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Abstract

This paper makes a summary of the specifications
issued by several of the world'!'s air forces for
training aircraft. The teaching effectiveness
targets of these specifications are assessed by
developing a mathematical model based on a highly
modified form of Or. Bazrzocchi's analysis (Ref 1).

The paper reviews the different parformance and
handling characteristics of several modern turbo-
prop  and jet trainer aircraft and relates these
characteristics to the requirements. A separate
model iz establishad to estimate the purchase and
operating costs of the various types of training
squipment. An overall training cost-effectiveness
result is then established.

The advantages and disadvantages of each type of
training system equipment {3 discussed in a
general manner and conclusions drawn as to the

most cost-effactive mix.

fpecial reference 73 made to the performance of
the turbo-prop compared to the jet aircraft in the
"Primary’ training phasze and their relative cost-
effectivenass discusased.

Introduction

Mozt of the world's air force flsets

of older

ganeration military jet trainers are ready for
retivement. Either their fatigue 1ife has expirsed

or they have become far too expensive to operate.
wWith what equipment should they be replaced?

Are the new lightweight jet aircraft the only
possibility or could turbo-prop trainers also
create graduate pilots capable of handling modern
air force equipment?  what are the roles of simu-
lators and piston-angined screening aircraft?

Military pilot training is considered, in this
paper, +to be a 'Black Box',az shown in Fig 1. The
input parameters are: 'Raw' pilot recruits on the
ona side, Jinstructors, aircraft, simulators and
training aids on the other. The desired output is
experienced pilots, s=selacted according to their
capabilitiea for the different roles and resady to

enter operational training squadrons. A further
output is, of course, the rejection of unsuitable
students, preferably at an sarly stage, when Tow
investments have been made in their training.
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This paper proposes a mathematical model to repre-
sent this 'Black Box' and analyses the results of

introducing various aircraft with different per-
formances into the ftraining syztem. OF special

interest in this paper are the relative merits of
a turbo-prop trainer comparad to a jet trainer
aircraft in the 'Primary' training phase.

"RAW’ STUDENTS

— ATTRITION

TRAINING
EM FIED

AIRCRAFT, wmlp SYST — Qgﬁ_'gT s
INSTRUCTORS,
SIMULATORS,
TRAINING AIDS,

FACILITIES
Fig 1 Training System az a 'Black Box!

Turbo-prop versus Jet

The quastion immediately becomes apparent as to
what * is the difference betwean a  turbo-prop
trainer aircraft and a jet trainer and why this
should be a topic of a technical paper! The answer

iz not simple: The Turbo-prop aircraft  has
significantly Tower fuel consumption for a given
manoauvra performance and therefore can be scaled

down to a zsmaller size.
less power and s0 allows a

The smaller size requires

"raverse Snowballl

aeffaect. The smaller size then results in  lower
acquisition and operating costs. Peing a smaller

aircraft with high specific excess power, the
volume of sky in which the aircraft opsrates tends
to be smallar and z0, more training tasks can be
conducted per unit of time. On the negative side,
the propeller thrust reduces rapidly with speed
whereas in a turbo~fan powered aircraft the thrust
will reduce more gradually, affording the jet
trainer a higher maximum level speed for the same
amount of installed power.  Also, *the high enargy
of the slipstream in the Turbo-prop aircraft
affects the handling characteriztics. Thare are
two distinct schools of thought on this subject:
those who beliave that it is essential to Tlearn
how to use the rudder pedals in primary Tlight
training for futurs Afr-Air combat at high angles
of attack and for Transport and Helicopter pilots,
and those who conszider that 20 vears of training
on T-37 genaration of aircraft shows that this s
not essential. We Teave this argument open for the

time~being, what 15 ralavant in this paper is
whather the teaching effectiveness of the turbo-

prop 1s significantly affected by its configur-
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ation and outweigh its inherent ot advantages.

