIRD=2
CALL FLYME(XX(10) ,ATIME,XX(32),IOPT,V,IBIRD)
USERF=ATIME*V

XX (10)=XX(10) ~USERF

RETURN

Fig. F-15. USERF (15)--Loiter Fuel Airlifter
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C LOITER FUEL TANKER

16 IOPT=5
ATIME=TNOW-XX(22)
IF(TNOW-XX(22))52,52,53

52 USERF=0.
RETURN
53 IBIRD=3

IF(ATRIB(2) .EQ.1..0OR.ATRIB(2) .EQ.2.) IBIRD=4 :
76 CALL FLYME(XX(9) ,ATIME,XX(42}),10PT,V,IBIRD) '

USERF=ATIME*V

XX (9)=XX(9) -USERF"

RETURN

Fig. F-16. USERF (16)--Loiter Fuel Tanker

C ABORT CALCULATION AIRLIFTER
17 USERF=XX(8) ~ATRIB(4)-XX(23)
RETURN

Fig. F-17. USERF (17)--Abort Calculation Airlifter

C ABORT CALC TANKER
18 USERF=XX (7) ~ATRIB(4)-XX (24)
RETURN

Fig. F-18. USERF (18)--Abort Calculation Tanker

C REFUELING TRACK TIME
19 AMACH=.62
IF (ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.)AMACH=.74
RALT=25.0
TASTRK=TASP (AMACH, RALT) L
USERF=250./ (TASTRK+RNORM(.9,.16,1)) L
RETURN Iy

Fig. F-19. USERF (19)--Refueling Track Time

C TANKER TRACK FUEL
20 R=.27
IF (ATRIB(2) .NE.3.0R.ATRIB(2) .NE.4.)R=.25
USERF=ATRIB(3)*R
XX (9) =XX(9) -USERF
RETURN

Fig. F-20. USERF (20)--Tanker Track Fuel

118




N i

C AIRLIFTER TRACK FUEL

21

85

86

R=.26

IF (ATRIB(2) .NE.2..0R.ATRIB(2) .NE.4)R=,45
USERF=R*ATRIB(3)

XX (10)=XX(10)-USERF

RETURN

Fig. F-21. USERF (21)--Airlifter Track Fuel

TANKER TIME TO DESTINATION

IOPT=1

IBIRD=3

IF(ATRIB(2) .EQ.1.0OR.ATRIB(2) .EQ.2.) IBIRD=4
XX(9) = (XX(9)-XX(6)+XX(95)+XxX(46))/2

XX (70) =CALT (XX (9) ,IBIRD,XX(82))
CALL FLYME (XX (9) ,XX(93),XX(70),I0PT,CT,IBIRD) ]
IOPT=2 ,
CALL FLYME (XX(9),XX(93),XX(70),IOPT,CD,IBIRD)
IOPT=3

CALL FLYME (XX (9) ,XX(93),XX(70),IOPT,XX(60),IBIRD)
AMACH=.82

IF (ATRIB(2) .EQ.1.0R.ATRIB(2) .EQ.2.)GO TO 86
IBIRD=3

GO TO 87

IBIRD=4 ;
XX (9)=XX{9) -XX (60)
CRDIST=XX (5) -CD |
XX(62)= CRDIST/{(TASP(AMACH,XX(70))-RNORM(.83,.16,1)))+15. .
USERF=XX(62) +CT
RETURN

Fig. F-22. USERF (22)--Tanker Time to Destination
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C AIRLIFT TIME TO DESTINATION

23 IOPT=1
IBIRD=1
IF(ATRIB(2) .EQ.2..0R.ATRIB(2) .EQ.4.) IBIRD=2
95 XX (10)=(XX(10)+XX (6)+XX(94)+XX(45)) /2.
CALL FLYME (XX(10),XX(93) ,XX(73),I0PT,CT,IBIRD)
IOPT=2
CALL FLYME(XX(10),%XX(93),XX(73),I0PT,cD,IBIRD)
I0PT=3
CALL FLYME (XX (10) ,XX(93),XX(73),I0PT,XX(61),IBIRD)
AMACH=.77
IF (IBIRD.EQ.2)AMACH=.74
97 XX (10)=XX(10)-XX(61)
CRDIST=XX(2)-CD
XX (63)= CRDIST/ ((TASP{AMACH,XX (73))+RNORM(.83,.16,1)))+15.
S=TASP (AMACH,XX(73))
USERF=XX(63)+ CT
RETURN

Fig. F-23. USERF (23)--Airlift Time to Destination

C FUEL CRUISE & LANDING TANKER
24 I0OPT=4
AMACH=.82
IF(ATRIB(2) .EQ.1.0R.ATRIB(2) .EQ.2.)GO TO 150
IBIRD=3
AAL=5.
GO TO 151
150 IBIRD=4
AAL=2.4
151 CALL FLYME (XX (9) ,AMACH,XX(70) ,IOPT,V,IBIRD)
R=V
USERF=(XX(62) -15) *R+AAL+XX (60)
RETURN

Fig. F-24. USERF (24)--Fuel Cruise & Landing Tanker
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152

153

FUEL & LND AIRLIFTER

I0PT=4
IF(ATRIB(2} .EQ.2.0R.ATRIB(2) .EQ.4.)G0O TO 152
AMACH= .77
AAL=5.,2
IBIRD=1
GO TO 153
AMACH=.74
AAL=2.5
IBIRD=2
CALL FLYME(XX(10) ,AMACH,XX(73),IO0OPT,V,IBIRD)
R=V
USERF= (XX (63) -15) *R+AAL+XX(61)
RETURN

Fig. F-25. USERF (25)--Fuel Cruise & Landing Airlifter
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A.

B.

cC.

START,

GROUND

TAXI, TAKEOFF FUEL CONSUMPTION VALUES

Aircraft
C-5
Cc-141
KC-10

KC-135

STTO (1bs)
2800
1900
3000

2000

IDLE FUEL CONSUMPTION RATES

Aircraft
Cc-5
Cc-141
KC-10

KC-135

RATE (lbs/min)

120
80
120

100

AIR-REFUELING FUEL CONSUMPTION RATES (lbs/min)

Aircraft
Cc-5
Cc-141
KC-~10

KC-135

Fig. F-26.

RATE (lbs/min)

450
260
270

250

Aircraft Fuel Consumption Values
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Appendix G

Sample Raw Qutput Data
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v vy
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FLTPLN Output

NOST SCENeRI 4 !
TANKER BASE # 2

MMM H R R R R R R R R e
AC =2 TK =3 CARGO =44.

ML M TN MINT 66,245 1TL.3NT LTB.ASY 284,847 252.86T I97.6%1 CE3.AM4 309.441 316.9640
T L7 24633 289,757 199,717 D85.437 271,238 277.853 LEI.99F 163903 10A.ST4 3E.919 386373
ML 48217 243,333 057.982 261,318 166,799 271.8T6 76,951 IRZ.138 (37,543 19,534 196,386 325,833
208,775 261,686 264,572 1:8.335 72.833 275,926 279.97% 284.181 I93.S1T 2%2.9%6 197453 8Z.119 de.915
260,685 231.799 253.831 (lob.idb I8B.313 I%1.611 94689 297.7%6 331.123 Ge4.e98 369.255 313.031 316917

1 244.212¢7186¢
LECS =854.4523704
TRUE COURSES =5.781637
FUELS =36.75847189539
AFUEL =144, ACWT =325,
TEUEL =158,1128718617

27827561
41 24,98551170924 9.32352189412 13.136210

QTUT 9
TG LS3LA718317  TRFL =44.51897413531  TIGT =35.5710715859

SR R T R T R R R T T L R R T I R O I I A R R R R R R R e
M7 7.7 TT0.73T TTLITT 2h4.15 DTALCAR 276,343 282,393 255,339 295.492 381.7%6 397.9%9 L1933
MO TIT.T77 234,586 C5.23¢ 257,706 263.327 269.811 274756 32.S4Y 2.9 183118 ©99.119 Set.etd
TITTTT 245,929 259.0%8 (54,847 299,574 43T AU LTHL4GT 279.83% 8S.e71 D912l 6.3 D413
256,469 299.332 282,433 145.352 2H9.518 I73.331 07333 IS1.%46 295,507 234,953 I9S.477 62.178 384.8s1

8

277,988 219.761 281,781 2B4.122 TR.THT 28%.497 292.487 295,459 198.989 360,556 306.164 316.878 3cl.édd

T 245.929143369 3 2 RPT ENTRY =58.87611433136 133
LEGS =854,4583724551 3551.20%61527 fel. “33‘2/?:7 546,07 9,3%04
TRUE COURSES =5.781933715231 4.72354887 ST 93595 2177623461

FUELS =34.78509346212 (15.%837511458 Zb S75¢41 2377504182132 9.32862189412 13.138210
AFUEL =124, AGHT =395, #FLZ =31, A7
TFUEL =171.8291433874 TCWT =428.095143 #.90691£54316

B R A R L R R L R R L L R L R R R R
I 1207 T 7777 083,585 LR 24E Q13,176 28014k 299.737 2%9.31% 171777 InaON

LT 17017 149,288 254,553 55.%41 262.9%6  287.45% 273,397 34,905 137,207 53.965 GOL.3GT
M1.077 244,184 243,856 152.509 258,123 262942 267.915 171.545 283,292 154,584 393,348 1299.283
58,841 257,702 T43.350 284.157 267.377 71438 275.A82 173,738 94414 299.252 364207 SEL.EST
215,933 277.297 283.812 786.366 289.167 IB1.198 195.4i6 298.826 386.228 313.867 397.895 3id.699

3 24.1440778143 3 2 RPT ENTRY =58.83611433138 133,3531731376

LECS =834.458370495° 3531.22387927 561.77815327°57 £44. 2629155486 369,3934278781

TRUE COURSES =9.78IS23714231 4.2856565372597 S, 59775790817 4,92054413%434 2,3417270@%661

FUELS =33.0082821¢5%3 125. 7:1.4‘8 €5.2389599993 34.38994301326 £3.28634595241 T1.S6775714158 9.32562189412 13.13821

AFUEL =184, AONT =175,

M3
AF
TFUEL =193.8440970143 TGWT

b -

8 5l%697614o TRFL =8.73764442633 TT0T =39.93181572213

SR I I R R SR S R LR T R
T 797,077 77171 771,777 64818 LRRL4L TGS TTILMIT IMNOTT TTOM IMNam MG mMmLan
M 7M1 U317 253 e LS3AY TBIEIT UL TTIOTT 1TSOTT MM onmiam i oman

11,777 241,472 295,609 2390985 TS4.4T0 63,357 TsR.4A1 273.655 TITLTT TTROTY IMNam M 1mian
B.07 297,128 240428 263.931 CHTIET ZTLLTI 2TS.845 ZEALUIS CEASIe IRNES 137.384 TTILTT IR
74,800 276.485 278.856 Z61.237 I79.477 786,839 T84.743 ©87.40% 194.725 94610 197.328 3.7%9 TN

§ 2414723310047 3 2 RPT ENTRY =583
LECS =854.4585724951 3931.2220997 80
TRUE COURSES 5.76l?h‘716231 0000 .
FUELS =29.7386972515 125, ,t)/'ll‘ao Uiewd™
AFUEL =84, AGWT =285, ~FLZ =11, ATOT =4,

TFUEL =207.37230:8287 TONT =295.3823803047 T7°L =97.86769194511 TTOT =4,.6{251642789

11433136 1’3 “'417“"’6
" AL I 9.35?6273751

FHB R R R R R R R R I L R T
FUELNIN{4:3¢2) =281 8725800247
POINT OKE =43.86837379951 134.485543207

R L R e R e R R R R R R R Y X R R R R R R R R Y X Y]
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Appendix H
FLYME Subroutine




FLYME is the control program for a set of sub-
routines which provides the fuel data for both the flight
planning and simulation models. The fuel data bases for
the C-5A, C-141B, and KC-135 aircraft were provided by the
Air Force Global Weather Central and is the same data used
to generate operational computer flight plan fuel reguire-
ments. Fuel data for the KC-10 was available from the
KC-10 System Project Office, AFSC, WPAFB, OH in the form
of experimental performance charts. Data points from these
charts were compiled into FLYME to permit the same sub-
routine calls to address all four aircraft.

FLYME transfers control to one of the four air-
craft subroutines labeled C-5aA, C-141B, KC-10, and KC-135,
The aircraft subroutine's coefficients, in dimensioned
variables, compute the f.el data from six-degree polynomi-
als evaluated in subroutines POLLY and POLY. Five options
are available for each aircraft. Option one computes time
in the climb to cruise altitude in minutes. Option two
computes the ground distance, in nautical miles, traveled
in the climb. Option three computes the fuel consumed in
the climb in 1000s of lbs. Option four computes the
cruise fuel rate in 1000s lbs per minute. Option five com-
putes the rendezvous loiter fuel in 1000s lbs per minute.

Each option contains input and output parameter checks and
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error statements printed by subroutine ERROPS. The data
is restricted to cruise altitudes between 25,000 and
41,000 feet and a standard day temperature with a tempera-

ture deviation of zero.

The C-141B data is the same data used for the E-3A
aircraft with a 3 percent degrade in all fuel computations.
The current C-141B fuel curves have not been prepared by
AFGWS at the time this data was obtained. However, the
data provided with the 3 percent degraded data matches the
performance charts in the C-141B technical orders.

