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MATHEMATICAL SIMULATION OF FUEL BURN SCHEDULE EFFECT
ON AIRPLANE CENTER-OF-GRAVITY POSITION

Formulas to describe shape of fuel tanks arranged in wings, wing center section and fuselage are proposed on
the base of wing shape analysis of real transport category airplanes. Methods of fuel burn sequence designa-
tion and fuel transfer methods are analyzed. Method accounting ribs with baffle check valves influence on air-
plane center-of-gravity position is considered. Algorithm for transport category airplane center-of-gravity po-
sition calculation depending on current fuel level in tanks and pitch angle, accounting specified number and
arrangement of fuel tanks in wings, wing center section and fuselage, fuel burn schedule, and number and ar-
rangement of ribs with baffle check valves is proposed. Basing on this algorithm and its program implementa-
tion, calculation of center-of-gravity position in the process of fuel utilization was carried out for some pas-
senger airplanes (An-148, B-737-400, A-310, DC-10, B-747). The algorithm proposed can be used for deter-
mination of reasonable number and arrangement of ribs with baffle check valves, more complicated mathe-
matical models creation, and also for making course and diploma projects.
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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
engines at all foreseen flight modes of airplane. In addi-
tion it influences substantially airplane stability, control-
lability, 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 prop-
erties, and, naturally, airplane flight safety. Accounting
modern trends of commercial airplanes flight range in-
crease and corresponding increase of relative fuel mass
onboard (more than 50 %), CG shift can be rather con-
siderable.

In spite of temporal oil price abatement, the fuel
efficiency increase problem remains actual. One of the
ways to solve it is the airplane trim drag decrease,
which is also determined by the relative position of CG
and center-of-pressure. If there are some fuel tanks on-
board, then the fuel burn schedule also influences con-
siderably CG position.

The base CG calculation algorithm for airplane
with single tank in each wing accounting fuel migration
and specified pitch angle was considered in publication
[1]. This base algorithm was updated in publication [2]
for the purpose of ribs with baffle check valves (RBCV)
accounting. Their arrangement optimization under con-
dition of fuel accommodation only in single fuel tank
per each wing was considered ibid.

The aim of this publication is development of cen-
ter-of-gravity position calculation algorithm for airplane
with swept-back wings, which carries fuel in both
wings, wing central section and fuselage tanks, in the
process of fuel utilization at specified pitch angles, ac-
counting specified number and arrangement of RBCV
and fuel burn schedule.

Statement of Research Problem

To calculate mass of fuel, located in the integral
wing tanks, it is necessary to describe wing shape with
enough accuracy.

Analyzing wing shapes of actual passenger and
transport airplanes (Fig. 1), it is possible to conclude
than they consist of several (from one till four) trape-
zoidal sections. Taking into account breaks of spars, the
number of sections can increase up to five. Leading
edge swept-back angle 7y, and wing anhedral/dihedral

angley can change stepwise on the boundaries of the
sections. Wing chord b(z), airfoil thickness ratio ¢(z),
airfoil setting angle (twisting) a(z), forward X;(z) and
aft Xp(z) spar positions can change linearly within

each section. In addition, fuel is usually arranged in
cylindrical wing center section, which base shape corre-
sponds to the shape of root rib.

Basing on this analysis, it is possible to propose
design model shown in Fig. 2 to describe shape of vari-
ous wings.

So, to describe wing surfaces, the following ex-
pressions can be used
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Fig. 1. Examples of wing shape for various airplanes:
a—A-300, A-310, A-320, DC-10; b — A-330, A-340, A-350, B-747; ¢ — A-380

Fig. 2. Design model for wing shape
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where Yoy (z,x) and Yiop (z,x) — point coordinates on

the top and low wing surfaces; y,,q(z) — coordinate of

wing middle line without twisting; x(z) — coordinate

of wing leading edge; ¥y, (X), ytop( ) — relative coor-

dinates of specified airfoil points; Cyyp. — thickness ra-

tio of specified airfoil; k — the section number, in
which coordinate hits z [zk, Zx +]].

As it is known, to calculate mean aerodynamic
chord (MAC) b,

counting from root chord leading edge, the following
formulas are used:
L 2
=— J/.b Xy = 2
S

and its longitudinal coordinate x,,

L/2
J.b(z)xo(z)dz . (2
0

where S — wing area; L — wing span.

According to the design model (See Fig. 2), wing
chord in i -th section can be presented as follows:

b)(z)=b; + 281700 ().

i+l 7%

€)

where b;, b;,; — wing chords in the section bounda-

ries; z;, z;,; — coordinates of the section boundaries.
Substituting expressions for chord (3) into known

formulas (2), we get expressions to calculate MAC and

its leading edge coordinate for the considered design

model:

2| bgL, 1
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where L — wing center section span; ng, —number of

sections in the considered wing.