Training Systems

Ravisws have been conductad on past,
future training aircraft inventories
Afr Forces worldwide. The major difference in the
concepts iz only in  the terminology of the
different phases! For the purposes of this paper,
Figurs 2
arrangement of the flight
Force. Tt =ha with =&
usually lasting about
followed by a 'Primary' phase of about
after which the students are allocated
separate areas of advanced Training,

present and
of szmaveral

shows the typical
training of an Air

ey

30 hours,
a0 hours ,
to  their

either to Fighter /Bomber /Reconnaizsance (here
tarmad  'Advanced') or to Tanker /Transport (here

tarmed 'TTTS'), or to Helicopter training.. This
papar will deal purely with the fixed-wing element
of training.

Ty |

TTTS I
HELICOPTERS

—

TIME

| BASIC i

Fig 2 Typical Training Afrcrafi usage

This figure does not show the usage of simulators
in the system, which have the potential to
significantly alter the system of  training,

zapacially  in the early phaszss and in  transzition

TRAINING EQUIPMENT USAGE
IN HOURS

Country America UK. Australia Saudi
AirForce USAF USAF USN RAF RAF RAAF  RSAF
Basic T-41 T-41 T-34C B'dog B'dog CT-4 PC-9

30 30 86 30 30 35 30
Primary T-37 JPATS T-2C JP-V Tue. PC-9 PC-9

20 89 91 93 110 135 90
Advanced T-38 BRATS TA-45 JP/HWK Tuc/Hw MB326 HAWK

120 119 100 133 112 35 N/A
TTTS - Beechjet - J'strm  J'strm - -

119 46 45
Table 1

Afr Force training equipment and its usage

Table "1 gives a summary of an investigation of the
training material and their utiliszation by a
variaty of different Air Forces. 5ize 1imits the
inclusion of all the Forces reviewed and the past,
present and future structures.

The USAF and USN are in the process of changing
almost their entire training equipment within the
next two decadss,
R8AF are just, or have just changead squipment. The
USN has operated Turbo-prop aircraft in the Basic
and Primary training phasez successfully  for
almost 15 years. Tha Royal Saudi Air Force s now
succassfully  operating & high performance turbo-
prop to replace their ageing Strikemasters.

Mathematical model

Figure 3 depicts the logic of the mathematical
model constructed for the purposs of this training
avaluation. Tt is constructed using a Lotuz 1-2-3

from one aircraftt type to another. Unfortunataly spreadsheat  for the maximum vizibility dinto its
it was not posaible to include this aspsct into structure and widest ubilisation. (see also
the model at this stage and will have to be section on model refinements)
included in the next revision.
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Figure 3 Mathematical modasl of Teaching Effectiveness
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The model is split into five major blocks, each
baing repeated for the four levels of training:

- The Aircraft Data-Base; containing all infor-
mation required for the analyzis.

-~ Tha Requirements Matrix; containing ths
desired level of performance.

~ The Senzitivity Matrix; containing ths
acceptable tolerances from the requirement and
hence defining the performance rating.

~ The Weighting Matrix; giving an assessment of
tha importance of each criteria in sach area of

training.

=~ The Frequency Matrix; providing an
of tha frequency at which sach of the
tasks are conducted.

analysis
training

tach of +the slements of +the model will be

dazscribed in more detail below.

The Overall Teaching Effectivensszs is obtained by
working through the spreadshest: The aircraft +to
be analysed iz compared with the specified lavel
of performance and senzitivity. The results of
thiz analysis are multiplied by a weighting scals
for sach of the tfraining tasks to give the

importance of the criteria. The Frequency Matrix
is used to factor the results to represant how
often each task 15 conducted. Finally, the
summation of the results for each training task
will aive the Training Effectiveness. The

resulting number has no absolute meaning. To
obtain & meaning for tha quantity, it is nscessary
to relate the training effectiveness of  the
aircraft being analysed to that of a  known
(bazeline) aircraft. The resulting factor gives a
direct measure of the time a student will take to
achieve the same level of training as in the
baseline aircraft.

The model is used for eamch phase of training, from
Basic through Primary to Advanced or Transport
/Tanker. Each elaement of the model 15 describad in
mora detail balow:

Figure 4 shows the Requirements and Sensitivity
Matricesz. The Tayout of the matrices is identical
for all phases of training, but the values changs
as the learning process s advanced, allowing the
student to have a steadily increasing challenge as

he (or she) becomes more familiar with  the
environment of flight.

