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On the base of analysis of numerous real airplanes’ fuel systems, fuel tank connection schemes,
not described in academic books and methodological literature previously, are exposed i. e.: par-
allel connection without switching, mixed connection and convertible connection. Classification
table has been developed, which allows to determine reasonable fuel feed scheme by correlation
between the number of engines and the number of feed tanks taking into account wide experi-
ence of real airplanes’ design. Fuel tank connection schemes and the number of engines fed from
single feed tank influence are analyzed; and the ways to account them in airplane center-of-
gravity calculation algorithm according to fuel burn sequence are proposed.
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Introduction

Fuel system of modern airplane is one of the most complicated and integrated
with its all other systems. Fuel system provides naturally fuel storage and feed to en-
gines at all foreseen flight modes of airplane. In addition it influences substantially air-
plane stability, controllability, efficiency and service life. Really, as all fuel tanks could
not be arranged in airplane center-of-gravity (CG), then airplane CG position will shift
with fuel burn. As it is known, relative position of CG and center of pressure determines
stability and controllability properties. Accounting modern trends of commercial air-
planes flight range increase and corresponding relative fuel mass increase onboard
(more than 50 %), CG shift can be rather considerable.

But this shift becomes the most hazardous at pitch angle variation, when sub-
stantial fuel masses migrate along tank spanwise. As practically all modern commercial
jet airplanes are equipped with swept-back wings, than this fuel migration along wing
span is accompanied with CG shift along airplane axis. In these cases, it is necessary to
estimate, if the airplane CG position is within acceptable limits from point of view of sta-
bility and controllability. In addition, CG position influences considerably on horizontal
stabilizer trim lift, and, consequently, on the airplane fuel efficiency.

The aim of this publication is analysis of features and development of recom-
mendations to adapt airplane center-of-gravity position calculation algorithm according
to fuel burn sequence for various fuel tank connection schemes and number of engines
fed from single feed tank. Thus, the determining factor is fuel system scheme selected
accounting numerous considerations. To calculate it a designer must adapt general al-
gorithm of calculation.

1. Tanks Connection Scheme Influence

As it is known, to arrange fuel onboard airplanes, designers try to use airframe
payload volume as much as possible. In case of bladder-type or rigid tanks utilization, it
forces to divide this volume into some tanks along airframe strong elements (spars, ribs,
frames). For integral tanks, this partitioning into separate tanks can be caused by re-
quirements of specified CG support, wing load alleviation, and also operational and bat-
tle survivability. In the sequel, these tanks are jointed in groups. There are feed tanks
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and transfer tanks. Feed (reservoir, sump) tank (FT) is a tank from which fuel is sup-
plied to engines. Transfer tank (TT) is a tank from which fuel is transferred into FT.

In the literature [5-7], only two schemes of tanks connection are usually dis-
cussed: parallel and serial. More careful analysis of real fuel systems allows to distin-
guish five types of tanks connection (Fig. 1): the simplest, parallel, serial, mixed, and
convertible schemes.
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Fig. 1. Tanks connection types:

a — Simplest; b — Parallel; c — Serial; d — Mixed; e — Convertible in serial mode; f —
Convertible in parallel mode; 1 — Feed tanks; 2 — Boost pumps of airplane; 3 — Check
valves; 4 — Engine low pressure valves; 5 — Cross-feed valves; 6 — Transfer valves;
7 — Transfer tanks; 8 — Transfer pumps; 9 — Control valves

In the simplest (parallel without switching) connection type, total number of fuel
tanks (Ny ) is equal to number of feed tanks (Ng1) and does not exceed the number of

engines (Ng,) (N =NET < Ng,). In other words, all tanks are feed tanks and of equal

volume; fuel is supplied to engines simultaneously from all tanks. There is no fuel
transfer or switching among the tanks. Advantages of this connection type are minimal
quantity of control devices, absence of problems with switching between the tanks, sur-
vivability due to fuel supply from any one tank directly into any one engine. This connec-
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tion type is used for short-range airplanes only (be-200, n-114, Ak-40, Ak-42, ATR-42,
DHC-4, X-22, YC-15), because big amount of fuel, intended for one engine, is seldom
possible to arrange in single FT.