Integral fuel tanks are used in majority of cases in
wings of modern airplanes. I. e. fuel is placed in inter-
spar part of wings. The boundaries of these tanks along
airplane axis are usually forward and aft spars only. As
the tanks are separated by middle spar in seldom cases
only (AH-22, An-124, C-5), it is possible to consider
only forward and aft spars as these boundaries.

Spanwise, integral tanks are subdivided by pres-
surized ribs, which can be located both along air flow,
and perpendicularly to one of the spars. As the tanks
subdivision by ribs, arranged along air flow, considera-
bly simplifies design model, just this version is consid-
ered. In case when the pressurized ribs are placed per-
pendicularly to a spar, inaccuracy appears which seems
insignificant because of small distance from CG along
X axis.

Number of integral tanks within one wing in actual
wings does not exceed six. Wing center section as a rule
includes only single tank or is subdivided into two tanks
of equal volume along airplane axis (that does not influ-
ence on algorithm, as under airplane symmetry only one
wing and a half of wing center section are considered).
In some rather seldom cases (Ty-154M, Falcon-900)
wing center section can be subdivided into two tanks by
middle spar. These cases can be simulated using fuse-
lage tanks.

In fuselages of passenger and transport airplanes,
as a rule, bladder-type tanks are installed, which shape
corresponds to the shape of standard containers. In sel-
dom cases (usually in airplanes-tankers), rigid tanks in
form of circular cylinder are used. Shape of both types
tanks can be presented in the view, shown in Fig. 3.

To describe shape of these tanks, the following ex-
pressions are proposed:
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Fig. 3. Shape of fuselage tanks: a — Luggage containers,
instead of which tanks are installed (A-310);
b-e — Possible versions of fuselage tank shape setting

where D — fuselage inner diameter; H, M — height of
top and bottom tank flat surfaces; B — tank width. In
addition, it is necessary to specify: L — tank length and
X — coordinate of tank front wall relatively to fuselage
nose.

Various schemes of fuel tank connection and fuel
feed influence was analyzed in publication [3].

Center-of-Gravity Calculation Algorithm
for Airplane with Several Tanks Account-
ing Specified Fuel Burn Schedule

In publication [2], it was shown that the algorithm
should be subdivided into two parts: «components cal-
culation» algorithm and fuel «usage» algorithm. The
first one prepares arrays of levels, masses and static
moments for each tank and tank section, separated by
RBCH. In the second algorithm, total static moment is
calculated and CG position is computed for current fuel
mass in the process of fuel utilization.

When turning to calculation of several tanks, the
«component calculation» algorithm [2] will be applied
serially to each tank (in wing, in wing center section and
in fuselage).

Main features of «usage» algorithm are: necessity
to specify and account fuel burn schedule; to account
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fuel transfer schemes with preselected groups and with
common tanks; and also to account dry bays and vent
tanks. Let’s consider them in turn.

Fuel burn schedule can be specified by two differ-
ent ways. According to the first method (Fig. 4), defi-
nite order is specified to each fuel tank. Thus, zero order
tanks are firstly used (if they were refueled); next — first
order tanks etc. till last order tanks (which are feed
tanks). When the tanks are connected serially, thus fuel

is transferred from transfer tank of current order into the
feed tank. This transfer keeps specified (usually maxi-
mal) fuel level in feed tank. To specify fuel burn sched-
ule according to this method, it would be enough to
specify only the number of order for each tank, thus
feed tank would have the last number of order. This
method was widely used in past and is still used in some
A/C.

1
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2/2 |14 | 273
/1 2/4 2/1 2/2
/ /
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2/1 2/4
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Fig. 4. Fuel bur schedule specified by number of order:
a—WNn-96; b —B-777; ¢ — An-124; (top figure — number of order,
bottom figure — number of engine where the fuel from this tank is burned)

According to the second method, fuel burn sche-
dule is specified by mass of fuel remaining in feed tank,
at which fuel transfer into this feed tank begins from the
following transfer tank (Fig. 5). In this case, number of
order (which can formally exist) is not already enough
to specify fuel burn schedule. Thus, the table of remain-
ing fuel mass is required (for each feed tank); when fuel
quantity in this feed tank drops down to these values,
fuel transfer activates from corresponding transfer tank.
As majority of modern airplanes uses just this method,
and because it is more common, it is used in the mathe-
matical model.

