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Optimal Number of Spare Engines and Modules for Aircraft Types

Tae Bo Jeon' Young Hwan Sohn * Ki Dong Kim

Spare engine plays an important role for securing readiness of military strength during unexpected fault
occurrences and field/depot planned maintenances. The purpose of this research is to present an approach towards
the optimal number of spare engines/modules for diversity of aircraft types. We first reviewed two representative
approaches, METRIC and meta model. We then investigated military aircrafts and categorized them into 5 types
with regard to the engine type and number of engines/modules per aircraft. Through rigorous investigation of
planned/non-planned maintenance of each type, we drew parameters and variables involved. As known, due to
the complexity of the problem, it is impossible to develop a simple mathematical model with a closed form
solution. Based on the airbase operation and maintenance logic with parameters/variable drawn, we developed a
simulation model using ARENA well representing real field exercises. For the optimal solution, we applied OptQuest.
It has shown that the program developed generates reliable results through a set of case examples.

Key words : Spare Engine, METRIC, Meta Model, ARENA, OptQuest
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Table 1. Previous studies of METRIC approach

Model Researcher Contents/Characteristic
* single-indenture * base & depot maintenance and supply systems
Sherbrooke(1968) . §ompos1te Pmsson demanq . . P01ssor'1 resupply rate
METRIC « infinite maintenance capability ¢ approximate model
» underestimate the expected shortages
Simon(1971) » Poisson assumption * more accurate evaluation of expected shortages
Kruse(1979) * not very useful due to computational complexity and time
Mod- « consider hierarchical indenture structure (LRU, SRU)
METRIC Mudstadt(1973) » composite Poisson demand * Poisson resupply rate
« infinite maintenance capability
Slay(1980) . Pmsspn demand 3 * negative binomial for resupply inventory
O'Malley(1983) * infinite maintenance capability
« apply to AAM(Aircraft Availability Model) inventory model of US airforce
Graves (1985) « approximate model for Vari-METRIC < composite Poisson demand
Vari- * consider multi-indenture with Vari-METRIC
METRIC | Sherbrooke(1986)  proved that Vari-METRIC gives more realistic backorder inventory
* compare MOD-METRIC with Vari-METRIC via examples
OAS.IS . * Vari-METRIC based model developed by Korean military
(Optimal Allocation of . .
..  being used as the standard model for CSP demand determination
Spares Initial Support)
* spare inventory model during wartime
.  apply to ASM(Aircraft Sustainability Model)
Dyna- Hillestad(1982) * does not consider preventive maintenance on the availability evaluation
METRIC » does not consider waiting time for repair

Hillestad, Carrillo (1980)

simulation model with wartime cannibalization, lateral transshipment,
and finite repair capability

Table 2. Optimization approaches using meta model

Researcher o] At Contents
Steans III | F404-GE-400 Engine * optimal number of spare engine modules minimizing cost
odule + multiple regression meta model via simulation
1998 Modul Itiple regressi del via simulati
Lee Information * optimal inventory of electronic system LRU, SRU for intellignece aircraft
(2001) | Collection Aircraft * integer linear programming with simulation and meta models
Yoo F-16 * F100-PW-220 engine/modules
(2003) | F100-PW-220 Engin + multiple regression meta model using simulation
- eine * optimal solution through linear programming and branch & bound Darkin Method
Lee et al. | F-16 * F-16 F100-PW-220 & 229 engines * meta model with ARENA simulation
(2010) | F100-PW-220/229 Engine | *+ mathematical model of maxmin » availability and budget constraints
CI:)(r)r%rlrSeri d F-16  optimal number of spare engines & modules satisfying operation rate
011) F100-PW-220 Engine using ARENA simulation and meta model for base, field, depot maintenances
« effects of spare engines & modules on the wartime operational availability
. : using ARENA simulation
Kl(rle()(laz)al. 11211)60-PW-220 Engine * apply meta model and statistical experimental method