The criteria have been selected to  includs
measures of flight performance, hand1ing

characteristics and systems to try to give an
overall  a mant  of the 'goodnessz! of  an
aircraft in the training role. Care has been taken
to  try to include criteria which can be
correctly so as to give a valid comparison. A
duplication 1is avoided, so that no aircraft is
penalised or favoured doubly for one aingle
characteristic.

asnassad

The effect of the tolerance inputs is to define

the sensitivity of the requirement on a scale from
1 (worst) to 10 (best): The defined limits of the

tolerances will provide the analysed aircraft with
a rating of 3 out of 10. If +the result fall
outside this value they will reduce in proportion
to the minimum value of 1.

area of flight psrformance, the following

criteria have bessn selectad:

Approach spsed: a very important criteria for
of training in the terminal ares.
too fast and too slow are not bensficial to

- Rate of climb at zea lTevel & at cruize altituda:
ad

the criteria are us separately depanding on  the
area of *raining. The ecriteria gives a good
measuire of the 'Tiveliness' of the aircraft. A
rate  of climb lowsr than the requirement is less
desirable than higher rates.
Tere moogmioa | BASIE YRGECZNE
Crl 2pTACORD WGWHW] Criteria fequired +/- Tolerance
Crdl 70 kts + 13 - 13
~{rntwony ToODOIDE || moorosce sa T8 kel i3 D A3
Ercise altituge l088¢ fr 1s00e -26088
20@IG THOIDID® RoC at crutse 388 fon +ioR6 - 288
fony Max level spoed 148 kts + 68 - 38
Criteria R Endurance 2hrs+» 3 - 6.3
oy Hax sear speed 130 ks » 388 - 1S
% | Appreecn spa Uno-Unax :: I::: : u: - 1:
:'.“.:.:‘.§=::-' Take off tine
Stall char. 48x + 30 - 13
Aoll rove 78 + 48 - 38
TPOF E . 38 - 20
Bust resp. 2.2 + 8 = 1
Phugeid 1% sec ¢ L 4
k- Prag curve 408 + 200 2680
I 3 X - 1
i ettt R S
"o : Nav aids 2 * 2 -~ 1
Nav @ras .

Fig & Requirements & Sensitivity Matrices

navigation
Manosuvra !

- Cruising altitude s important for
and genaral handting ('Contact

exerci ses. Higﬁer cruise altitudez are preferrad
to altitudexn below the specifisd value to allow
Flaxibility in the training arsa to have 'stacked'
operations.

= Maximum laveal ad at sz2a lavel is important in

a similar manner approsch sp ,  but
in diffarent ar of flight. (ikswize.
tolerance s more relaxed than the Towsr

OnNE .

= A mindmum valus of endurance at normal training
fual Fflows iz na ary to fulfil s training

mizzion with sufficient rassrves. A much more
Tenient upper tolsrance is given than the Jlower
one .

-~ The maximum zpesed at which the aircraft may be
flown with landing gear extended gives a measure
of tha time ussd in the circuit. Again, Tow values
are penalizaed savaraly.

(o

=~ The differsnce betwsen the maximum level =spesc
and the maximum operational speed the aircraft s
allowad to fly, i3 a measurs of the manosuver-
ability of the aircraft and the flexibility in the

training syvllabuz  to allow full powsr descents
{mercbatics).

= The time taken to take-off iz a good indicator
as  to how faszt studant haz to react in this

The tolaran are  applisd

heavy workload 5
, a8 both varisncses away from

symmetrically  he
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The oriteria which can bs applied to T1ight
characteristics are more difficult to assess  and
required separate mafhema+1caT models  for  their
analysis, feeding into the main model:

- 8talling characteriztics are very important in
of training, but are not sasy to
shape of the 1i1ft break has b@wn uzad
hased  on wing profile camber  analysis The
further forward the position of maximum camhar,
the more Tiksly a leading edgs stall will be ssen
and the sharper the Tift break.

tnd1c+ The

- Roll rate is a measure of ths sensitivity of the
afrcraft around the X-axis. 2luggishness is
penalizsed slightly hardwr than high sensitivitiss.