FLYME calls two other subroutines, CALT and TASP.
CALT returns the highest altitude at which an aircraft
can cruise for a given gross weight, and Air Traffic Con-
trol (ATC) hemispherical altitude structure. The calcula-
tions are derived for a given gross weight linear regres-
sion of the performance ceiling charts for each aircraft.

TASP returns the true airspeed of the aircraft at

the given cruise altitude and mach ..u.lber derived from

the equation:
TAS = MACH NUMBER * SPEED OF SOUND AT ALTITUDE 3

The listing of the computer code for these sub-

routines follows:
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SUBROUTINE FLYME (V1/V2:V3,10PT,V IBIRD}

IF (IBIRD .GE. 1 .AND. IBIRD .LE. &
CALL ERROR (“IBIRD ERRO"»*R IN FLYME™)
RETURN

G0 T0 (183:268:364,4¢0),IBIRD

CALL C5A (VEVZIV3IOPTHY)

RETURK

CALL CL41B (VEV2iV32 10PTHV)

RETURN

CALL KCI9A {VHVZIV310PTIV)

RETURN

CALL KCI35A (V14VZeV310PTHV)

RETURN

END

t0 70 56

RETURNS TRUE AIRSPEED IN NN/ MIN

FUNCTION TASPAKACH.ALT)
DINENSION SSHDUD)
DATA SSND/9.56333¢ 9.61167» 9.696¢1)

¢ 9.78333) 9.84823 9.95333+ 18,8347/
BOIs )41
Jd=1
IF (ALT.CE.(39,-2s1)) GO 0 26
CONTINUE
TASP=AMACH#SSNDLJ)
RETURN
END

FUNCTION CALTIGNT,IBIRD:I0Y

DINENSION ALPHA{4}.BETALA)

DATA ALPHA/81,12378161.79653156.58588 168, 13695/
DATA BETA/- 84555541 - 8956782, - 435342, -, 1873168/
HIALT = ALPHA(IBIRD} + BETAIIBIRD) # CWT

DOis =14

ALY = 41, - &

IF (TC CE. 3.14139) ALT = 43- &1

IF (HIALT.CE.ALT} €D 70 28
CONTINUE
CALT = ALT
RETURN
END
130
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SUEROUTINE ERROR (MSG+NSUB}

PRINT#:NSG 1 NSUB
stop
END

FUNCTION POLY(CoH.X)
DINENSION C(M)

SuM = 6.9

DC 18 IN=2eM

J=M-1H+2

SUX = K # (CUJ + SUN)
POLY = C{1) + SUM
RETURN

ERD

FUNCTION POLLY{L/KoLoXe 1)
DIMENSION CUKiL)

SUM = 8.9
D0 26 IM=2.L
Jd = L-IM2

SUM = Y # (POLY(CILrddbeKeX) + SUMY
POLLY = POLH(CLL11):KoX) 4 SUM
RETURN

END

SUBROUTINE €SA (V1,V2:V3,10PTWW

DIMENSTON ALSCT1{S:511A15CTZ(5,S1HALSCFL(S)
DIMENSION A1SCR1{5:53 1 A1SCRZ(51511ALSCFL(5:S)
DIMENSION ALSELT(36) ALSETJ(SE)

DIMENSION ALSELE(26)RISEIFI36) AISEIGI36)AISEIR(SS)
DIMENSION ALSELAL36) 1AISEIBISE) (AISELCI36) +AISEIDIZS)
DIMENSION AISELI361 181 PITELII0) ) RLSHITI)
EQUIVALENCE (A{SEHALSTI (L DYy (BISELEIAISEL(142))
EQUIVALENIE (USEICA{R 1103 )y (AISELDYAISEL (141}
EQUIVALERZE 4 SELEWALITUEN 3Ty (RISEIFAITEI(1hb))
EQUIVALEXCE (- 3E1GHALSIIL Ty (ALSEIH AISEL(T8D)
EQUIVALENCE (A1SE1DAISEL(LS)) (AISELIALSEIU14180)




¢ DIST FOUR ENGINE COEFFICIENTS

DATA AISCTL/ S7AZTLOTEABRY  3RH22VIE+EE, - 9ATELTMIE-§3,

f° A4S A A°> A% AT AC Ao A A% A" 7O 7S A° A4 fAC

! RO A* KO A% GO A AT

A A I A 4O 4% 4° JO

SLTISHEZE-65)
BTI54921E-01,
- &TTE581T7E- 16,
LBSIHSHARE-TS,
2GIEITRE-F Ly
- 942TS22LE-T T
A8 LE-85
- b3IMS2LE- 18/

DATA A1SCTZ/ L SATSAZISE+EZ,

- 13647744E-83y
A78564328481
- IS5H741LE-Bbs
<34691933E-62»
- IAEBA206E 2D
BALTE539E-Bbr
= 23314346E-63y
Z1413696E-16/

DATA AISCF1/ 9LZISSTZE+EZy

.ZAS9V6BAE-§5
- 26863673E+¢6,
L 33341333E-6%
- . BAEIASLOE-B4
,15341547E 408,
-. 45616552865,
13313674E-84)
- J4814112E-13/

DATA ALSCF2/-.4BTIBYTZE+BZ,

- M7735542E-85:
JH43T53LSE+661
-, 38318999E-67»
J1091286E-62,
- J454515E488,
J1S1BE4E-06y
- A9BAL428E-84)
J36856768E-11/

DATA ALSCRE/ A469T424E482,

t
t
$
&
¢
¢
¢
t

JASA3ES1E-62,
-, 26318781E+81,
JHIOZETIE-85,
= BZ4TIIE-B1
JZBBUAAERELBE
~ 45436295E- 85,
JAT4IIEETE- B30
- 13221843E-0%/

-SRI E
=877 -

BEGI T T4 )
- ZGEE -8
- 149534 1E- 43

LIS T
- JH3BTTEE-8TH

- 23878033E+61,
. 2282651 1E-Bby
- 18578749E-#1y
JAB515164LE482)
- L4226 1E -84y
J1621E0Z4E-B1y
- 14649271E-850
ZSAH4BSTE-65

ALBZIZOVE-61y
- A2TT6848E-§%
4EBZ3THIE-83,
= 378191460E+61
16ZEB328E-BL»
- 121B6S21E-62,
16675877611y
~. 35575142867+

,31238421E+88)
JTSTELSTE-BT
- JOLEETHAE-BL,
3919383 1E+61
-, 31489969E-65)
JA4T3SBAGE-82:
-,3535962TE-8%»
S 2ZESHHIE-Bby

J3PZABTE61
- BATSTIZAE-#5y
BB245119E-61y
- AT324632E481
,11873435E-63,
-.15339935E-61y
. 1 TAGEESSE-8T)
- 43b87543E-85

- AS2192E4624
13196556E-84,
- 4588494362,
EELT4ESE- 129
AL9TS6LE-B61
- AZSASH3LE- 63,
JAT4GBASE-1

«2896TATIE-BYH
~STEATEBAE82,
885B5181E-84,
=, 311977736488y
+28528873E-87»
= ATTI2504E-83s
JSTGL2E-B2:
- 12132658E-8T+

- 1687635¢E-83)
LSE93TILEHETy
- TAET{TAE-84y
NATRLET 1 )T
- HASTH83E-
<33924581E-85y
- {T377349¢E-82s
+38965935E- 141

- JHZHTTE-83)
- 215148LPE+B2)
33659370884
- 1833LT14E480+
847397467E-88
- 47229814E-B4s
17643395E-82
- 22595754E- 68

- 1256981 BE+BE
352B28B2E+02,
- HLB0IBLTE-83:
372296 11E+8
- ABL2A332E- 84y
A1O2E842E-83
- Z34L8958E-81y
A3LITIINE-BTH




CIEICICICIODD

DATA AISCRZ/-,16485248E402) - .5BL8BL13E+81, . 91317530E-81y

RS A QO QO 4O QO A° 7O

-.35135374k-11/

- 47935761E-63y  LEBSISSTLE-B6y  AETEEBSBE+EL,
- 181825328481 . Z418BLASE-6Y, -, 13070285803,
JLTATHOSZE-BEy  LHET3TIT2E481 - LES12136E-81)
JIBIABOAE-07,  (3TLI3LIIE-85, - 13293568E-BTH
= 427391996488, JILAZIMTE-BLy - HBUSBTALE-B4
J2TT9689E-BLr  JA3TASATAE-BSy L BTBLATYSE-BT,
= 14B46954E-032  99727T2LE-B6r - 144BTT23E-D2y

CONSTANT ALTITUDE CRUISE COEFFICIENTS

R=23M B=2SM =27 D=2 E=3iM
F=33K G=35M H=378 1=3%M J=4IN

DATA ALSELIA/
& .36542T33E482)-  4583T4636E+63s
& 1Z11625LE+85:- 51979564 +H4s
§ 829992648461y -, 18818028482,
§- 122E072E- 84 - 3845 BATEE-13y
L .P0088060E+E8, .G0ECEIBBEEE,
& (41B12083E-86, (G3608200E+08)
£-.14856194E-891 . 11S16ET4E-dN
¢ .S600800BE+88, UGBEEPEIEIG,
& .GOEEBAUOE 60, .GEBIIGHEELIE,

DATA A15E1B/
& .36923394E483-,34399478E+94s
& (Z5833474E+65:-,91534423¢E+3 6,
§ (ASABTI4TEB14-,38TAR3LZEHIL

£-.48998729E-83, ,195B4518E-82,-

L .G0000088E+06, N0B0D009E+03,
§-.47227336E-8Ly HIBBBORAEHISH
&~ A7424790E-89, L 20046L82E-89y
¢ .6ap0pddeE+DB, GD0BOSEEEAE,
L .6200vdUBE+E8, (A0BEBOOOEI,
DATR ALSEIC/
£ .43587T49E+83,-.597B1376E+84
£ 37112390E+85) -, 12793463E 435

J35939785E 484, -, 161BLLEAEHES)
LRTINSEE46H - ZATI1LZGEHIL
ASL21873E+81, (I2BOZIUCEES
LLHIL4G5TE-820 - 121T3645E-02y
+SI9BA2TOE-8L- BLOTAZHIE-d6y
CEREE30EE+ER (HOPDOELEE AN,
B336c008E+00 6ID0DTDEE0,
J13463593E-13y B3DABECEEES,
.CEDBEEIBEI0E) .000B080BE06/

139341 BLE4B5,-.27229535E485,
L21229435E4880 - (174T6749E+ Ty
933329138 +8D, L G0DRLTOEE8,
JEHABTZAE-P2y L 195883BLE-02y
JAT967823E-66y L 13426925E-86y
LE0308786E08, .000CBTDGEHB,
BD33006BE+66, (BE0OEOB8ED,
JAS6TH432E-13y (IB000600E 46
B5808508E486, (O00BO0BRE+IE/

22727149485, -, 418335T70E405
J2TBISTICE+88, - IBIRETI4EHILy

& J3725938BE481 - 15S2C188EHH - T69375TSE-81 G5 I00C0EE0Es
L- ATBAQ49SE-63 32225749842, - SAZLAISEE-02y L 20331933E-02,
L E0RREI2IEAID S LIIBEA00- ABBLIBLE-BLr - S2LTEBATE-GT

JAHEHE

£ .35282590E-55, 1

.B8E703€8E400, (FDIBOB0BE G,

& (9365093SE-€7, -, N39I1GAE-4Y (BO800GH0L 100, (J060E0SEAE,
L BBBABNEOE+8Y, I 130IBIEBEAIB- ITLISSITE-12y (00 IBBOOBEHID,
L .GE306000E+03, .1003COABCHIG, 00000ABOE00, .00 I00IDIEEE/

A




DATA A1SELID/
L 926842448483, - . 864811TLEH8 G

£ JABPO34TLE85:-, 161387858445, B30

21567534 E 485, -, S5822964E405
1916484551 -, 27376598E481

& (ILBISMCAE+BLy -, ISEB399TEHE] - 203C4T2SE 68y L 22360000EIy

£-.246L7498E-B2, L S4736937E-824-

L .B320BUBBE488, GUBEEOBEEAD,
& (A3694527E-B6y LGEEBIRZEENIE
8- 14376957688 R4BTITHEE-GD
£ .BOOODIGBEB8, (ACOBERBEEIS,
& .e80LciooE+88, (JeBBIEOREIG
DATA ALSELE/
& .16539989E484:-, 1496 7868E4G5y
& JTETLEBOAE485,-,2515714BEHD,
& J1BT69355E482,-.4297783LE48H

£-.20883411E-62, ,TO2B139BE-0Ly-,

% .PECOEdRaE+66, .4E0RBEGEIS,
&-.154495315E-65, .CCOE3E00E+40,
&-.29B12724E-08y .59255984E-4%,
& BEBOBIBGEYES, .GTEBOROBEIE,
& BEBEAGOCELEE, .GIIBHEGREV0E,
DATA ALSELF/
§ J2B139244E484) -, 1BTC2244E485,
& J99665268E485,-.327831 168405y
L (2B93LIZ4E462,-.21722831E40 D