(2° and NOLH (Nearly Orthogonal Latin Hypercube)
optimal solution using ARENA OptQuest

oh 54, Wehngo] 49 BAY MUe AokRAME  w § Ao SFRAS Bajo] Aokl 7ME 4
25)) 24 0% YL Tkt BEUS, B AL BETT BAs et 5 Qs eudyaie)
2, TretlElg Sol it 54 2EHS Fiow A o] HHE 79 BE B4 thA] ukEsjof dhrhs

sl 4

== 1T d

3taL Zpzho] gk AlEold AxE 4

|
Z]
=

oft}. Theret 2l grEe) Wl we ZA ez o

H26d X33 20174 oY



4} o] Aol o) uhglolck, A, X £A
0] 3

=4 pu—
ol 5717} obd BE B 337 $9E 1
AR A7) 5 o) 8L uhe AskEolck

o

2 oA T2

2 AFte] EAl= Figure 13} Zo] fof, ofd, 181
o] 3uA R LAk A 9 mEQ] A oo A
HRstu] Rojok e AR 24 gk A nE
2 LRU, SRU¢} 22 AS2E 7Ktk A &
F-16 &37]9] AlAL LRU, 5714 ZEEL SRUY oH
GHEh 179 $52 AA| Auleart WAk e

olrf HoWF \, ¥ R A W 571A] REEQ] uAE

3} ez ofmjgik

Inspection/maintenance demand
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Field Base }(— - Perodic inspection
Warehouse/ - Non-planned maintenance
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Module [Non-Inianned inspection/maintenance

[Non-Jnianned maintenance maintenance
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I]e[l[ll Remove moduley
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a) maintenance structure
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Failure
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b) equipment structures

Fig. 1. Maintenance and equipment structures
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Table 3. Aircraft type classification
No. Aircraft/Engine Type
1 Fixed Complete (single or twin)
2 Fixed Modular (single or twin)
3 Fixed Multi-modular
4 Rotary Wing Twin Complete
5 Rotary Wing Twin Modular
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Table 4. Maintenance characteristics for each aircraft type
type Fixed Rotary wing
1 2 3 4 5
# engines 1, 2 1, 2 4 2
# modules - 5 3 - 4
engine removal/ engine removal/ engine removal/ engine removal/
base installation installation installation installation
aircraft test run aircraft test run aircraft test run aircraft test run
. . module removal/ . .
field engine repair installation module mo.dule rerpoval/ engine repair
engine test run . . installation engine test run
repair engine test run
module (non-)
depot engine repair planned maintenance module repair engine repair
(except for AUG)
. al.rcraft . 000 hrs 00/000/***/xxx hrs none 000/*** etc. 000 hrs
inspection period
engine F4-o000 sorties MOT-based 0000 hrs/
inspection period F5-0000 hrs ) depot maintenance 00 yrIs )
module turb.i ne
inspection period - oooo TAC (depot maintenance) - 0000 hrs
- 00000 cycle