- The spin recovery is an important ariteria and
iz assessed in thiz model by the analysiz of Tail

Power Damping Factor. Low values (slow recovery)
are penalised harder than high values,
- Tha gust response of a training aircraft can

affect a student considerably throughout  his

{her) Flight training; as air sickness in  sarly
and to hamper target acqguisition in  later
Low responsas are favoured.

- To find a measurs of the longitudinal responzes

of  the aircraft, the phugoid time was =elacted.
The tolerance on this critaria are fairly wide to
accommodate aircraft which are considered to be
zatisfactory.

In high wing loading aircraft it 1z usual to
approach for landing in an area of the power curve
where the drag s increasing with speed reduction
{('wrong side of drag curve'). The shaps of this
curve i3  Important during the final =stagez of

approach. Tn the early part of +raining the
student  should not be allowed to entasr this
situation.

Even mora difficult to a s arae the effects that
the systems have on the training of student pilots

and to quantify tha results.

- Engine acceleration time from idle to 85%% power
{thrust) is & quantity which can both be measurad

and assessed well. In the sarly phases of training

the 1t should be given rapid power response,
whe Tater he (she) should bs reguired +to

axarcize anticipation,

-~ ITnstruments and Navigation aids are assesssd  as
m digital value in & range from 1 to 10. The
sophistication of the sguipment required lesads o

the rating. An as ment s made of the squipmant
available. The st b2 should not be overburdsned
at firat, but more demands may be placed on  them

a5 their experisnce increases.

The weighting matrix i=
oriteria

achisved by examining the
asze of training and training
task importance. A weighting
from 0 to 3 {5 given, whare 0 indice irrelavant
and 3 highly important’ criteria.

Thus, for the pPrimary training phass, in  the
termingl area, the critaria with +the  most

importance Are:
characteristics,

Approach
maximum  gear

spesd,
spaead,

atalling
&ngine

accelaration and the characteristic of the 'Orag
curve'!. Othar factors become more important in
other training tasks. The weighting matrix {5 very
similar for all phases of training, but doas have
a wvariation in some areaz, where the accent has
shiftad due to  the higher competency of the
student.

The final matrix in the model is - the Frequancy
Matrix. This ddentifies what proportion of the
training tasks are conducted in each phase of
training. Figure 5 shows the frequency of the
the
the
bea

tra1n1ng, 4%
Navigation, 17%

conductwng Contqct Paftern
during Contact Manceuvrss, 18%
Tnztruments and 9% Formation.

ap@nt

100%
80%
60%
40%
20%
0%

BASIC PRIMARY ADVANCED TTTS

B PATTERNS EZ] MANOEUVRES NAVIGATION

INSTRUMENTS FORMATION

Figure & Freqguency Matrix

the accent iz mors on the
basic flying skills, whereas in the more advanced
phasas more time iz =mpsnt in training techniques
which will ba used later in oparational sguadrons.

In the BRasic phasze,

Tha results of the previous analysis, summed for
the different training tasks, are each multiplied
by their frequency of  usage. This provides a
further weighting of importance in the particular
phase of training which 15 being examinead.

Results

Figure & shows the resultz of applying the
Teaching Effectiveness model to numerous training
aircraft in the four different areas of training
axami nad.

The model outputs a Teaching Effectiveness (T.E)
rating. The number dtself has 1ittle absolute
meaning and so iz presented az a ratio to a
selected Baseline aircraft in  that phaze of
training. This is shown as a relative index (in %)
in the figure. The afreraft currently in the USAF
inventory are taken as the BRaselines for the
different training phases: The Cessna T-41 for
Basic, Cessna T-37 for Primary and the Northrop T-
38 for Advanced. The nawly selacted Beechjet 40D
iz used as a basaline for the TTTS training. Tt is
interasting to obsarve the difference betwsen Jts
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BASIC TRAINERS
RELATIVE INDEX (T-41)