§-.28562487E-82 9BSLSIAEE-HL,-

¢ BBOOB00BE80, (UCOOBRECEIEE,
L- . 15151388E- 83 ((OIE5063E+0N
§-.2TAEBITIE-88) L ILTBSTICE-ED
L .BECOCIBOE 86, (GOCOCOBOEDS
L B000006E00, .000PBEBOEIAD,
DATA ALSELG/
£ JZBRIBASIEIB4 - 245654 49E+US)
& A3843543E486-  4452T167E+ES
L SUT6489E4820-.34757452E482)

&-.6859¢499€E-02 . 17735313E-81-

L .6E00BAB0E+60, (0B0EEBEOE)
§-.59466357E-95 HITIECEBEIOE
£-. 11B42027E-671 .36336166E-49,
L .eRB00400E+89, .40355338E+48,
& (BOEREICTEEE (GOS0BBEEELIG,
DATA ALZZIH/
£ 392828358434 - 346134440 0T
£ JITRASHEITALE - SF2S3IIE Oy
L TTZESISUESED - CLIABRLLE
£- 18187558881, -, 5295104831y
t .BeBEdd0BE+20, . .i08DEMD
£ .5978276¢E-24y . jICdEUESEAE,

STESAZILE-B2y (ZETILSEE-BTy
.Z#9;4565E 3%~ 163%042" -#5:

;Qf'fng453v J?tz.néEiﬂﬂv
J2O185304E-12y 05 I0UEIOE4EB
BEBEEI06E168, L BCSBOEBOEHIB/

536585584835, -, 149827E465,
JATLAZTAE481 - L1LBTRELEHIL,
1914408488y L E530065BE+08,
11876852E-81y ,4852S515E-#2y
JLBZETILE-B5r L 11516274E-i50
B800EGIBE+86, (GI086820E+D8,
0008B303E+68, L0OE30RDBE4IB,
JS4LUSSIE-120 (B0503B8BEL08
BEOBEGEBEI80, UBDED2BBEEB/

ATTRHISLESES, - $1S18S2IE+H06y
ZBATIIIOE4BY - ISEITTLEEHELy
SOSEATUZE+EL, (ABEDCEEBEHED
JATAITSTAE-BY, (95T3LEHIE-I2,
ABZESHIE-85y  195482T4E-45y
JB523394E+88, LECICNIDIENE
N AREPEE X ] 6 £3425DE+RBH
J99517747E-12y L B5B30EIBESES
Eo5080BE+68, GOCEEOERE+HE/

9686437 1E485: - 14TE3BTEEELs
JSTHAIS BE+810 -, 2T4I550FE402
JTIZYRFAZE4BLy (ESCIOEPBEEB
JSS4EEYSTE-81y L20999188C-81,
JI2857202E-65, L 85733339E-45,
SBEEBILEEIEDy .C,5§3$@5E+dlv
LCATAENEBEEDy C0
LSIOTETRTE-11, .aJZlJ.,.E+QIv
EISCELEEAES) (B30 IECRELIN/

JAZEIVIACH86, - 25L HTIBE4ELy
SEHTI24E481- 0T TBOEHIZ)
ATSEALERE4ETy 2 ESDREED)
JSE2995TLE-01+-.557 342801
JHHASLSSE-B4 - 326336BTE-G4s
D8808003E+ 88, 450 )000DEHES,

evimsen oty




T, ,

* AT
l,

. n

C
c

& .BB0BCOBBEEB) (GOBBUDEBE+UE) L1339735C-18
£ .B0000400E88, G00RBCEEEVOE, (BEITE EsEvD
DATA A1SELT/
& JATI00TRLEIBL, - A3B51TH4E+85y 153273638425, -
§ Z2USZZBEE+H6, - T2I23LADE4US, (STE2LIELEEL-
§ L 13BET2S0E483:- 127369346443, ASAIGI3LIE 0
& L5638I50E-831- . 3T193318E-02- L41FILITE-B1 -
& .2306paset 08, (HBEDSESEC+UEY JTESL2LIGE-85y
& JAT727124E-84 JUTCOCHRE+AE, (BEDEDEBOELES)
£-.23357964E-871- 32638945E-87 L HEIBRISEEED)
& .GOCoed00E+80, (WEDEODBOEGE, L24B5DIDLE-18H
£ .B0830000E+88, UOBEDCUEEIE (EDBOEAOEEIED,
DATA ALSELY/
&-.13B25054E+483, 12171543404, -, 19473500E+04,
& (B0BEBAOBEI08, 0OBCOBESEINS,-,T332343E488,
§-.95436383E+68, AEEO0I0EE+88, (DOUOINDBELIEE)
£ .(59334393E-63+ .14B846420E-43 (OUIDEGOOEDD:
& CCE20II6EIEE, (AOPREGEEEAE - LOTITLZIE-B6,
£ .00G85066E+86, GR022800E440, (ECIDBYBRELED
& COBRE30GES88, .0B200300E+I8 TI00BEBBESD0,
& BO0BBICIEI08, (JBEICOSBEIGS, (BIDIPOEREVED
L .680000GBE+68, ASRREOG0EIR0, (BEREDBIOEIDB,

DATA PISEL/ 23.% 25.% 27,6 29.§) 31.6y
t 338 35.6) 37.8 39.6) 4.8/

DATA ALSH/

£-.38569802E-£8,-,33024820€-07, BEDELI2OE4ET, [ EDEPBOEELDD,

ABEeS0TEHE
HETBTE0OEHI8/

J24AB2TAZE by

A2E04915E432y
JBEOPRESEE IR,
AEE3TZITE-4Ly
J2TRAESI9E-G 4
BEEEEOAE+IS
SEp2EEE0E IR,
JABEELECEEHIB,
JopevoseE+Ie/

JSZBAADEHIS
J16383971E+H
BLBEEEOSE+IR
HBECEEDEE IR
JAOPBEEBOE+3E
BEEEB0BBE+IG:
Je3pciaeE+i,
R DS ]
G8B05EIRE+I/

t (10888, 18167y 18647+ 28167y 28233+ .20833:
L .22333, 22333 23988 24568y 23647y 23586
L (20667y J2TEIS (28147 .28833r 29333 .9999%
L 3188, 32898y 99999, ,33233: (34848, 9999

L 36088, (99999, 99999/

[F (10PT ,GE. 1 .OR, [OPT .LE. S5} GO TO 456
CALL ERROR (“IOPT ERROR":" IN CSA™)
RETURN

458 GO 10 { 584,666, 766,886:966), 10PT

¢




C CSA CLIMB TIME: RANGE: FUEL COMPUTATIONS
¢
£ VI=CNT  VZ=INIT ALT  V2=TERM ALT
"
¢ AT 566  OUTPUT Vv = TIME 0 CLIKE (MINUTES)
¢
588 CHS=AMAX1(VL.334.)
PAS=VZ
10=28.
PAT=V3

PAS:=AMATL (PAS:8,)
GNT=GNS- ({.BELZ53CNS- . 25751 4PAT)
IF ((CWT,LT.335.1.0R.{CNT.CT.778.) .OR,

¢ (GNS.LT.350.).0R. (GUS.6T.778.3 .OR.
t {PAT.LE.PAS)) GO TO 11111
TIMES = 6.

IF (PAS.EQ.B.) GO 7O 358
TIRES=POLLY(ALSCTZo5+5»POLLY (RISCTT 525+ GHSPAS) /1 TD)
TINES=AMAXI(TINES2.5)

556 IF (CWT.LT. 69%6.) GO 10 575
GRT=CNT-138.
575 TESTGN=GHT

TEMP=POLLY{A15CT1:5: 5, CHT 1 PAT)

TIKET=FOLLY{(AISCTZ15:3, TEMP TD)

TIKET=ANAXI (TINET4.5)

V=TINET-TINES
IF (IV,LT.8.).0R. (V,GT.55)) GO 10 22222

RETURN

AT tB#  OUTPUT ¥ = CLINB RANGE (NHS)

[ ol I B e B o]

86  CNS:=AMAX1(VL/16, 35.4)
PAS=VZ
10-28.
PAT=V3
PAS=ARALTIPAS:B.)
GWT=GNS- ([ (L B125+GUS-,2375)#1, 13PATY)
IF ({CNT,LT.33.5).0R, (GNT.CT.77,1.0R,

t (GNS.LT.Z2,) .OR, (CKS.CT.77.).0R.
¢t (PAT.LE.PREY) GO TO 18111
RANGES=4.

IF (PAS.EQ. 6.8) GO 70 o580
RANGES=POLLY (A13LRZ15:5+POLLY (A1SCR1151S+GNTAPASH, TD)
RANGES=ARAX] (FAHGESH2S.,)

458  TEMP=POLLY(ALISCRY S+ 3:CNT PAT)
RANGET=POLLY{A1SCRZ: 515  TENP TH)




V=RANCET-RANCES :
IF (1V,LY.8.),0R, (V.CT.556)) GO 10 22222 i

RETURN
)
¢
¢ AT 784 OUTPUT v = CLIMB FUEL (1B6£S OF LES)
{
768 CHS=AKAY1 (V1. 354.)
PAS=VZ :
TD=28,
PAT=V3

PAS=RKAYL (PAS6.)
GNT=CNS- ({,6B1254CKS-,2375)4PAT)
IF ({CHT.LT.335.3,0R. (GNT.6T.778.1.0R,
{GNS,LT,354,).0R, (CNS,GT,778.) .0R.
t {PAT.LE.PASE} GO TO 11111
FUELS:-8,
[F (PAS.EQ. B.8} GO TO 758
FUELS=POLLY (A1SCFZ+5+Sy (POLLY(A1SCF 145+ 5. GNSPASH) 4 TDY
FUELS=ARAYT{FUELSZ,3)
758 IF (CWT.LT. 6%1.) 6D 10 77
GRT=CRT-51.
775 TESTGH=CWT
TEMP=POLLY(ALSCF1+5:5:CRT+PAT) 1
FUELT=POLLY(ALSCE215+ 5 (POLLYLRISEF 1151 5/ CNS1PATY ) 1 TD)
FUELT=ANAX1 (FUELT.3.5!
V=FUELT-FUELS
IF {iV,L7.6.).0R, (V.GT.55,)) GO YO 22222

[ ad

RETURK
¢
¢
¢ C5A CONSTANT ALTITUDE CRUISE
€
) VI=GUT VZ=MACH V3=ALT  OUTPUT v = 186§ LBS / MIN
C
868 GN = AMAXI(V1,354.)
AMACH = V2
PA = V3

IF (PA.LT.B.8 .OR. PACT.45. .DR.
£ WMACH.LT.8.Z (DR, AMACH.CT.8.% .OR.
£ GN.LT.258. .OR. ON,GT.775.)
¢ 60Tt
DO BSB J =1 if
[=J-t
IF {PA.LT, P{SELLy}y GO T0 875
858  CONTINUE
875 TI=POLLY(AISEL {111} 16161 AMACHGH)
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T2=POLLYIAISEL (10141316161 ANACH I CN)

V=T{ + (PA-PISELLIN) # (TZ-THH/(PISELII41)-PISEND))
IF (V.LT.9. .OR. V.(T,58,) GO 10 22222

V = TASP(AMACH.PA) / V

RETURN

C5A RENDEZVOUS HOLDING FUEL

VI=GNT  #3:=ALT
OUTPUT v = 1888 LES/HIN

el B e B w B wr B 2 B e ]

B8 GNT = ANAXI(VE:354.)
PA = U3
IF (GWT.LT.356. ,OR, CWT.GT.775. .OR.
¢ PALLT.8.8 .OR. PA.GCT.45.) GO TO §ithi
D092 1:=1,9
Jd=1
[F (CNT .LE, (3Z8.+1348.)) GO TO 948
926  CONTINWE
98 DO 9B 1:=1.3
K=1
IF PA .LE. (25.4134,)} GO TO 988
9¢8  CONTINUE
%8V = AISH(SKI
IF (¥ .LT. 8. R, v .GE. .999991 GO 1O 22222
RETURN
11111 PRINT®,"  T0PT ="+ 10PT" CHWT ="4V1
CALL ERROR (* [MPUT"" CSA™)

RETURN
22222 CALL ERROR ("QUTPUT ERR":»“OR IN C5A™)
RETURN
END
c
"
€ ] 4 4 ] 3 4 L ]
¢
¢
¢
SUBROUTINE C14i2 (VIVZ2/V3,I0PToV)
C
e

DIVENSION C1A(i_ i C2A{161,C3R114)
DIMENSTON CALL4.3)+E1116+81 FL{BI W HFFIE)
DIMEMSION ELAT1 1 E1B(163EICII6)ELDILS)
DIMENSION E1ELLS) (ESF (36)EICII6)ETHILL)
DIMERSINN DUB(2}+D2B(2)+D3312)+DB(Z:3)
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gt “'ﬁ"ﬁ" o AR

EQUIVALENCE
EQUIVALENCE
EQUIVALEKLE
EQUIVALENCE
EQUIVALENCE
EQUIVALENCE
EQUIVALERCE

(C1a:CALEN 1Y)
{C30LAL1+3))
{GB(12),D20)
{(ELMET (L 1))
(E1C S1(1430)
(ELEEL (125D
(E1GES (197))