Table 70| A A7 g4e] Fade 9 vzt

Table 7. Parameters and random variables

eSS EAIRG a1, Table 69 MC_F= oFi9] Variable/ Content
Rulseom FA] Sols 4R 4 gl Ay ® Rammeer | _
L Zo]zo] Aa Ao ytime ight hours per sortie
= A2 2 HoHr. MTBF engine MTBF
pl removal rate(%) of the failed engine
Table 5. Decision variables TOFFE |time to remove engine
- TONE time to install engine
Ratizhl Conte?nt - p2 field - failed module removal rate(%)
Xo number of spare engines (integer) - - o
- field engine repair time (module
X1, Xo, X3, number of spare modules (integer) ~
: TEF non-removal)
X4 Xs (i=1,2,34.5) - include length of repair, engine
test run, store, wait, transport
Table 6. Input parameters (variables) TOFFM module removal time - same for all
modules
Variable/ i ion ti -
ariable Content TONM module installation time same for all
Parameter modules
A_tyPe airc.raft type (1,2,3,4,5) TNOG) n.on—planned maintenance time of module I
Sortie sorties per day (i=1,2,3,4,5)
A max total number of aircrafts Q1/Q2/Q3/ | proportion that an engine failure is incurred
MC F field maintenance capability Q4/Q5 from a module
Assembly modules when the inventory R%M/ field repair rate of a module
Ntrig level of the engine is below this value. —
(applied only for modular type engines) transportation time between field and depot
PP Y - 4 - yp £ TTFD (same for all engine and modules)
NEG number of engines per alrcr.aft (1.2:4) * include warehouse in/out waiting times
NMO number of modules per engine TNT (depot) non-planned engine maintenance time
(0,1,2,3.4.5) TST (depot) planned engine maintenance time
TET max | planned maintenance period for engine ND (i non-planned depot maintenance time
TEC max (hours and cycle) ) of module i (i=1,2,3,4,5)
planned maintenance period for module . planned depot maintenance time of
TMT . .
X (hours) (=1.23.4.5) TSD O | odule i (i=1234.5)

H26d X33 20174 oY



Fefst - 2958 2|5

3.3 o273 =M
oA AAZ P3| & U AWEE HuE Qg =
2of| diste] it

3.3.1 ZRIFL % 7MY
Z2ag A4 98 A4 e Bewt gk
93] glof whike 1), A4ure o), dejm
chEe 4vjo] QIS Fhggik
- BEY] A4S ) 57 wE/H) 28] FRslek of
g 2 4oL Ango] FPHoR 1YY
Tt
327 vl7ks, K @ mEo| A%
WASHA] pec.
AU 1L WASEA] Gtk 3, Hiel, oA,
Aol Aulg $Ia AulAelas A8 A o
on] WaA| A HEstch Thak opd Ao g3t
PO olat iyl WAl 7Rs
- _,_.1:H o}:X—I Xl— X%H]% =35} o %
ghojsie] el See gk
Y BEA] BA] WA S5 els 247 6l
o 3% BE AS/mAN BAZ B 2 4
ARHE st 297} WA, Sa), ot 5 QA
E AL S9) QAERRE 2 v 497t
olo] st
Ale] AL AARA L
7)el3te] mEo ot Al zxow o shtel BE
of 7]lgtek
wE A 9 uAE gule] glo] 27) ol4e] dxl
EL BE 50 Gulnast FA0] s gkt

I

Folle a4l

N
lf
= &

3.3.2 A¥] 23¢] 49
P57 o] o3lel AR olgs BF HA¥sh=
olftt. ol5F 19 HEFLE & oA tF
A0l FE o= AFA A 2Ale e Ia
th o]& Fote] A, thdk f-3ofl disixe FUst
o g ZZo] AolE 4= Qlth Figure 2~Figure 49|
10 wEY FE7|/ARVEE] et g AR =2
= LA

from
o o

N
N
30

Figure 2= ohge] 2202 379 grsd 5
AL A 1t B AL ol A
B9k Aol S ¥ AT B e 3
Sslo] ofrlom SRk A Akt Halstel o]
2959 dulaiAlo] 9l % AAsIe) gz o

ol

@D s5i=AS01MsE| =2

>~l

Je EEdot 2 di7Sel ¥ |
7Fe e SRAAIT AR AFEA] Aae] BASel
oullizle] gl& 3¢ 7 mzx

7k Aol A Hrk

il

ook
ok
N
rir
e
1
s

fenalr englne fault

Remove engine

Failed aircraft

Snare englne In-stock

Yes

Alrcraft standoy Engine arrival
for malntenance from warehouse

[E— Install englne

Alroraft test run

Failed engine
B

Send engine
0 fleld

Aircraft operation

Fig. 2. Base maintenance logic

Figure 30| opdAH] 24L& TA|3It} opdoA = &
2 AR 3 250 HHlE %]—o??_q' A, dxle] A
A= gay)of Ak AlRQ] =2 v|gA|7to] AJ7to]
U Aol2 § A1) ol=w HEP WA D
HulE Slo) Ao frslo] g AH] F ulgA
710] 002 27|54 m opAR R HEolec). e &
oo} Sl ¢ AalzfE EEtol 7l &
Z5ta1 7] Al AE AA ohA] AR R Esich