5 o S

BALDOG OT-4 EPBILONCT-134 8F 260 PC-7  T-41 T-34-C PO

ADVANCED TRAINERS
RELATIVE INDEX (T-38)

HANK  MB-336C ALPHA T-38 C-101 PAMPA

PRIMARY TRAINERS
RELATIVE INDEX (T-37B)

] I

4

ADv. TP PC-@ 8211 T-48A 8312 T-378

TTTS TRAINERS
TRAINING HOURS (BEECHJET)

120 1° T

° 2 s S
BEECHJET  8A¢ 125 arm T-38  JETSTREAM

Figure B8 Relative Teaching Effectiveness: Results from model

assessed T.E and that of *the T-38, which has
conducted the task for almost two decades. Tn all
areas of training substantial improvements of
Teaching Effectivenass can be achieved.

It is postulated that the time taken for a student
to lTearn a certain task iz directly dependent upon
the dJnverse of the Teaching Effectiveness. This
can be confirmed to a certain degree by asseasing
the T.E of old and new training aircraft in a
particular Air Force and comparing the number of
hours used in their previous and actual syllabiqi.
For instance, the Shorts Tucano, when assessad
against the JP-B gives a predicted syllabus of 119
hra  (using Table 1 and fig 8) against a quoted
foresaen syllabus of 110 hrs,

The same exercise can only be accomplished with
caution hetwean different Air Forces, without
assessing the different combat aircraft, the Oper-
ational Conversion Unit coursez and equipment
structures.

At the end of thizs model we therefore have a good

assesment of the relative training capabilties of
different training afrcraft.

Operating Cost model

The second part of this paper is concerned with
the costing side of the analysis. A cost modsl has

been derived s0 as to assess the different air-
craft in a similar manner as T.E model above.

The operating cost are made up of several

different factors. These are:

- ammortisation of Purchase Cost

- Fuel costs

- Airframe and Avionics maintenance
~ Engine overhaul and maintenance

- Spare parts

instructor's
in the
and  have

of facilities, insurances
3, etc are not usually considered
assessment of military training costs
been ommitted from this model.

Costs

The assessment of the purchase price of the

various craft is made using the following
factors:

- Afrframe man-hours

- Systems price

-~ Materials

~ Ammortisation of R & D costs

~ General & Administration overheads
- Profit

A1l glements of the cost model have been taken
from statistics from the literature or in-house
experience. The results have besen comparsd to
published prices and 'tunsd!' as requirsd.

The ammortisation of the purchase cost s
accounted for over a 20-year 1ife at an estimated
720 flying hours per vear. The purchase cost of
the aircraft can be well predictsed, as there is
considerable transparency into the purchase prices
of the compating aircraft.

Fuel costs are estimated knowing the specific fusl

consumption of the angines. For sevaral of the
competitors, & detailed mission analysis has been
conducted, which allows correction factors to be
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applied to the others. Kerosene has been assumed
at a price of Us$H 1.65 per U3 Gallon.
Airframe and Avionics maintenance iz one of the

most difficult of the factors to assess. Tt
depends on the complexity of the equipment,
accessability to components and other factors
which are difficult to evaluate. Statistics are
readily availablie from c¢ivilian operations and
have to have factoras applied +to them for a
military environment.

Engine overhaul and maintenance can be  accurately
predicted using statistics from civilian oper-
ations, factorad for the Tower overhaul times of
the military operations and different pricing
structure., Times betwsen overhaul are typically
2'500 to 3'500 hours compared to up to 8'000 hours
for some commutaer operations.

Spare parts are considered to be proportional to
max. take-off weight. The factor has besn taken
from civilian operations, with military levels of
pricing.

OPERATING COST (US$/HR)

4000
3500 1
3000 1
2500
2000

1500 1

1000

T-41 T-37 PC-7 T7-38 BEECHUET

Powar plant
Fuel

Bl Ammortisetion Spare parts

Figure 7 Typical Operating cost breakdown

Figure 7 shows the results of applying the
operating cost model to representative aircraft in
aach of the training categories. The present USAF
inventory has been taken. For the 'Primary!'
category an existing medium performance turbo-prop
aircraft is also shown, for comparizon purposes.
In all areas except maximum level spead, it has
performance not far below those of the T-37 jet
aircraft.