- - - e w = -

(L2 Caltizh
{DE(1+ 1) DIES
(DE{(153)1D3E}
(E1BE1{142))
(E1D:E1 {1 4))
(EYF+EL1(106))
(EIELL1ED)

oL A A Jas e i

LLINB COEFFICIENTS

L I o

ks . DATA C1A/
3 & (41SBYSZLEYDR, - SIUTHATEEEY L 2IBTLO3E-B2:- . 2TSESAZIE-E5,
5 £-.8676434ZE481, L 11135RAZE+38- 436003TE-031 STTLELITE-d4s
- £ 446903244881 - 563THLSHE-BZs L 22183130E-84 - Z95B440BE-6Ty
‘ £-.664853B9E-62, (S4BP62E4E-341-,33228765E-B6 (4LO18L32E-8Y/

DATA C24/
£ . 16835453E+83:- 4SZI49TE4GE) ,1994SAB0E-B2 -, 36946B45E- 8Ly
§-. 192287820482y JTZUTTISES0D: - (ZELBTA0E-B3 - IBLASIZRE-BLs
£ 79B24TBSE+88 - SSLBSLTIE-0L-, 1BLESB11E-0S, L 2LB85ATIE-HTy
&- 98131161882, 45378168E-d4r 18ZT2T15E-P6r-.51083135E-89/

o

{ DATA €34/

: £-.4333300E481ty BTELAI03E-011-, 4B523200E-D3, SEZSTAILE-Gé)
N £ 10373767E+81y-  14134949E-61) L96BBTTIE-B4,- . 97339575E-47,
B £-4BL415ESE-81, (TOBLB2BIE-33,-,3318B695E-65 ALBIEIIVE-48,
L SO9#5559E-831- S1442528E-95, ,3TA46IBIE-BT - MASAGTTSE- 18/

OUTPUT PARAMETER LINITS

IO

DATA D1B/DZB/D3E/ 8.y 48., .0 248,y 8.0 13,4/
CONSTANT ALTITUDE CRUISE COEFFICIENTS

A=25K B=27TM C=291 D=31M
E=330 F=35M G=371 H-39M

CA I DI YOO

DATA E1A/

L (39B44S4TE483, - 15STA90TE 464y | 24BLAOTBE+84 -, 12981505404,
£-.37646194c 481y L 164TTSSTE4GY,- 250081476482y L 1ZSLEBITEHIZs
& J11889416E-81-.53777762E-01» LESISETTIE-61y - 43R49L0IE-01,
$-.B33B4424E-85y L 4SBSATHE-G4,-,7913909E-64y ASOTTLLIE-G/

'y
g
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s AR

DATA E1B/

§ (S1692A12E483:-,16723254E+84, 1BBI2ZBTE+04. - LB2TLEBIEED)
§- 65156544E+81 s (Z24BZOZAEHGE - 2B16ZVEOEHETy L ISHIDASZETy
§ (ZLBLIATZE-B1-,18330544E408, (123985520480~ 452T4434E-01
§-.35491305E-84) (13E3CBLTE-93,-, 14990ZTIE-03, LL449TE0¢E-04/

DATA El/

£ .2B949557E+63,- AFSB2OESEE2, LL1TIESS0E463, -, 1942471040,
£- SBATTIILEBLy (1TEEATBIEAGL, - 197TTO2SEET L ATA4IVEHETy
& (20BZ2TRE-B1,-.18273966E+HS, J1320LZZIE4DD - 55380TF0E-01y
£-.4623637SE-B4y L 1ESIBLITE-12,-.22185442E-83 ,98Z19B1TE-04/

DATA EID/

& J21670381E+84,- RPB425TZEXIL L 133B4TIEB0,- LLAATISTEHEL,
§-.29094497E+82) 12B38085EH43, - 1BTROTIZEE3s (FIETICHIEHIZ)
& (131993376488, -.58036883E+08, LEL239V93E408y - 42290730E 400,
&-.19884768E-83, .94411525E-83,-. 12452769862, ,41891292E-43/

DATA EIE/
£ .96574555E483,-. 31155806 +54y 3SETTABEEB4 -, 14375898E+04
£-.16821388E+82) (STST1BSSE4UZ,- . 6B4TTABCE0Ty ,2L97BIELEHILs
& BITLBIZIE-B1-,3189252LE408y (ABISEIATEYED - 16752504E 400
£- 14B19367E-821 SA454264E-83,- . TDBTIELE-03 . 29909214E-62/

DATA EIF/

& .22519083E483, .2177885SEHI3, - 1311542LE+64y ,9Z519815E+83s
&~ G4TRLAO3E+BYy  14B9FAASEHTZ -, SBLBIASLE+BY +-  31LILATREHE
L A273UTB2E-811-.13992524E 408, 1A3LLTLEED .~ 45329T795E-H
L~ TT196084E-84, L 27479383E-93,-.31876564E-83, . 12081834E-83/

DATA ELG/
& B78B8213E484,-,28376209E445, 28571235E+85,- 8372481 6E+I
£-. 149881940483, LS138TH21E+3+-,56633528E+83) ,19514269E+83y
£ .BOAG4ZTSEBE,- . 28944827E481 L 33B13903E481,~, 1272L897E61y
§-.1388735ZE-32y S1ZZ4322E-92.-.410682065E-82, (24391291E-82/

DATA EIH/

£-.53651077E484, 31S691TLE4ES- . SLSBLABTEE5y L 3213E92IEHS,
& H1HGS14E482,- 38158278443, L T1163336E+830 - 415713538 +83y
£-, 213789248408, L 134130426401, 20613THTE4BYy L 1TEBELZEEHILY
& 2202792LE-831-.178570d3E-020 JITSIALIBE-B2 e - 2I42O343E-02/

DATA FU/ 25.+ 2740 2941 314y 3340 35,0 37,0 39./

DATA HFF/ 12167, 13333, 14333y 1544,
t 16833y 17833, 19333, 20833 /




IF {I0PT .CE. § .OR. IOPT .LE. 5} GO TO 1868
CALL ERROR ("[0PT ERROR"." IN C141E™)
RETURN

864 CO TO (1186:1188:1108.1288,1308}, 10PT

CL44B CLIME TIME, RANGE, FUEL COHPUTATIONS

VizCHT  ©3=INIT ALT  V3=TERM ALT

J=2  QUTPUT V = CLIKB RANGE (KN

c
€
c
c
¢
¢
£ J={  QUTPUT v = CLIMP TINE (MIN}
¢
€
¢
N J=3 OQUTPUT v = CLINB FUEL (1688 LBS}
€
1160 GW = AMAXT(VL,141,)
PAS = V2
PAT = V3
CHY = GU - ((PAT-PAS)3,888943%CN)
10 - 28.
J = 10PT
IF (GW LY. 141, ,OR. GW .GV, 346, .OR.
t PAS .LT. #.6 .OR. PAS .GT. 45, ,OR.
t PAT .LY, 8.8 ,OR. PAT .CT. 45.) GD TO 1111
T4 = POLLY(CA{Ld)r & & Gy PAS)
T1 = AMAXLC TL, B.8)
T2 = POLLY(CALLd)y & & GUTHPATY
v = ({T2-11)
IF (JEQ.3) V= 98¢ V3 97
IF (v LT, DB(IrJ} (OR. V .CT, DB{Zyd}} GO 1O 22222
RETURN

CONSTANT ALTITUDE CRUISE COKPUTATIONS

Vi=CNT V2:MACHE Y3=ALT  OUTPUT V = 1088 LBS/MIN

- DI OO

284 CRW = AMARL (VI 141.)
AMACH = V2
PA = V3
IF (CRW .LT, 41, .OR. GRW .GT. 34§, .OR.
t AMACH LT, .2 .OR. AMACH .GT. .8 .OR.
t PA .LT. 8.8 .OR, PA .CT, 45.) €O TO 111H4

141




Y1238 d=10L €
IF (F1{d) (LE. PRY T = 4
1250 CONTINUE
V = POLLYAEL{Le 1) &9 4rAMACH GRN) #1.84
IF (v LT, 18, JOR. V .GT. €B.) GO 70 22222
V = TASP(AMACH.PAY / V ¢ 97
RETURN

HOLDING FUEL AT FLZ56

¢
¢
)
e
€ VI=GNT V2=XXX V3=ALT
c
€ OUTRUT V = 1886 LBS / MIN
€
1384 GRT = ANAKL(V1.141,)
PA = V3
IF (GNT.LT.141, ,OR. CWT.CT.24B. .OR,
¢ PA LT, £.8 .OR, PA .GT, 45.} GO T0 1114
DO 1328 1 =1, 8
d=1
IF (GWT .LE. (168,41228.)) GO T0 1349
1320 CONTINUE
1344 CONTINUE
v = HFFL)
IF (¢ LT, 8, .OR, ¥ .GT, .22} GO 10 22222
RETURN
11111 PRINT#»* 10PT ="2I0PT»" GWT ="»V1»" PA ="»V3
CALL ERROR (" INPUT"»" C141B")

RETURN
2222¢ CALL ERROR (“QUTPUT ERR™"OR IN C141™
RETURN
END
¢
¢
¢
C HIBHHBHBEHHIR B RHRY
c
y
SUBROUTINE KCIBA {V1,VZ2V34I0FTH V)
¢

DIMENSION TKCLM(T13)+225(T43)
DIMENSION TKCRU{6+7)TKR{14)

142




¢
€ KC1eA CLINE COEFFICIENTS
L
DATA TKELM/ 17.3v 17.60 1830 1924 28.8¢ 22,20 191y
¢ 18 1260 12150 132 14430 1545 136.5
¢ 8.0 9.5 18,30 thh 125 13T 2.8/

BATA 225/ 7.5+ 8.4 16.2: 11.7y 13,4y 15,60 15,6y
¢ 48,51 Sber b4y 73.5+ 8700 99.5 99.5¢
& Sy 5.0 675 .7 8.9 18,4 18,4/

DATA THCRY/ 19,4 28,4y 23.4s 2.8y 28.4y 36.7y
28.2+ 22,5y 28,9 27,1 29,10 311
18,10 28,1y 22.1 23.% 25,7 273
16.5: 18,3+ 19.9 216 23,9 6.3
28,6 20,7y 23,00 24030 2550 26Ty
19,3 28.5y 214y 2206 23,40 205y
19.30 19.3¢ 28,20 28,1 20,90 22,4/

NS A% 4 q© /S @O

DATA THH/ 19.6+ 19.9» 26.3y 26,8 21.60 21.8) 22,5y
% 23.3+ 24.8y 24.5: 25.3» 25.8s 26,4y 27,1/

IF (I0PT .GE. | .OR. 10PT .LE. 5) 6D TO 1495
CALL ERROR ("IOPT ERROR":" IN XC16A")
RETURN

495 GO TO (1566.1568.1586,17086. 18661, 10PT

KC18& CLINB COMPUTATIONS

VI=GNT V2=INIT ALT V3=TERM ALT
d=1  OQUTPUT v = CLINB TIME (HIN)
Jd =2 OUTRUT V = CLIMB RANGE (NM)

Jd =3 OQUTPUT v = CLINE FUEL (1808 LES)

LI CACIIMICTICII I o I D

Séd J = 1091
GNT = ARAXT (V12480
PAS = V2
PAT = W3
IF (CWT.LT.248, ,OR. CWT.CT.591. .OR,
t PAT,.LT.PRS) GO 10 11114
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&

1554
1684

1654

DO 1SS 1=1r17

K=1

IF(PAT .GE, (43.-132.}} GO 10 (436
CONTINUE

START = 8.

IF {PAS .LT. 8.} GO TO 1854
START = Z25(Kid)

V = TKCLMIKi b - START
IF (LT3, JOR, VLET.23. 1.AND.  JWERLDY 6D TD 22222
IF {V.LT.38. (OR. V.GT.155, }.AND. J.EQ.2} GO TO 22222
IF {iV,L7.1.5 ,OR. V,GT.14, }.AND., J.EQ.3} GO 7O 22222

RETURN

KC18R CRUISE COMPUTATIONS

QUTPUT ¥ = 1886 / MIN

1%

172
814

1764
1784

£
C
c
¢
t
¢
¢
1

884

¢
¢
c
€ VI=GNT vZ=¥Kt V3:=ALT
¢
£
c
!

GNT = ARAXT (VL. 242.)

PA = V3

IF (CWT.LT.248, .OR. ONT.CT.5%1. .OR.
£ PA LT, 2b. ,OR. PR .GT, 45.) GO TO 11111
Do 1728 I =147

d=1

IF (PA (GE. (43,-142)) (O TO 1746

CONTINUE

DO 1768 I =1y 6

K=1

IF (CWT.CE, (368+(4gsJ1-(2821))} GO TO 1786
CONTINUE

= TASP L.BZ+PA}/TKTRUIK 1 J)
IF ¥ .LT. .2 J0R. V .CT. .St GO TO 22222

RETURN

KC1BA RENDEZVOUS HILDING FUEL
VI=GNT ¥2=XXK v3=xRX
QUTPUT v = 1888 LES / MIN
GHT = ANAXLIVL,248.)
IF (CHT LT, 248, .OR. GNT .GT. S91) GO 10 1111}

BO tede 1 -1 14
4=

~ ——




B -?rv:
L

B . B A

A\ B

IF (GNT .GE. (t88-23#1}} (O 10 1348
1840 CONTINUE

1868 V = 6,22/ TKHUJ)
IF V.17, .22 .OR. V.GT. .32} GO T0 izz2

RETURN .