In parallel (parallel with switching) connection type, total number of fuel tanks is

equal to number of feed tanks and exceeds a number of engines (Ny =Ngt > Ngy). In

other words, all tanks are feed ones, but fuel is supplied to engines not from all tanks
simultaneously. On depletion of these tanks, system switches to the other tanks. There
is still no fuel transfer among the tanks. Advantages of this connection type are rela-
tively small quantity of control devices, high survivability because fuel can be supplied
from any tank directly into any engine, possibility to control the engine fuel feed by using
any program. Disadvantages are necessity to install boost pumps and recuperators in-
side each tank, that increases mass, and also problems related to switching among the
tanks. This connection type is widely used in foreign passenger and transport airplanes
(DC-9, B-727 / 737 [ 757 | 767 | 777 | 787, A-310, C-160, C-27, C-130, C-141), and is
sometimes used in military purpose aircraft (A/C) (A-10, SR-71). In domestic practice, it
is assumed obsolete.

To provide uninterruptible engine fuel feed while switching between the tanks,
four methods are used. In the first method, tree-mode direct current (DC) pumps are
used capable to create different pressure (AH-10, Nn-18, Ty-114). So, the pump of a
tank from which fuel is supplied in that moment works in nominal rating; but before the
tank depletion, it is turned to high rating. In the same time, the pump of tank being the
following in order works in standby rating; and it is turned to nominal rating while switch-
ing to this tank. In modern A/C, this method is not used because of high power DC
pumps low efficiency, high complexity and low reliability of the pump rating control sys-
tem. The second method uses single-mode alternative current (AC) pumps of different
power. In this case, more powerful pumps are installed in tanks which should be de-
pleted in the first order. It simplifies control system, increases system efficiency and re-
liability; but requires different type pumps application in the same A/C. This method is
used in practically all passenger airplanes of Boeing company.

In the third method, identical single-mode pumps are used; but in the first order
tank, two pumps are connected serially (DC-9, MD-80), that increases overpressure
generated by the pumps. The advantage of this method is single pump type utilization;
disadvantage is reliability decrease of serially connected pumps. According to the
fourth method, identical single-mode pumps are also used; but less rigid springs are
installed inside check valves of the first order tanks (KC-135, B-737-900), that provides
their first order depletion.

In serial (with feed tanks) connection type, total number of fuel tanks is more
than number of feed tanks, which, in turn, does not exceed number of engines

(N > N1 < Ng,). In this case, fuel from transfer tanks is transferred into the feed

tanks, and then is supplied to engines. This connection type decreases mass of fuel
system, because the pumps transferring fuel from tank to tank generate less overpres-
sure and have less mass. In addition, recuperators are placed in feed tanks only. This
connection type provides temperature equalization of fuel going to engine; and also en-
sures fuel reserve. Disadvantages of this connection type are low survivability and big
quantity of control devices. Now, this connection type is used the most widely (AH-14 /
28/38/140/ 148, Wn-62 /76 /86 /96, Mul-19 /21 /23 /25/27 /29, Cy-25/ 27 / 39,
Ty-134 / 144/ 154 / 214 | 334, RRJ, A-330 / 340 / 380, KC-10, A-3/4/5/6 /7, AV-8,
XB-70,B-1,F-4/14/15/16/18/117/ 23/ 35, S-3, Tornado, EF-2000).
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Mixed connection type is a combination of serial and parallel types. In this case,
total number of fuel tanks is more than number of feed tanks, which exceeds the num-

ber of engines (Nt > N1 > Ngy). As a rule, designers come to this connection type on

the base of initial parallel scheme, by means of additional fuselage tanks installation
(B-727, MD-80, A-310) or by using outer fuel tanks for wing load alleviation (B-707 /
747, A-320). As it is far easier to make additional tanks as transfer tanks, then transfer-
ring from them into feed tanks is added, and it results in mixed connection type.

Convertible (multimode) connection type distinguishes by operation capability in
some different modes: as serial connection type (with different FT) or as parallel one.
Advantages of convertible connection type are maximum possible survivability and reli-
ability. Its disadvantages are the biggest mass and complexity of the system, and also
the greatest number of control devices. This connection type is used in different pur-
pose A/C (AH-26 / 74 / 70 / 124, A-340, A-7, B-1, C-5/ 130 / 141, F-105).

Practically, during center-of-gravity calculation, it is necessary to consider speci-
fied fuel burn sequence, at any type of tanks connection. For the simplest scheme, no
additional actions required. The parallel scheme can be reduced to serial one: the last
order fuel tanks are considered as feed tanks; but for the previous orders, transfer be-
ginning into feed tanks shall be specified conventionally at full FT. The serial scheme
requires special algorithm development, which is a subject of separate publication. The
mixed scheme can also be simulated conventionally: by specifying conditions for fuel
transfer for both serial and parallel tank connections. For convertible scheme, a set of
calculations is required: for serial mode operation with specified fuel burn sequence,
and for parallel (emergency) mode operation, when some different fuel burn sequences
are possible.