250] Aggul= HulE flsto] $HE= A &
% wEO| YA HsAke] Hr|F7] AlKle] o2 A
olt}. ol £91, KF-169] 7% TAC(Total Accumulated
Cycle)Ol 4,3000] o]2¥ M-S Falfstl sid HES

H‘% AUG B& 79-= opdolAl 23] gu]st 7]
Em 2] A9 HOR £, Au] 43S Tk B0
BEynznY ngel ol BES Baol A
AR wEo| AAE AW ALH FAE il 5
L= HujA] ATk WAE e 79
2E RelA g A9 oFolA HA o

d& 7R F AL

=

off ARty I o] WE



Repair engine fault

Failed engine

—>Mmt for engine [EI]HI[‘

Store repaired engine

Fig. 3. Field maintenance logic

nned o
Yes
Engine Module

Administration Administration Administration
- engine repalr - module repalr - engine/module repalr

I ! l

‘ Englne planned malntenam:e| ‘Munule Dlanned rnalntenance‘ |[ng|ne/mu|]u|e fault reualr‘

l l

‘ Zero setting | ‘ Iero setting ‘

\ |
!

Report for
malntenance completjon

Send to field
wareholise

Fig. 4. Depot maintenance logic

Store repaired module

7R F B HURh oA e] Rk S
ok T R 4l R S Ao A
£ 78T e Azl a2 ofRith 2t
ol 7 A= SA IV ELES =27} 7kt

<
S

B9 222 98 Yla 4 ok

=, Figure 4= o] 4] Aul2AS Holz
opozuE AT Bt A Hug 18 das
7o)} EL 7|20 ufe AulEch u|S vpzl
i mEL oA 4RET Susl, A Ay
S o] F 0E Qda BEO| Y vl
o] 002 27|3Eck Ho] SelAe S 93t
R 4 o B ATolds 28 e,

o
%%
=)
|o

-

F

)

= 0

)

O,

¢

oM.

3.3.3 Aol T2 A4

2 A9 AJEYold 2172 ARENA 14.58 ©]
gato] AT, Al Aul AL ololx] Awe uleh
Zov] AAAQ) W 2AL Figure 59 2tk

Input data: aircraft tyne,
operation information,
parameters & variables
Initialize availability

Perform a sortie

Accumulate flignt time
of engine/modle

Engine/module
depot maintenance

Engine/mo dule
Dlanned B

Evaluate availability

Ho

Yes
Engine fallure?

lio

Engine/module
field maintenance

llo

Fig. 5. Overall program logic

Z2ao] =3} A 7ok gl gk chast
AHHEo] HAFT) o]5L Table 5~Table 79| A 2jH
F57] 5%, Az #=7F 281 geEel W ghe
ZA A} B Fato] FolHch Zagyo] Aeyut
WA 72 A oAt ATt A7 HH R
HISYQIRE egict vt =8 & ulg) A EE
2l Zhell wt A 2 mEES] AIZHARIE)E]
o] 7ic}. o] FHAZo] 270 et ATAH] A
ol tetEd A Ve FEEAL ofd B 3
oA AuE WA E3 270 002 AAE e
= AIZEY] Kol whet FAHFA| R AREE

A6 33 20174 902 QXD



FHell= OptQuests Folo] AFEatH, HolA oA
£ ot Aielr|= gt dAle 7% 29 BER &
7], KF-162 AAgon ths Table 8¢ A4 3
710 it 71220 FEE =AY 999 HiEs
BE= LPRstlA A HE0 XF ofn|awks
W@OM B R g gl o] wpEr ollgl AH]
o= LA Astfionz aHE 7 098

ol/goltk.