¢
11111 PRINT#,*  IOPT ="4I10PT," GWT ="+V1,"PA ="4V3

CALL ERROR {* [NPUT“»" KC18A") ;
RETURN

22222 FRINTH)™ JOPT ="tdi™ GNT ='2¥1" PA =2',¥3" ¥ ='WY
CALL ERROR (" OQUTRUT":" KCIZA")

RETURK ?
END é
C :
¢ |
¢
C t 4 ] L ] 3 L ] 3 3 4
¢
SUBROUTINE KC135A& (V1,V2:V3.10PT»V}
¢
I
DIMENSION AZCBAL36).A2CTA(34) 1AZCIBALL)
DIMEKSINON A2F3(312)y AZF2{41412)
DIMENSION FZFL(18)y AZHLL&: 792}y A2F1(743+18)
DIMENSION AZFIA(T 3} AZFIBIT 31 AZFLC{T 1311 AZFID (T30
SAZFIE(T 13} o AZFIF (T3} hAZFLGIT o3 ATFIHIT A 30 AZFIT (T4 300
SAZF LI IV AZFIK (T S AZFLLAT 311 AZF IN(T4 311 AZF IN(T 3 )4 i
SAZFL0U713) 1 AZFIP(T43) 1 A2F1817) D)
EQUIVALENCE (AZFIMAZFIUL D)) o (RZFIBVAZFI{L i3 1y
£ (AZFICHAZFL (Lo 1030 ) (AZFIDWAZFL UL 104D )y .
t (AZFIELAZFI (191450 30 (RZFIFVAZFLI (Lo 10b) )y i
12 (AZFIGRZFE (19 1+7) ) o (REFIHAAZFLIL 108) ) :
t (AZF1 1 AZF1(10 1490 ) (AZFLHAZFT (1414 10Y) i
£
¢ CONSTANT ALTITUDE CRUISE
¢

DATA RZF1A/ 7BISUESB2, ,1STT9E+83~,34584E403-.22653E+83)
O3343E482.- 151438483, 8,88

- J2285E481y L 2618EE4B1,-,339U8E-661-, 16885E461
128638461, ,6T724E-68y  4.66,

3996TE-83¢ (ICUBLE-BZ,-.1289TE-BLs (TOL2IE-B2y
JOLTBHE-B2,-,73220E-62, §.98/

DATA AZFIB/ .25127E+83~ 524558483, ,2917CE+62) 18933E+64,
- 14328484y (27T93E483y 4,860

- ZLOLIEABL Y (TI2E4E48L e~ 19412E+81 - TASI3E4B]
JO9220E481 J14017E461, .86,

+38753E-B2y- . TS1B4E-62,- . 58590 -63, - . 18TBIE-B1
B12838-810- 3994TE-81  ¢.00/

o A4S A® 4 qO

A" A A% 4% f°




DATA AZFIC/ (16LSE483,- S34TE402r L TI2TEL o4 v - 36ASIE+E Y

A N0 A% g A°

2933764841~ ,68212E483,
- L1ZL0E408, -  4S44GE61
JC3IBEABT - 91945E 61
-.29285E-82y L 1Z494E-61y
J136T1E-88 -, 55458E-01,

$.85
JATBISE+RTy- 2ES1BE4BL,
#.850
A1C1EE-B1 -, 18285E 480
§.68/

DATA AZF1D/ . 37S44E433,-, 114S5E+04s L 1SST3E4E4 -, 958E0E 483,

/O A FO N>

JJBLZAE4830- ,58030E403,
- 314658481, ,EOBI3EBLH
JISTB1E+8Z,-, 231458481,

- A7231E-82 ABULLE-BLY-

J149B4E-£60-,83233E-61

#.86:
36SIFE-90,- . 186E5E+82,
.06
JZA3YBE-81 -, LBEABE-B1,
§.88/

DATA AZFIE/ .Z2773E+83+-,10176E484, 21887E464,- 177850464,

A" 4° A% 4% 4O * 4C 4% A0 4O e o 4% go Qo C 4° A% AC A e /T A O AO

S A 4% g f°

- 39974E4830 L 14393E484, -

JLELBEAED:

- J4TA5E+BLy 3B478E481,- 175430481~ (4S214E+E1

- A176TEA8L L 2O44EE4BL, -

- GBALTE-82+ ,18524E-681)

JA2180E46T
JZIZTIE-810-  12339E408)

A3Z8IE-081-,29114E-B1,- . 1STO0E-B1/
DATA AZFIF/ 38353E+482, ,BZLEAE4D3,-, I535ZE+D4y ,3BYEHE+BA,

- JA5SA3E+84 BELBIE+BL,

- A4961E481y L 1BSEIEE2, -

LT8351E+81y- B2L14E+B1,

§.66,
OBSTSEHELy L 16853E462s
¢.06

- 12984E-81y L 79415E-B1s- . )2LI3E-661 - LB159E-62,

J4923E-884- . B5375E-81y

#.60/

DATA AZFI1G/-.14850E+83, ,1278SE484:-.26248E+84 34314E+84s

- 313858 +64 (114258484,
+95392E-86:- . 95219E+81,
J1T84TE+82y - 95325E481,

A3332E-83) (29D42E-81-

J1SERE+88.- LTI19E-81y

§.58,
JATTSTEHBZ -, {T30EE+82,
#.86:
LALBRE-B1-, 19B9BE-B1H
§.80/

DATA AZFIH/ .Z26ZTHE+83)-.B4408E+83, 18182484~ 12964E+E4y

DATA AZF1J/

- 3276TE483) ASH12E403,-

S 128BBE+3y

- 158256481y (17965E481 .- 14264E 401, ,29452E+81

- I34TIEA8Z, (ZBUZAEABZ)- 1645LESELy

-.B2383E-B21 (LBVISE-B12-.97733E-B1-  19840E-62)
BASB2E-B1-,22380E- 81~ 1TZ44E-B1/

DATA AZF1I/ .3b6995E483,- 34240E+83,-.55631E+E3 .STHESE4ED

BOLUIEHBS: (LOHATESBZ, - 1 1ATAE4BY,

- JUGHE+EL (11S3BEHED,
+46Z75E-86,-  T43ZBE481

IO834E-81y-.32639E-81 -
SOIZIE-B1y L12952E-08H-

278750183y - (HIBHIEHES
JBLITENS, - 22T12E4 84
JSV353E-38y - TESETEVB
GATIAEHEL -  ZROTIEET

= BT4IAE-630 (374TEE-610-

= 215T3E-810- . 10304E-8L

644D - L 17944E40Zy
46914820

LEBLSE-81y J16251E-81
JL60%E-88/
IB3Z9E483, - 1136%E+ 84y
§.66,

J193TE+82¢- 1BTETEHDLs
§.86)

JIE6EEE6 (9693LE-B10
§.08/




x.=n

[ I uc B u B wr |

I I I

DATA F2F1/23.8y 5.8, 27,80 2.8y 320y
L 33,80 39.8 38.8» 40,6, 43,8/
DATA AZF2Z/ 2.53C2C+B1y-7.1448E48L» 1,4B59E462,-8,8125E481y
-1, 6394488 &.7214E438, -1 92228450~ 1, 9488E 480,
5.9389E-62,-8.8547E-63+-2.25¢65E- €1y Z,65E6E-81
-T AB1IE-84y 2.2246E-04y 3.43C6LE-£3,-3,9212E-0
-2, 2H4EBLs 1L BOSOEHEYy &, 2623E461,-5,7293E400,
1LAS34E+88, 2.T122E488,-3, 1914E+E8) -4, 71278480
-3,9443E-82, 5,6748E-83,-1.8305E-81 2,9979E-01
2.6324E-84, 3. 1179E-84, 1. 1279E-03,-3.45T4E-82/
DATA A2F3/ 8.5843E-82» 8.7513E-B1y &, 3284E-85,
t 3,9782E-82 9.3499E-81y &.4T1DE-BS/

O NG AC O A /O MO

BEST ENDURANCE {(CONSTANT ALTITUDE}

DATA AZHI/ 1.L779E-B1y 4,LLGIE-BAy 3.2984E-8b0-4,9¢89E-09,
-3.2913E-B2y 5.T3T4E-B,-2.5602E-6Er 3.5FHE-BH
3.474E-9831-5.4775E-83 2.2126E-67+-2.4929E-1
-4, 1633E-05, 1.46Z9E-841 -5, 284BE-6% 3.2877E-124
-8.9510E-86) £, 9191E-08:-1,2645E-18y 1.12B4E-13y
3.6993E-871-2,398HE-8% 2.36ZLE-120 9.4655E-15)
-4, B134E-89 1.5045E-111 9.9904E-14:- 4, 2445E-14s
1.2335E-82+-1.3784E-831 4.534CE-850 Z.4758E-094
S ULBTE-82+-2,78T7E-B4 -9, 2BTHE-8T1 -7 14T4E-3%)
-8,9942E-84y 2,5439E-86y 2.BIDZE-89) 2,5069E-10y
-1,5463E-85+ 9.394BE-68+ B.EZ4TE-18y 1,32E-1Ty
~T.1694E-88y 7,3567E-89,-2,0978E-11+-1,4532E-13y
9. 1835E-101-2. 1 T44E-12-5,4TTBE-13,-1,3963E-15s
6.3501E-11+-9.3425E-13,-3.5141E-15+ 9.2636E-10

RO AT A AT AT AS A0 AC 20 QO 4 4C QO

268 KLAS CLIMB DATA (NRT.TEMP DEV = &)
8 = TIME, 9 = RANGE» 18 = FUEL NILAGE

DATA AZISA/
£, 1BB42T92E482y L6I363B8TE+811-.55344857E480 ,19261216E-61y
§&-.29292379E-83: . 13829321E-83- . 6332ISLEE+08:- ,EISTSHIEE-B1y
£.59825156E-82, - 13521327E-83r L 18564593E-05, . BUD00BEBE M,
£.77333218E-52y . AT78L502E-83+-,19894548E-84y 26841935649
C.E0008008E 80, BOOBEGOOE0 - ASTISITIE-B4 - 1HTIS1T2E-8T)
£.22596734E-67, .BHOOUEISE+BH, L BOCESCAOE40E, BUIEORBIEIEE
. 11643423E-64y (E3ETL1E2%E- (OBIDBOIBE+68, ,BE00HIRDE+EN
&.8000800BE+60, (BIBBOEIGEIEH, - 11TEL1B1E-09, DIEBOSDBEEE
£.00082008E+80, BODOPODUEBD, .BOIOBPIBEIEE. EBE0DDBOELD/
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s s ol l

DATA RAZCIA/

£.34485743E482, (3051839TE482,- 370474228461 14ZATFT9E4EN
§-.23552469E-B20 . 13431 375E-041 - 1 44S3LTAEE] - SIDIASFRE4DN,
£.34877233E-81r - SUO769THE-831 LTL2RSILTE-E5, (FIGODEBBEIDS
£.20797579E-61y 31195162E-82+- . 11842322E-830 133431LEE-85,

£.00362808E486,
R 12683422884y
£.305471A1E-84
£.8028BB0BE+88y
$.00088035E+88,
BATA AZC16R/
£.94779846E+08+
§- 44L51942E -84
£, 10646244E-824-
£.54513748E-63y
L.08008048E+88+
L. 4381773182y
€.89344845E- 68y
£.00888005E+D8
£.68000046E+68,

LHBOIPOGEDF -, 13252394E-831 -  TT2EBERTE-E5
JBISE0000E+08, (EECDBEACEED, BISEECEREEN
JT19287S3E-05, LBIBEOGIBEITE (QICHTBICELDM
JBABBREERE+0Y - ALLBI2ITE-0Sy (BILCROBOEIR
B308883E400, OBOOPIOE4ED, DIDOBIGESBN/

JAB616787E4810-,9461454SE-61 ,21206793E-82y
J223TZELAE-841-,398774ZTE-811 -, 15479922881y
L234B49USE- B4y (ILTERTASE-BE) (BHBODEBEL+ET,
JB3TLTELIE-B41-,3T4IBT4EE-65y . 45320336E-8T+
LBABBBCI0E+0M, - 3253351 TE-00: - (ZRGTLILIE-86
BUSBOBEAEI0d, LEODDBEOSEIBE) L BADBOBEEEIOH
JA9633183E-69y BIEEPHI0E100, (OADOOCEOEAE
BUEBEOCEEYE3, - . 9LTBRBTIE-11y (EIBEI0COEEN
LBilGeB000E+0d, BEOGOCIBESOD, ONDEEO0DEOH/

IF (IOPT.CE.1 .OR. IOPT.LE.S} GO 10 1958
CALL ERROR (“IDPT ERROR™." IN KC133A")
RETURN
1950 GO TO (2288,2166.2208:2508,2488)+ IOFT