2. Influence of Number of Engines Fed From Single Feed Tank

Depending on a number of engines fed from single feed tank, they usually distin-
guish: centralized, centralized-independent, partial and independent feed (listed in the
reliability increase order). In addition, excessive feed is sometimes used to provide the
highest reliability, but it is not mentioned in the domestic literature.

At centralized feed, fuel from single feed tank (Ngt =1) is supplied to all A/C

engines (Fig. 2, a). Advantages of this feed are minimal mass and maximum simplicity.
Disadvantages are minimal reliability and survivability. This feed type was widely used
in military aviation, until survivability became one of the main requirements for A/C.

At centralized-independent feed, fuel from each feed tank is supplied to definite
group of engines, and usually nen/nFT = 2 (for example, to engines located under one
wing) (Fig. 2, b). Here, advantages and disadvantages are the same, but expressed
weakly. This feed type is used extremely seldom.

At partial feed, fuel from definite feed tank is supplied in addition to correspond-
ing engine to some more engines (nen/nFT =1.5). Author knows only one airplane with
three engines and two FT. But practically any other feed type can turn in partial feed in
emergency mode.

At independent feed, fuel from each group of tanks is supplied to single definite
engine, nen/n,:-r =1 (See Fig. 1, a, b, c, e, f). This feed type in majority of cases pro-
vides enough reliability and survivability, that is confirmed by its widest application. Dis-
advantages of this feed type are increase of mass and complexity.
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At excessive feed, fuel is supplied from two groups of tanks to single engine
through proportioner (nen/nFT =0.5). Advantages of this feed type are the highest re-

liability and survivability. Disadvantages are big mass and complexity, and also neces-
sity to provide equal fuel feed from two groups of tanks. The last is usually ensured by
installation of fuel proportioner, that is displacement pump, providing equal fuel volumes
supply from two FT. This feed type is used in single-engine A/C of military purpose.
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Fig. 2. Feed schematic:
a — Centralized; b — Centralized-independent; ¢ — Partial; d — Excessive; 1 — Feed
tanks; 2 — Boost pumps of airplane; 3 — Low pressure valves; 4 — Check valves; 5 —
Cross-feed valves; 6 — Feed tank interconnect valves; 7 — Proportioner

Statistical data shown in the table 1 allow to make more common conclusions.

The first line of the table (below the head) corresponds to centralized feed. The
diagonal corresponds to independent feed. The cells lying above the diagonal but below
the first line correspond to partial or centralized-independent feeds. The cells lying be-
low the diagonal correspond to excessive feed. The parallel tank connection scheme is
placed into separate line, as in this case all tanks are feed ones. Airplane models which
fuel system can work at partial failures in different mode (convertible scheme) are given
in parentheses.

Influence of number of engines fed from single feed tank should be taken into
account when determining fuel flow from this FT. Thus, fuel flow from the considered FT
is defined as a product of fuel consumption for single engine by number of engines fed
from this FT. Note, that for excessive and partial schemes, this number is fractional. For
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TT, fuel transfer flow shall be determined by number of fuel tank groups, in which this

TT is included.
Table 1
Correlation between number of engines and feed tanks
Number of 6 and
gines 1 2 3 4 more
FT number
A-4, A-7, A-3, A-5, A-6, F-4, Ty-154 X-22 XB-70
1ET F-104, F-101, Mul-19,
Mwul-21, Mwulr-25, Mul™-29,
Mwul-23/27 Cy-25, Cy-27
(A-7), A-330, ATR-42, Ak-40 A-340, B-1, n-18
AV-8, BAC-111, C-123,
F-16, F-35 DHC-4, F-5, F-14,
F-15, F-18, F-111,
F-117, RRJ,
Tornado, YF-23,
2FT A-14, AH-28/38,
AH-74, AH-140,
AH-148, be-200,
nn-114, Cy-39,
Ty-134, Ty-204,
Ty-334,
DC-10, KC-10, (TB-47)
3FT Falcon 900,
Ak-42
(A-340), A-380,
YC-15, C-5,
Concorde, DC-8,
4 FT AH-70, An-124,
nn-62, n-76,
Mn-86, n-96,
Ty-144
AH-2/3, A-10, A-310, A-320, B-727 B-58, B-747, B-36,
F-20 B-737, B-757, (C-5), C-141, B-47
B-767, B-777, (DC-8), KC-130,
Parallel B-787, C-160, KC-135,
C-27, DC-9, AH-10/12, AH-22,
MD-80, SR-71, (AH-70), (AH-124)
AH-24/26, Ty-104,
Ty-114

Thus, compliance with the recommendations given above allows to adapt and to
use effectively the general algorithm for airplane center-of-gravity position calculation
according to fuel burn sequence for computation of practically any fuel tank connection
scheme used nowadays and the number of engines, fed from single feed tank.