O
[ea

Rl o

Table 8. Example — basic information

Classification aircraft
aircraft name KF-16
aircraft aircraft type 2
information | no. of engines per aircraft 1
no. of modules per engine 5
no. of aircrafts ok
operation sortie **
information no. for reassembly” 1
field repair capability 1~3
engine $3,805,215
Module 1 - FAN $661,260
. Module 2 - CORE $2,927,520
priee Module 3 - FDT $464,808
Module 4 - AUG $647,136
Module 5 - G/B $118,128
decision no. of spare engines 2~6
variable no. of spare modules 1~5
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1.1) Complete - Input parameter/variable (constant)
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aircraft type

no. of engines per aircraft (1,2 or 4)

no. of modules per engine (0,1,2,3,4,5)

no. of total aircrafts

sorties per day

(non-planned maintenance) engine removal rate (%)

kK

(planned maintenance) engine maintenance period - hrs/cycle

2000 1000000

* Use a big value if not applied (ex,1000000)

1.2) Modular — Input parameter/variable (constant)

(non-planned maintenance) module removal rate (%) *k
no. of engines for reassembly 1
(non-planned maintenance) module removal — module - - - - "
(1,...5) related failure rate (%)
field repair probability of a removed module (1,...,5) (%) *k ok ok HHK ok
planned maintenance period for each module - hrs 4,300 4,300 4,300 4,300 2,000
* Use a big value if not applied (ex,1000000)
Fig. 6. Input parameters
2.1) Complete — Random Variables
flight hours UNIF(*, *)
engine MTBF ** STHWEIB(*** * **)
time to remove engine UNIF(*,*)
time to install engine UNIF(*,*)
(field/depot) non-planned engine repair time UNIF(** **)

transportation time between depot and field
(same for all engine and modules)

WEIB(**, **)

(depot) planned engine maintenance time (type 1,5)

2.2) Modular — Random Variables

time to remove module

UNIF(*,*¥)

time to install module

UNIF(*,*)

(field) Module 1 — non-planned repair time

WEIB(***, *‘**)_*.***

(field) Module 2 — non-planned repair time

WEIB(***’ *.**)_*.***

(field) Module 3 — non-planned repair time

GA]\/HVI(***, ***) + k

(field) Module 4 — non-planned repair time

WEIB(***, *4***)-*.***

(field) Module 5 — non-planned repair time

(depot) Module 1

~ non-planned repair time

_ * ko BETA(****, ****)

(depot) Module

non-planned repair time

- [ ExpO(**)

(depot) Module

non-planned repair time

- * kpkk o BETA(***’ ***)

(depot) Module

non-planned repair time

_ WEIB(**, ***)

(depot) Module

non-planned repair time

- WEIB(**, **¥)

(depot) Module

planned maintenance time -

(depot) Module

planned maintenance time -

***+WEIB(***, ***)

(depot) Module

planned maintenance time -

***+WEIB(***, ***)

(depot) Module

planned maintenance time -

i EXPO()

(O, N HUSH I O L RS N SNy URY | (O]

(depot) Module

planned maintenance time -

Kok pokokk o BETA(O**’O***)

Fig. 7. Input random variables
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Cost
1$1,0000
35,000
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Search
10 number
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Fig. 8. Search for the Optimal Solution
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Table 9. List of feasible solutions

Optimal Field .
Xo, X1, X5, X3, | Maintenance gszirlz: :;:ﬁ?; ](;(::tl

Xs, Xs) Capability
2,4,2,5 4,2 3 0.989 21,259,350
4,3,3,3,3,3 2 0.990 29,677,420
52,2, 1,5, 4 1 0.998 30,376,640
6,2,1,5 4,1 2 0.995 32,112,040
5,33 1,4, 1 3 0.982 32,963,900
4,1,5 4, 1,2 2 0.999 33,262,340
6,4,2,5 1,3 2 0.998 34,656,930
4, 4,5 2,5, 4 3 0.983 37,141,310
6,3,5 4,51 2 0.988 44,665,710
6,5 5 5 55 3 1.000 46,925,550
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