CONSTANT ALTITUDE CRUISE

¢
¢
¢
¢
G
¢ V1=CNT VZ2:=MACH V3:=ALT
¢
g QUTPUT V = {BBBLES / MIN
£
2384 ON = AmMAXI(VI.168.)
ARACH = V2
PA = V3
2314 IF (PA .LT. .8 .0R. PA .GT. 58, .OR.
& AMACH .LT. 8.2 .OR. AMACH .CT. 8.9 .OR.
t GW.LT. 188, .OR. GN.GT. 264.) GO TO 111t
DO 2328 J =2+ 14
=41
IF (PA LT, FEFLLD) GO TO 2338
2320 CONTINGE
2338 11 = POLLYGACFL(LDe 130703 AMACH) GN)
T2 = POLLYCAZFU(L e 4139703 ANACH ORI
T =04 (PA-FIFLITY) & (T2-TOH/(F2FLET41)-FEFELT))




IF AT (LT. POLLYLAZFZ(r i S AYACH PAYY G. <L L2348
T = POLYUAZF3 (113030 ) :
G0 10 2358 ;
2343 IF (T.LT.FOLLY(RZF2(101+2) 4404, ANACH PAY) GO TO 2058 :
T = POLVIAZES (14201301}
2354 IF (T .LT. 14, .OR. 7 .GT. 86, } GO TO 22222 i
} = TASP (AMACH,PR) / T
RETURN

p—

BEST ENDURANCE (CONSTANT ALTITUDE}
VI=GHT V2:=MACH V3=ALT
QUTPUT V= 1836LES / RIN

AMAXT (VI 188
Vi

Lot e BN ar B o B e B v BN xor B v B o ]

483 CN
PA
=1
IF (PA .GT. 38.8) 1 =2
AMACH = POLLY(AZHI(1 o1+ 110407, CNIPA)
G0 10 2318

ZEAKCAS CLIMB TIME.RANGE.FUEL (NRT)
VI=GNT VZ=INIT ALT V3=TERM ALT

QUTRUT v = TINE T0 CLINE (MIN)

PCILIDDICICICICY

o=
=2

CH= AMAXL(VL1168.)
PAS = V2

] PAT = V3

f T4 = POLLY (AZCEAr&161PAS,CH)

a T2 = POLLY(AZCSAIA161PATIGH)

v=12-T4

! IF (v .LT. 6.6 .OR. v .CT. &6, } GO T0 2222
’ €0 10 2258

QUTPUT ¥ = RANGE IN CLINB (NM)

160 OR = ARAXLI(V1:128.)

PAS = V2

PAT = V3

T4 = POLLY(AZC 51ir 6o PASCR)
T2 = POLLY(AZE %4161 PATICN)
v:=T2-T1




IF (V AT, 8.8 .OR. V¥ .GV, 388, ) GO 7D zil2:
G0 10 2258

QUTPUT V = FUEL TO CLIMB (18BBLES)

"~ Y MO

284 CN = AMAX1{VE,196.)

PAS = V2

PAT = V3

T1 = POLLY{AZUIBA1616+PRSIGW)

T2 = POLLY(RZCIBR 6161 PAT W)

=T1-T!
IF {v .LT. 8.8 .OR. V .GT. 17, } GO 70 22222

250 IF {CW LT, 186, .OR, GM .GT. 388. .OR.
& PAS .LT. 8.8 ,OR., PAT.GT. 956, ) GO T0 1111}
RETURN

[TIEET)

[z xExd

1111 CALL ERROR ("INPUT ERRO"+"R TO KC135")
RETURN

22222 CALL ERROR ("QUTPUT ERR"»"OR: KC1354™)
RETURN
END
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This appendix describes the procedure used to
validate the SLAM simulation model. Validation of the
SLAM model is broken down into two steps: (1) verifica-
tion, and (2) external validation. Verification insures
that the model behaves as intended and designed; this
includes internal mechanical verification. External vali-
dation tests the agreement between the model output data
and the true output obtained from the real world. The
validity of the SLAM model was only evaluated in terms of
the model's purpose which is to validate the analytical
model's output under the real world conditions of stochas-
tic wind factors and ground delays.

Verification of the SLAM model ensured that the
model produced mechanically correct results and that the
results were calculated as intended. This verification
step was done independently three times during the crea-
tion of the model due to discovery of internal errors.
During the verification process errors in design and pro-
gramming were found and corrected. After each design or
programming change, the verification process was repeated
until the SLAM model ocutput was verified to be correct
and the internal mechanical aspects of the model were also
determined to be correct.

The verification process consisted of two stages:

1. Verification of the random wind variables and

probabilistic ground delays.

k.




2. Tnternal mechanical verificatior.

The first stage verified that the climb and cruise
winds as specified in the SLAM model were actually pro-
viding sample winds for those distributions and that
delays occurred appropriately. For example, the cruise
wind used a normal distribution (u = .917, ¢ = .16 NM/MIN).
To determine that this SILAM wind distribution actually
provided the model with a normal distribution as defined,
wind values were obtained from the model and tested using
a Kolmogorcv-Smirnov Goodness-of-Fit Test. Figure I-1 con-
tains the Vogelbach Computing Center Statistical Package
for the Social Sciences (SPSS) Computer Program used to
test the wind cutput distribution. The Kolmogorov-Smirnov
Test tested the SLAM wind distribution against a theoreti-
cal normal distribution with the u and ¢ previously defined.
The null hypothesis (HO) used in the test was that "There
is no significant difference between the observed data and
that given by normal distribution with mean equal to .917
and a standard deviation equal to .16. For each case the
Kolmogorov~Smirnov critical value was greater than the
Kolmogorov~Smirnov value calculated by the SPSS Program;
therefore, Ho was not rejected. However, since the mean
and standard deviation are estimated parameters the Lillie-

fors Test Statistic should also be used to test H The

0°
example in Figure I-1 contains ten samples. The Kolmogorov-

Smirnov (K-S) critical value for ten samples and o = .05

wd
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VOGELBACK COMPUTING CENTER
NORTHWESTERN UNIVERSITY

SPSS -- STATISTICAL PACKAGE FOR THE SOCIAL SCIENCES

VERSION 8.0 -- JUNE 18, 1979

RUN NAME K-S SLAM WIND VARIANCE VALIDATION

VARIABLE LIST X

N OF CASES 10

INPUT FORMAT FREEFIELD

NPAR TESTS K-S (NORMAL, .9, .16)=X -

READ INPUT DATA

GIVEN 1 VARIABLES, INITIAL CM ALLOWS FOR 1736 CASES
MAXIMUM CM ALLOWS FOR 11336 CASES

1K-S SLAM WIND VARIANCE VALIDATION
FILE NONAME (CREATION DATE = 02/26/81)

-- KOLMOGOROV - SMIRNOV GOODNESS OF FIT TEST

TEST. DIST. - NORMAL (MEAN = ,9000 STD. DEV. = .1600)
CASES MAX (ABS DIFF) MAX (+ DIFF) MAX (- DIFF)
10 .2368 .1599 ~.2368
K-8 2 2-TAILED P
.749 .629

Fig. I-1. SLAM Wind Variance Validation; SPSS Program
and Results; Kolmogorov-Smirnov Test
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(Ref. Shannon, Syvstems Simulation: The A-* and Science,

Prentice-Hall, 1975) is 0.410. The critical value for ten
samples, o = .05 from Lilliefors (1967) is 0.258. Since
our largest deviation was .2368, we do nct reject the HO
and the wind distribution is validated under with the K-S
and Lilliefors criteria.

The second stage of verification consisted of
ensuring the internal mechanical operations of the SLAM
model were functioning as designed. To accomplish this the
SLAM Output Trace (see Appendix G) was completely analyzed
for mechanical verification. The items verified were the
time, distance, and the fuel calculations in the user func-
tions and the network portion of the model. The mechanical
verification of the ASSIGN nodes was accomplished for each
node. For example, in ASB {see Appendix K for SLAM descrip-
tion) (Yokota Scenario--C-141/KC-135) the C-141 cruise to
rendezvous point fuel consumption is computed in USERF 13
as 19,300 lbs. and this fuel is added to ATRIB(4), airlifter
total fuel consumption. Looking at a SLAM Trace (see
Appendix G), ATRIB(4)'s value prior to the completion of
node ASB was 11,280 lbs which represented fuel consumption
up to that point. Upon departing node ASB, ATRIB({(4)
equalled 30, 650 1lbs (11,280 + 1,936) which was determined
to be correct. Throughout the SLAM model each node was
verified in this way to insure the results were mathe-

matically and functionally correct.
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The second stage of internal mechonical verifica-
tion was the verification that the SLAM discrete event
simulation was providing the SLAM network model with the
proper input information. This was easily verified by
assigning SLAM input parameters, such as aircraft ramp

fuel and takeoff times, calculated by the analytical model,

R A T

to giobal variables in the discrete part of the SLAM model,
node EVENT 1. These input values are then made to print
out on the SLAM Trace as they are used in the user func-
tions. The agreement between the input values assigned to
global variables and those used in the user functions was
100 percent. Therefore, this verified that the SLAM net-
work model was indeed using the proper input parameters
defined at the start of the simulation. By verifying the
SLAM network input parameters by this method, validation
E: of the input values themselves was not necessary; only the
- verification that they were transferred correctly to the
user functions as required was necessary. Since these
SLAM input parameters have been previously validated in
the analytical model, it can be said with confidence that
the input parameters for SLAM are not only verified but
i also validated.

By insuring that the internal mechanical function
of the model is correct, a significant degree of confidence
is built up in the model. If the model could then be shown
to predict flight plan fuel consumptions correctly, then E

validation of the SLAM model is completed.

{ 156

4




To validate the SLAM model, the in; -1t parameters
computed for the analytical model, which have already been
validated against real world data, were used to manually
compute total fuel consumed for each aircraft. This was
done for each aircraft combination and each scenario. The
fuel consumption figures using SLAM compared to manual com-
- putations are shown in Table 4. As can be seen, the total
aircraft fuel consumption SLAM figures are within 7 percent
of the manual computations. These reassuring results
increase the validity of the SLAM model.

The verification and validation resulted in
increasing confidence in the SLAM model. When the analyti-
| cal model verification and validation processes are
included the models have been validated to the point where
experimental data can be obtained and used with confidence
over a varying randge of input parameters.

The final validation of FLTPLN was accomplished
using the SLAM model. The FLTPLN output (fuel loads,
distances, takeoff times, etc.) was entered as SLAM input
parameters and SLAM output (total fuel consumption per
aircraft). Figures 3 - 6 show the percent deviation

of the SLAM fuel consumption mean compared to the analytical

i model fuel consumption walue. A negative value means that

the SLAM model used less fuel than the analytical model and

a positive value means the SLAM model consumed more fuel.

The specific SLAM results are discussed in con-

junction with Tables L-1 to L-4 by aircraft. Generally,
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the SLAM results for all aircraft and ca-gou loads compare
favorably with the analytical results, which indicates

that the analytical data is realistic and can be used with
confidence. Overall, the tankers burned about 1 percent
less fuel in the SLAM model than in the analytical model.
Conversely, the airlifters burned about 2.5 percent more
fuel in the SLAM model than in the analytical model. This
difference in airlift fuel can be explained from the nature
of the two aircraft missions. The tanker flies to a
rendezvous point and returns to his departure base which

is relatively close compared to the airlifter destination;
the airlifter, however flies to the rendezvous points and
then continues on to his destination which is thousands

of miles farther than the tanker route of flight. Conse-
qguently, the airlifter has more time to be afrected by
increases in the wind factor, and these increases plus any
delay fuel consumption would cause the increased fuel
requirement. There are two reasons the tanker SLAM results
are less than the analytical consumption. The first is
that an increase in wind factor has less effect on the ;
tanker than on the airlifter. The headwind increase to : 3
the rendezvous point becomes a tailwind increase when
returning to destination. The second is the difference in

the loiter fuel computations. In FLTPLN the tanker loiter

fuel is always based on a fifteen-minute loiter duration;

however, in SLAM, the loiter time is based on actual




aircraft arrivalswhich usually reguires liesc than fifteen
minutes loiter time. For the tankers, fifteen minutes
loiter fuel is more than the difference between SLAM and
FLTPLN fuel values.

The final validation of the model is subjective
and consisted of asking the question, "Does the output
data make sense?" Speaking as a MAC pilot and navigator,
the output fuel consumptions do make sense. As distance
between the departure and destination bases increases,
the total fuel consumption also increases. 1In the case of
the tanker, as the distance from the departure base to the
rendezvous entry point increases, total tanker fuel con-
sumption alsc increases. As the cargo decreases on the air-
lifter, the total fuel consumption decreases for each air-
lifter in each instance. Also, for a route segment with a
tail wind, fuel consumption decreases compared to a com-
parable route segment with a head wird. All of these
general opservations from the data make sense to an opera-
tional pilot or navigator and none of them is counter-
intuitive. The result of these general observations by
professional aircrew is that the model validity is increased
and will help reassure a future decision maker or user of
the completeness of the research and the validity of the
resvlts. By obtaining reasonable results, user concerns
about the details of the model or the methodology are

minimized.

159




e

Appendix J

Confidence Intervals
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This appendix explains the methodolecgy used to

calculate the 95 percent confidence intervals portrayed
in Tables L-1 to L-4, Appendix L, and provides a sample
calculation.