Conclusions

1. On the base of analysis of great quantity of actual airplanes’ fuel systems, the
following fuel tank connection schemes are exposed, not described in literature previ-
ously: parallel without switching, mixed and convertible.

2. The developed classification table allows to determine reasonable fuel feed
scheme by correlation between the number of engines and the number of feed tanks
taking into account wide experience of various purposes real airplanes’ designing, both
domestic and foreign.
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3. Influence of fuel tank connection schemes and the number of engines fed from
single feed tank are analyzed and recommendations are given to account them in air-
plane center-of-gravity calculation algorithm according to fuel burn sequence.

4. Serial fuel feed scheme has specific set of features and requires to develop
the special algorithm in what follows.
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Oco0suBOCTI aganTamii AJArOPUTMY PO3PAXyHKY MOJIbOTHOIO
HEHTPYBAHHA JIITAKA JJI PI3HOMAHITHUX CXeM MOJayvi MajuBa

Ha ocHoBi aHani3y BenuKoi KiNbKOCTI NanuBHUX CUCTEM pearnbHUX NiTakiB BUSB-
NIEHO paHiwe He ONUCaHi Yy HaBYarnbHIN Ta MeTOAUYHIN niTepaTypi cxemn o6’eaHaHHSA
nanueHux 6akiB, a came: napanenbHa 6e3 nepekrnyYeHHs, 3MillaHa Ta KOHBEPTOBaHaA.
Po3pobneHo knacudikauinHy Tabnumuto, Wo 403BOSSIE 3a CMiBBIAHOWEHHAM MiXK KiflbKic-
TIO ABUIYHIB i BUTPaATHUX BakiB BU3HAUYMTK paLlioHanbHy cxemMy noadi nanvea 3 ypaxy-
BaHHAM BENWKOro OOCBidy CTBOPEHHSA peanbHuX niTakis. [NpoaHanizoBaHo BNAuvB i 3a-
NPOMNOHOBAHO LWSAXM ypaxyBaHHSA cnocobiB 06’eqHaHHA nanuBHMX BakKiB i KiNbKOCTI 4BU-
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YHIB, LLO XUBNATLCHA 3 OQHOIO BUTPATHOro Gaka, B anroputmi po3paxyHKy LeHTpYBaHHS
nitaka BignoBigHO 4O BUTpaATWU nanuea.

Knroyoei cnoea: LUeHTpP Mac, LEHTPYBaHHSA, NanuBHUM 6ak, nannBHa cuctema,
BMTpaTa nanuea, BUTpaTHUN Gak, cnocib 06’egHaHHs BakiB, Cnocib XXMBMEHHS.

Oco0eHHOCTH AJaANTAIIUU AJITOPUTMA PACUETA MOJIETHOU
LHEHTPOBKH CaMOJIETA IS PA3JIMYHBIX CXeM MOJA4¥ TOILIUBA

Ha ocHoBe aHanmM3a MHOrOYMCMAEHHbIX TOMMAMBHbBIX CUCTEM pearibHbIX CaMOSfETOB
BbISIBNEHbI paHee He ONucaHHble B y4eOHOM M METOAMYECKON NuTepaType cxeMbl 06b-
eOVHEHNs TONNMBHbIX 6AKoB, a MMEHHO: NapannenbHas 6e3 nNepekntoYeHns, CMeLLaH-
Has M KoHBepTupyemasi. PaspaboTtaHa knaccudumkaumoHHas Tabnuua, nossonsawoLlas
MO COOTHOLUEHMIO MEeXAy KONMMYecTBOM ABUratener u pacxogHbix 6akoB onpenenntb
paunoHanbHy0 cxeMy nogayv Tonnmea C y4eToMm OBLIMPHOro onbiTa Co34aHus pearib-
HbIX camoneToB. [MpoaHann3npoBaHO BRMSIHWE W NPEANoXeHbl NyTU y4éta cnocoboB
06beanHeHUs TONMMBHbBIX BAKOB M KONMYyecTBa ABuraTenen, NUTaeMblX U3 OOQHOro pac-
xogHoro 6aka, B anroputMe pacyéTta LEeHTPOBKM caMonéTa no mepe BblpaboTku Tonnm-
Ba.

Knroyeenbie cnioea: LeHTp Macc, LeHTPOBKa, TONMMBHLIA Bak, TONNMBHAsA CUC-
Tema, BblpaboTKka Tonnmea, pacxoaHbln 6ak, cnocob obbeanHeHns 6akos, cnocob no-
Aayn.
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