The 'Basic! training phase will typically utilise
an aircraft with very Tow operating costs. The
comparison between the T-37 and the PC-7 operating
costs  show that there is a potential to achiasve
considerable savings Tn costs for the 'Primary!
training phass. According to the model, +ths T-38
operating costs are in excess of 3'000 US$ per
hour, of which almost half is the cost of fuel.
There is a potential to reduce thess costs signif-
icantly by utilizing an aircraft with a modern
high by-pass engine. Tha savings which can be
achievad by training pilots in future on the
Beachjet, Jinstead of on the T-38 for the TTTS
role, 1is clearly apparent. However, all these

savings can only be achieved with enormous invest-
ments in new aircraft and ground equipment. Here
the Turbo-prop scores well once again with its Tow
acquisition costs.

Conclusions

Figures 8a and 8b show the conclusions of this
clearly. The vertical axis shows the cost
expended to train a pilot in  the phases
conzidered. The horizontal axis shows the time

taken to conduct the training. Ths time is a
variable, depanding on the teaching effectiveness
of tha aircraft.

The exiszting USAF training structure is visible in
the figure depicting 'Basic through fo Sguadront,

In order to keep the results of the figure
readable, only the Basic and pPrimary phases are
considered in the other figure. The uppermost
point shows the cost to train a pilot to progress

to the Advanced or TTTs phase of training using
the current USAF system. Only small  advantages

would have resulted, according to thiz model, if
the T-u46 had been selected as the New Generation
Trainer. Further reductions can bs obtained by
using a tubo-fan aircraft with higher performance.
Howevar, according to this model, real savings can
only be achieved when a high performance turbo-
prop with its associated Towaer operating costs and
high T.E 15 included.

It can be concluded that +the high performance
Turbo-prop  trainer has a firm future in the
training of military pilots in the 'Primary! phase
of training.

One can go further: Analysis of the high
performance furbo-prop in both the 'Basic' and
'Primary! phases of training show that, in spite
of the higher cost of operation in the 'Basic!
phase than 15 nacessary, +the pilot iz ready to
step up into an ‘Advanced' or 'TTTS! +training
system has been produced even cheaper than going
through a piston-engined 'Basic' trainer and a
modarn jet 'Primary! trainer. This, in spite of
the simplistic nature of the model which does not
include the costs of transition from one trainer
to another.

Model refinementsa

The Teaching Effectiveness model and cost models
exist in their basic forms, but cannot bhe
considerad as complete. Further refinements can be
macle ta improve them.

The modal can be considerad to be a significant
improvement on the original fideas of Dott
Razzocchi  in the area of assessment of training
aircraft. Nevertheless, the authors would
recommend some further refinements in the areas of
handling qualities and the addition of a .criteria
which assesses the cockpit environment, to include
visibility and presentation of information, as
waell as an inclusion of an assessment of the
transition phase.
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TOTAL TRAINING COST
BASIC AND PRIMARY STAGES ONLY

TOTAL TRAINING COST (‘I.OOO‘US$/STUDENTJ
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TOTAL TRAINING TIME (HRS)
—— T-41, 7-37B —— T-41, PC-9 *- T-41, T-46A

—— pC-9, PC-8 —&= T-41, 8.211

Figure 8.

A major omission in the pressnt model i3 +he
exclusion of simulators in the training =system.

Thair function and usage is currently under revisw
and will be included in the next issue of the
mode .

Tt is hoped that the model can be used by various
Air  Forces ablish the most effactive

aircraft for their own purposes. The model has
sufficient flexibility incorporated that the user
can defina his own criteria, if hiz accent in
training is different from those established for
the model. This could be because the training
environment is geographically different, beacause
of differant front line aircraft or because hs

prafares  to conduct some of his tical training
at an earlier stage of the student's flying

ArEsEr .,

The latest status of the model will be described
at the TCAS congress in Stockholm. It is hoped to
describe the modifisd varsion in an edition of the

ATAA publication,
in 1990.

the 'Journal of Afrcraft!, lats
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