A. The results of the SLAM model replications for
a particular mission scenario, aircraft combination, and

cargo load were combined to obtain a sample mean. How-

ever, since they are only estimates, a confidence interval
surrounding the mean is a means of indicating the accuracy
of the results compared to the true population mean. Given
the sample mean (x), the sample size (n), and the sample
standard deviation (s), a confidence interval can be
created using the t statistic. From the confidence inter-
val, with an upper and lower boundary, it can be said that
the probability of the mean being between the upper and
lower limits is equal to probability: 1 - a. Alpha (a) is
defined as .05, hence a 95 percent confidence interval
will be created. If normality is assumed (see Part B for
normality validation of fuel consumption data) a confidence

interval can be estimated using:

P (LL <uy<UL) =1 -0a=1- .05=0.95




[
R
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= critical values of t for n-. degrces of
freedom; and

tcrit
a = ,05,

and where,
LL = lower limit;
UL = upper limit;
X = sample mean;
s = sample standard deviation; and

n = sample size.
From Hines and Montgomery (1972):

tcrit = 2,26 for a sample size of 10 with 9
degrees of freedom.

Therefore, the confidence interval for a KC-135 departing
McGuire, refueling a C-141B with 55,000 pounds of cargo

with 10 samples is:

SLAM Mean (x) = 90,840 1lbs.

Sample Standard Deviation (s) = 1,690 1lbs.

t

« s// o1 = 12:26) (1.69) (1000) _ ) 59g pps,

crit /T0-1
X + torit * s/V/ n-1 = 90,840 + 1270 = 92,110 1bs.
X - t *» s/V/ n-1 = 89,570

crit
Therefore, the confidence interval is:

P(89570 < u < 92,110) = .95




B. Normality Verification. To compute a confi-
dence interval using the sample t statistic as in Part A
of this appendix, normality must be assumed. Using the K-S
Test, using Lilliefors' Statistic, normality will be vali-
dated for the SLAM output. Figure J-1 is the SPSS Program
and results for a SLAM run (C-141B / KC-135, tanker base
is McGuire AFB, cargo load is 55,000 lbs). For the KC-135
the largest deviation was .2368; since this is not larger
than the Lilliefors critical value of .258 (n = 10, o = .05)
the HO that, "There is no significant difference between
the data and a normal distribution," cannot be rejected.
Therefore, normality can be assumed for the SLAM output

and the t statistic can be used to crsate a 95 percent con-

fidence interval.
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VOGELBACK COMPUTING CENTER
NORTHWESTERN UNIVERSITY

SPSS -- STATISTICAL PACKAGE FOR THE SOCIAL SCIENCES
VERSION 8.0 -- JUNE 18, 1979

RUN NAME K-S SLAM KC-135 NORMALITY VALIDATION
VARIABLE LIST X

N OF CASES 10

INPUT FORMAT FREEFIELD

NPAR TESTS K-5 (NORMAL) =X

READ INPUT DATA

GIVEN 1 VARIABLES, INITIAL CM ALLOWS FOR 1736 CASES
MAXIMUM CM ALLOWS FOR 11336 CASES

1K-S SLAM KC-135 NORMALITY VALIDATION
FILE NONAME (CREATION DATE = 02/26/81)

-- KOLMOGOROV - SMIRNOV GOODNESS OF FIT TEST

TEST DIST. - NORMAL (MEAN = 90.8400 STD. DEV. = 1.6959)

CASES MAX (ABS DIFF) MAX (+ DIFF) MAX (- DIFF)
10 .2294 .1402 -.2294
K-S Z 2-TAILED P
.725 .669

Fig. J-1. SLAM Output Normality validation;
SPSS Program and Results;
Kolmogorov-Smirnov Test
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The experimental model consists of two models,
an analytical model and a SLAM model. This appendix
provides a detailed description of both models.

"FLTPLN" is a FORTRAN model which computed the
minimum fuel required to operate an airlifter and tanker

aircraft through the optimal rendezvous point for a spe-

cific scenario.
1. The
2. The
3. The

4. The

destination, and abort bases.

The program outputs include: 3

1. The
point.
2. The

3. The

Additional parameters which are generated and used as

inputs to the SLAM simulation will be described later in

this appendix.

"FLTPLN" 1is the executive program calling several

Inputs to the program are:
aircraft combination.
airlift cargo weight.

average wind for the scenario.

geographic locations of the departure,

coordinates of the optimal rendezvous

total fuel and all route segment fuels.

adimich

takeoff fuel loads for both aircraft.

subroutines to accomplish the flight planning computations.

The FLYME set of subroutines provides the fuel data base

166




for all calculations. The FORTRAN sourcs ccde for FLTPLN
is listed in Appendix C.

The "FLTPLN" program begins by computing the maxi-~
mum allowable fuel loads. This forms one boundary of the
region of feasible rendezvous points. A geographic point
on this boundary is defined as the rendezvous exit point.
A second point, 250 NM closer to the airlifter departure
base, is defined as the rendezvous entry point. These two
points define the rendezvous track. If the exit point is
within 400 NM of the airlifter departure base the entry
point is redefined at the distance flown by the airlifter
in initial climbout. Rendezvous is then planned when
25,000 feet is first reached. The exit point is redefined
250 NM downtrack. These rendezvous points fall along the
Great Circle course between the airlifter's d~parture and
destination bases. Subroutine RHOTHTA returns this course

and distance from the equation:

6 = cog~! |SIN(LAT2) - SIN(LAT1) * COS(D)
SIN(D) * COS (LATI)

where,
8 = the Great Circle course;
LAT1 = the latitude of the first point;
" LATZ = the latitude of the second point; and

D = the distance between these points computed
from the equation:

l67




D = cos t [SILN(LATl) * SIN(LAT2) + COS(LAT1) * COS(LAT2)

* COS (LONG2-LONG1 )]

where,

LONG1 the longitude of the first point; and

LONG2 the longitude of the second point.

The geographic coordinates of these points are computed in

subroutine LATLONG by the equations:

IAT3 = SIN - [S]_N(LATl) * COS(D) + COS(LAT1) * SIN(D) * oosw)]

LONG3 (00S (D) -SIN (IAT1) * SIN (LATZ)]

-1
LONGL + €08 [ COS (LAT1) COS (TAT2)

All angles used in these equations ars computed in radians
with the following relationships:

1. One degree of latitude = 50 nautical miles (NM).

2. One radian = 57.2957 degrees.

The fuels for the individual route segments between the

coordinates are computed using the equation:

FUEL = DISTANCE/GROUNDSPEED * FUEL RATE

where the distance is obtained from subroutine RHOTHTA, the
fuel rate is obtained from the subroutine FLYME data base,
and ground speed is obtained from the statement function of

the wind triangle cguation:
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GROUND SPEED = TAS * COS(SIN—l(WV/TAS*SIN(UE-TC)))

- WV * COS(WD*TC)

where TAS is the aircraft true airspeed for a given cruise
mach number at the cruise altitude and is computed in sub-
routine TASP, WD is the wind direction, WV is the wind
velocity, and TC is the rumbline course between the points
computed in subroutine RHOTHTA. The wind is held constant
throughout this study at 260° at 55 KNOTS. The fuels for
eight route segments are computed in the following order:

1. Aairlifter rendezvous exit to destination.

2. Airlifter departure to rendezvous entry.

3. Airlifter rendezvous entry to departure base
for abort.

‘4. Airlifter rendezvous entry to alternate base
for abort.

5. Airlifter rendezvous track.

6. Tanker rendezvous exit to recovery base.

7. Tanker rendezvous track.

8. Tanker departure to rendezvous entry.
The fuels are computed in the reverse order from which they
are flown so that fuel loads determined for each route
segment are the minimum feasible to accomplish the remainder
of the flight. The fuel rate returned by subroutine FLYME
is dependent on the cruise altitude and gross weight of the
aircraft. A step climb profile is approximated by com~

puting the fuel rate at the average gross weight and
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altitude for the route segment. These avircge values are
obtained by estimating half of the fuel to be used. The

fuel computations are repeated until the fuel rate repre-
sents the average for the route segment. Experimentation
with this process determined that the fuels converged to

within 1000 pounds at the second iteration, 50 pounds at

the third, and 2 pounds by the fourth. Three iterations

were selected for the averaging process.

Climb profiles are computed for the initial ]
departure segments up to cruise altitude and the post-
rendezvous segments from 25,000 feet to the cruise alti-
tude. The climb time, range, and fuel consumed are
returned from FLYME and added to their corresponding com-
ponents in the fuel computations. The initial takeoff
fuel load for the airlifter is the maximum allowable for
the specified cargo load. The fuel to be transferred
from the tanker is the difference between the airlifter's
total fuel requirements and its takeoff fuel. The tanker's
takeoff fuel load is computed as its total fuel regquire-
ments plus the transfer fuel. All aircraft maintain a
fuel reserve to accomplish holding, flight to an alternate,
and landing after the final cruise segment. This reserve
is 30,000 1lbs for the C-5A and KC-10 and 15,000 1lbs for

the C-141 and KC-135.

After each fuel computation, the fuel load is
checked for feasibility against the current maximum fuel

capacity. Both aircraft must maintain sufficient fuel to
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abort to the departure base or, for the airlifter, to the
alternate base, if the alternate is closer than the depar-
ture base. If the required fuel load is feasible, the sum
of the route segment fuels, not inclvding the abort fuels
is stored as a matrix data point. If infeasible, the
value 777.777 is stored in the matrix.

Next, the coordinates of the rendezvous exit point
are adjusted in five degree increments north or south,
whichever is closer to the direction of the tanker base
and the entire routine is recomputed. Five latitude values
covering twenty degrees are used. The latitude is then
reset at the initial value and the longitude is adjusted
in two degree increments towards the airlifter destination.
The five values of latitude are repeated for each of the
thirteen values of longitude covering twenty-four degrees.
The 5x 13 matrix of total fuel values is sorted and the
minimum value from the sixty-five points is selected as the
output wvariable. The fuel loads for both aircraft for this
point are increased by the respective start, taxi, and
takeoff constant and these values represent ramp fuel
onloads and are listed along with the planned transfer
fuel.

At this point, the airlifter takeoff fuel load is
decremented by 20,000 pounds generating matrices for ten
values of the fuel load. Only matrices which contain at
least one feasible value are printed and if no feasible

values are computed, the statement "NO FEASIBLE SOLUTION"
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is printed. The minimum values for each matrix are sorted
and the overall minimum fuel is printed for this specific
scenario, cargo load, and aircraft combination.

The initial cargo weight for each airlifter is the
maximum allowable cargo defined by operational or perform-
ance limitations. Two additional cargo weights are con-
sidered. One weight is the lowest that could be expected
if the airlifter were filled with bulky, lightweight cargo,
and the other is the mean of the maximum weight and the
minimum expected weight. For the C-5A, these weights are
100,000, 85,000, and 70,000 1lbs. For the C-141B, the cargo
weights are 70,000, 55,000, and 40,000 lbs. Three separate
runs are iteratively made at these cargo weights for a
specific airlifter and tanker combination. Since data was
desired from all foui aircraft combinations, for a spe-
cific scenario, the combinations are changed within the
FLTPLN program. The combinations are listed in Table 1.
Thus, only the specific scenario must be changed to obtain
data for all four aircraft combinations at the six desired
cargo weights.

The SLAM model was used to verify the analytical
solution with the addition of two stochastic variables,
winds and takeoff delays. The SLAM model also determines
the flight times for each aircraft. The model follows the
mission profile shown in Figure K-1 and conforms to the
flight planning segments discussed in Chapter II.

Figure K-2 is the SLAM network description of the model.
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See Appendix D for a description of SLAM sy,rbols and con-
cepts. The model uses a combination discrete event-network
orientation to simulate the aircraft's flight and consists
of two parallel networks representing the flights of the
tanker and airlift aircraft. The output variable and mea-
sure of effectiveness is fuel consumed by the tanker and
airlifter. Only the airlift network is described here and
it is broken down into the segments of Figure K-1l. However,
differences in the tanker network will be noted. An

in-depth nodal description follows the general description.

General Description

The SLAM model receives some of the input param-
eters shown in Figures K-3 and K-4 by calling the flight
plan analytic model (FLTPLN). The global variables (XX(i))
contain the initial conditions and other pertinent data.
Attributes 1-5 are used as shown in Table K-1.

The first segment of the model represents the
start, taxi, and takeoff phase (node ASl to AS7 for the
airlifter and AS2 to AS6 for the tanker). Delays can be
incurred by each aircraft. A logic sequence (ASS5 to AS7
for the airlifter) prevents the second aircraft from depart-
ing until the first scheduled aircraft has departed.

The second segment of the model represents the
initial climb from the base to the cruise altitude and the
cruise to the rendezvous entry point (AS7 to ASX for the

airlifter and AS6 to ASY for the tanker). Included in this




XX (1)
XX(2)
XX (3)
XX (4)

XX (5)
XX (6)
XX(7)
XX (8)
XX (9)
XX (10)
XX(11)
XX (12)

XX (13)

XX (15)
XX (16)
XX(19)
XX (20)

XX(21)

XX{(22)

Airlift departure to rendezvous entry point dis-
tance.

Airlifter rendezvous exit point to destination
point.

Airlifter rendezvous entry point to abort base
distance.

Tanker departure to rendezvous entry point dis-
tance.

Tanker rendezvous exit point to destination.
Transfer fuel.
Initial fuel load--tanker,
Initial fuel load--airlifter.
Gross weight of the tanker at time (t).
Gross weight of the airlifter at time (t).
Tanker takeoff time.
Airlifter takeoff time.
Aircraft code:
C-5/KC-135 =1
C-141B/KC-135 = 2
C-5/KC-10 = 3
C-141B/KC-10 = 4
Airlifter takeoff delay.
Tanker takeoff delay.
Initial climb distance airlifter.

Initial climb distance tanker.

Arrival time of airlifter at rendezvous entry
point (Ql).

Arrival time of tanker at rendezvous entry point
(Q2).

Fig. K~-3. Global SLAM Variables
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XX{(23) = Airlifter fuel consumption fror rzidezvous entry
point to abort base.

XX(24) = Tanker fuel consumption from rendezvous entry
peint to abort base.

XX(27) = Distance traveled in the refueling track.

XX(31) = Airlifter departure base elevatinn.
XX(32) = Airlifter initial cruise altitude.
XX(28) = Time required in the refueling track

XX(33) = Airlifter cruise time from leveloff to rendezvous
point.

XX(35) = Airlifter initial climb fuel,.

XX (40) = Tanker initial climb fuel.

XX (41) = Tanker departure base elevation.
XX (42) = Tanker initial cruise altitude.

XX(45) = Airlifter destination fuel reserves.

L

XX (46) Tanker destination fuel reserves.

XX(60) = Tanker post-rendezvous climb fuel,

XX{(61l) = Airlifter post-rendezvous climb fuel.

XX(62) = Tanker rendezvous exit point to destination time.

XX(63) = Airlifter rendezvous exit point to destination
time.

XX(71]) = Airlifter cruise altitude to destination.
XX(73) = Airlifter average cruise altitude to destination.

XX(75) = Airlifter ramp fuel.

XX(76) = Tanker ramp fuel.

: XX(81) = True course for leg 1.

XX(82) = True course for leg 2.

Fig. K-3--Continued
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XX(83)
XX (84)
XX (85)
XX(94)

XX (95)

True

True

True

Zero

Zero

course for leg 3.
course for leg 4.
course for leg 5.
fuel weight of the airlifter.

fuel weight of the tanker.

Fig. K-3--Continued
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TABLE K-1

SLAM ATTRIBUTES SUMMARY

ATRIB (1) : Description
(1) Aircraft takeoff time
(2) Aircraft conbination code
(3) Cruise time
(4) Cumulative fuel consumed

for a particular aircraft

{5) Aircraft identifier
1 = Airlifter
2 = Tanker

NOTE: Attributes are numerical characteristics
assigned to entities (aircraft) traveling through the net-
work simulation model. These attributes travel with a spe-
cific aircratt and are unique to that aircraft. This
table shows the attributes used in the SLAM model.

segment are fuel consumption calculations for climb,

cruise, and loiter times. The loiter time is the time dif-

ference betwcen the arrival of the second and first air-

craft at the rendezvous point (Q1 and Q2). The aircraft

fuel supply must be sufficient to return from the rendezvous

point to a suitable abort hase, if the refueling is aborted.
The third segment (ASX to ASE for the airlifter

and ASY to ASF for the tanker) represents the refueling

maneuver and calculates the time and fuel consumed during

the fuel transfer.

The fourth segment (ASE to T3 for the airlifter and

ASF to T4 for the tanker) represents the route segment from




-y

o WYy

the rendezvous exit point to landing. Included in thesc
segments are time and fuel calculations for post-rendezvous
climbout, cruise to destination, and approach and landing.
At the terminal nodes, T3 and T4, the total fuel consumed
respectively by the airlifter and tanker aircraft are

printed.

Nodal Description

This section describes the mission profiles through
the SLAM model node by node. The discrete flight planning
model provides takeoff times for the airlifter and tanker
and calls the aircraft network model. (Appendix E is the
SLAM computer code.) A logical IF statement in subroutine
FLTPLN will call the ENTER1l or ENTERZ node depending on
which aircraft takes off first. For simultaneous takeoffs,
only one ENTER node will be called so multiple aircraft
are not generated. The ENTER node simulates engine start
for the first aircraft. If the airlifter takes off first,
the ENTER] node is entered and the next node (ASl) assigns
the value of one to global variable II, indicating the air-
lifter should take off first. II is assigned a value of two
in the tanker network if the tanker is scheduled to take
off first.

The next event consists of two regular activities,
one continues the airlifter to takeoff and one initiates

the tanker engine start sequence. The activity from AS1l

to AS3 involves no time and at AS3 assigns ATRIB(5) equal

T T T




to the aircraft code to facilitate reading *he SLAM OQutput

Trace. The second activity leading from AS1 occurs with
a completion time from XX(11l) which is the takeoff time
difference between aircraft. 1In this way each aircraft
is assured of completing the takeoff sequence at the
correct time.

The next section models takeoff delays encountered.
The fifteen minutes activity from AS3 to either GOll or
G033 simulates the time for start, taxi, and takeoff. This
is a standard value used in flight planning. The decision
to go to GOll or GO33 is based upon the aircraft code in
ATRIB(2). If the aircraft is a C-5 the aircraft will delay
in accordance with the network folilowing GOll; if the air-
craft is a C-141B the aircraft will delay through GO033.
If a delay in the scheduled takeoff :-ime for the first air-
craft occurs, the second aircraft will remain grounded
until the first aircraft is repaired or the mission is can-
celled. Stops to prevent the second scheduled aircraft
taking off prior to the first are discussed later. The
delay occurs probabitistically and always for fifteen
minutes. Those delays which do not burn fuel are not
modeled. Once the airlift delay is determined, it is
assigned to global variable XX(15) which will be used in
future fuel computatiors.

The next segment computes the fuel used in the

start, taxi, and takeoff event including the delays.
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ATRIB(4) is used as a fuel accunulator for cach aircraft.

It is initially set at zero and all fuel consumed is added
to ATRIB(4) as it is calculated. AS5 calculates the fuel
consumed up to that point by calling user function one
which assigns the start, taxi, takeoff fuel for the air-
lifter and calculates the amount of fuel used in any delays.
See Appendix F for user function descriptions. AS5 also
assigns the value of "one" to XX(17) which will be used in
determining takeoff sequences.

To determine when to actually launch the second air-
craft, the activity network emanating from ASS5 checks three
guestions in this order:

1. Has the tanker taken off first?

2. Should the tanker take off first and is he
delayed?

3. Should the airlifter take off first?

If the first answer is yes, the airlifter takes
off and travels to node AS7. If the answer is no and the
second answer is yes, the tanker was delayed and the air-
lifter must also delay to provide the correct takeoff
separation between the two aircraft. The airlifter will
stay grounded until the tanker is airborne plus the original
takeoff time difference. This is accomplished by adding
the original takeoff separation to the actual time the
first scheduled aircraft departs. If the second answer is

no, the third answer is yes and the airlifter departs

first. The takeoff maneuver is modeled as three minutes

T T YA S S

et s e




{brake release to landing gear retraction). The SLAM model

uses a conditional take first logic on the three activi-
ties, thus allowing only the first "yes" activity to be
released. The logic seguence between ASZ and AS6 deter-~
mines the takeoff time and sequence for the tanker. After
the takeoff is accomplished AS7 computes, with USERF3,

the takeoff fuel and adds it to ATRIB(4). AS6 performs
this function for the tanker.

The next phase of the flight is the initial climb
to altitude. The airlift climb time is computed in USERFS.
AS9 then calculates the climb fuel and climb distance
using USERF7 and USERF9 respectively. USERF8 and 10 cal-
culates the values for the tanker. The climb fuel is added
to ATRIB(4) in AS9 for the airlifter and in AS8 for the
tanker.

The next phase of flight is the cruise from level-
off to the rendezvous entry point. The cruise time for the
airlifter is computed in USERFll and for the tanker,
USERF12 is used. ASB computes cruise fuel to the entry
point (Ql), adds it to ATRIB(4) and sets XX{(2l1) equal to
the entry point arrival time. XX(21) will be used to deter-
mine aircraft loiter time. If the tanker arrives first it
will-hold at Q2.

The next event is the rendezvous maneuver and
refueling. The maneuver begins with the arrival of the
second aircraft at the rendezvous point Q1 or Q2. When

the first aircraft arrives at the gqueue node, it is
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prevented from proceeding further by match nade, MATL.
The arrival of the second aircraft releases MAT1 and the
refueling maneuver begins. Once through the match node,
ASC and USERF15 computes the loiter fuel for the airlifter.
ASD and USERF1l6 perform this function for the tanker.

After each aircraft has arrived at the rendezvous
point, but before actual refueling occurs, two conditions
must be met:

l. Aircraft must be capable of safely returning
to a suitable abort base, if hookup is unsuccessful.

2. Aircraft must be able to fly to the destina-

tion base with the fuel available after the transfer.

If these conditions are not met, then unexpected fuel con-
sumption due to excessive loiter fuel, delays, or unfore-
seen wind changes, have made the refueling event infeasible
due to a lack of available fuel. Each aircraft will abort
to their respective bases. The abort computation is calcu-
lated in USERF17 for the airlifter and USERF18 for the
tanker. The SLAM model compares the difference between the
fuel available and the fuel required to abort. A differ-
ence of less than zero, represents an infeasible situation
and the simulation stops by aborting the applicable air-
craft to terminal node 1 or 2.

If the aircraft meet the feasible criteria, they
proceed with the refueling maneuver. Refueling occurs on

the refueling track, prearranged in length by subroutine

ul




FLTPLN. The time in the mancuver is identicel for each air-

craft and calculated by ASX and USERF19 for the airlifter,
and ASY and USERF19 for the tanker. Fuel consumed in the
rendezvous maneuver is calculated in ASE and ASF for the
airlifter and tanker using USERF21 and 20 respectively.

Once the rendezvous is completed each aircraft
departs the exit point to their respective destinations.
The time to destination is computed by USERF23 and 22 for
the airlifter and tanker respectively and assigned to
ATRIB(3). The fuel to reach each destination is computed
by USERF25 and 24 for the airlifter and tanker respectively
and added to the total fuel consumed in ASG and ASH.
Approach and landing fuels and fuel reserves are included
in these fuel computations. Fuel reserves used are from
the flight plan parameters.

When the airlifter and tanker reach their destina-
tions, they pass through their terminal node T-3 (airlifter)
and T-4 (tanker). When both terminal nodes are releas2d,
the simulation is stopped and the results are displayed in
a SLAM Nodal Trace of the simulation from takeoff to land-
ing. Total fuel consumed by each aircraft is obtained from
the column labeled attribute four at T3 and T4. Appendix G

lists a typical SLAM nodal trace.

190

e e, o




A
H
he ¢
A
1
E
22
.
i
!
+
:

Appendix L

FLTPLN and SLAM Summary of Results
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This appendix contains four tables of comparisons
between SLAM and FLTPLN fuel consumptions. Table L-1 shows
these results for the C-5, Table L-2 for the C-141B,

Table L-3 for the KC-10, and Table L-4 for the KC-135.
The data in each table represents the combined fuel con-
sumption data for all scenarios (McGuire AFB to Tehran,
Iran and Travis AFB to Yokota AB, Japan) for a particular
aircraft. The SLAM data was obtained using a normal wind
factor variant (u = 55, ¢ = 10 KNOTS).

In Tables L-1 to L-4 the first column (Tanker Base)
lists the tanker departure base. By specifying only the
tanker base the scenario is also fully defined since only
the east coast tanker bases are used in the Tehran scenario
and only the west coast tanker bases are used in the Yokota
scenario. The second column (Complementary Aircraft)
defines the aircraft combination. The third column (Air-
lifter Cargo) represents the airlifter cargo load; those
missions which were infeasible at a particular cargo weight
are marked "Infeas." The fourth column (Analytical Fuel
Consumption) represents the total fuel consumption for the
applicable aircraft obtained from the analytical model
(FLTPLN). The fifth column (SLAM Fuel Consumption) repre-
sents the SLAM fuel consumption sample mean. The sixth
column (% Dev) represents the percent deviation of the

SLAM mean compared to the analytical model value. For
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example, the KC-10 fuel consumption, for *he Travis-Yokota
scenario, refueling the C~141 with a cargo load of 55,000
lbs, was 138,000 lbs. The SLAM mean fuel consumption was

131,200 lbs. The percent deviation is:

131.2
138.2 l') = -5.5%

A negative value means that the SLAM model used less fuel
than the analytical model and a positive value means the
SLAM model consumed more fuel. The seventh column shows a
95 percent confidence interval as a total fuel consumption
range such that the probability of the true SLAM mean being
in that interval is 95 percent. Appendix J contains a
sample confidence interval calculation. To obtain a con-
fidence interval, normality must be assumed. Kolmogorov-
Smirnov Tests of the SLAM data were used to verify normality
and Appendix J contains a normality verification sample
calculation using the Vogelbach Computing Center's SPSS
Kolmogorov-Smirnov Nonparametric One Sample Test. A "yes”
in column eight (SLAM Feasible) indicates that the SLAM
total mission fuel consumption for the specific aircraft
using the upper limit of the confidence interval as the fuel

required for a successful mission, was feasible for the par-

ticular scenario. The fuel available for the airlifter is
the ramp fuel plus the transferred fuel. The fuel avail-

i able for the tanker aircraft is the ramp fuel minus the

3 transferred fuel. 1In Figures 3~6 the percent deviation for

each aircraft is plotted.
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