Example of fuel burn schedule setting for twinjet
airplane A-310 is shown in Fig. 5, a. In this airplane,
parallel fuel tank connection scheme is used (which
turns to mixed one in case of stabilizer trim tank utiliza-
tion). There are two tanks inside each wing and one tank
in wing center section. Initial data is specified as fol-
lows. As there are two tank groups in airplane, then only
one group is considered under symmetry. Tank inclu-
sion into the group is provided by depressing the but-

tons, corresponding to the tank arrangement. In this
case: 0 — inner tank; 1— outer tank; C — wing central
section (WCS) tank; S — stabilizer tank. Feed tank is
specified by the second column of buttons (from the
tanks included in this group). In this case, tank No. 0
was selected. Fuel burn schedule is specified for all
tanks of the group except feed tank. Wing center section
tank (No. 6) begins to use first — therefore full fuel mass
in feed tank (m[0][6]=11160 kg) is specified to start fuel
transfer from it (i. e. transfer from this tank begins at
full feed tank). After the WCS tank depletion, fuel us-
age begins from feed tank until its remaining fuel drops
down to m[0][1]=1000 kg. In this moment, fuel transfer
from outer tank (No. 1) starts. When the outer tank is
depleted, fuel usage from feed tank begins until remain-
ing fuel m[0][7]=500 kg. From this moment, forward
transfer begins from stabilizer trim tank (No. 7). When
it is depleted, the fuel remaining in feed tank is used.
Example of fuel burn schedule setting for three-
engined airplane DC-10 is shown in Fig. 5, b. Serial fuel
tank connection scheme is used here. There are three
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tanks and a dry bay inside each wing, and also one tank
in WCS. There are three groups of tanks onboard the
airplane, therefore under symmetry, the group of central
engine and the group of wing engine are considered.
Tank inclusion into the group is provided by depressing
the buttons, corresponding to the tank arrangement. In
this case for the group of central engine: 0 — inner tank;
C — WCS tank. For the group of wing engine: 1 — mid-
dle wing tank; 3 — outer tank; C — WCS tank. Note that,

tank No. 2 (dry bay) is not included in any group. Feed
tank is specified by the second column of buttons for
each group. For the group of central engine, the tank
No. 0 is set. For the group of wing engine, the tank
No. 1 is set. Fuel burn schedule is specified for all tanks
of the group except feed tank. As WCS tank is common
for all groups, then two masses of remaining fuel are
specified for it: to start fuel transfer in each of the
groups.

C=6 m[0]=11160 kg 0 ||[FT kg
0 1 m[0][1]=1000
1
C m[0][6]=11160
S=7
S m[0][7]= 500
a
m[0]=29665 kg
m[1]=15664 kg
o | €0 | o m[3]= 2798 kg
D) 1 0 ||FT 1 D)
1 ||FT
3 3
kg kg
3 m[1][3]= 2500
b C m[0][6]=18462 C m[1][6]=15664

Fig. 5. Fuel burn schedule specifying by fuel remaining in feed tanks (FT):
a—A-310; b — DC-10; (the first column of buttons specifies fuel tanks included in the group of this engine;
the second column of buttons sets feed tank for this group; right column specifies fuel mass remaining in feed tank
of this group, at which fuel transfer starts from this transfer tank)

For the group of central engine, feed tank starts to
use the first. Next, fuel transfer from WCS tank (No. 6)
begins— at fuel remaining in feed tank
(m[0][6]=18462 kg). After the WCS tank depletion, fuel
usage from feed tank (No. 0) continues until its com-
plete depletion.

For the group of wing engine, WCS tank (No. 6)
starts to use first — therefore to start fuel transfer from it,
full fuel mass in feed tank (m[1][6]=15664 kg) is set
(i. e. fuel transfer from it begins at full feed tank). After
the WCS tank depletion, fuel usage from feed tank
(No. 1) begins until the fuel remaining inside it drops
down to m[1][1]=2500 kg. At that moment, fuel transfer
from outer tank (No. 3) starts. When it is depleted, the
fuel remaining in feed tank is used.

Equality of fuel volumes intended for each engine
is provided by correct setting of the burn schedule. In

this case, in the moment when fuel transfer begins from
WCS tank (No. 6) into feed tank of central engine
(No. 0); as much fuel quantity must remain in the last
tank, as totally in tanks No.1 and No.3, i e.
m[0][6]=m[1]+m[3]=15664+2798=18462 kg.

As it is known, main fuel transfer schemes: radial
(Fig. 6) and collector (Fig. 7) have two versions: with
preselected transfer tank groups (with direct transfer)
and with common transfer tanks (with cross transfer).
Cascading transfer scheme (Fig. 8) is used only with
preselected transfer tanks groups.

In schemes with preselected transfer tanks
groups (See Fig. 6, a; Fig. 7, a and Fig. 8), total volume
of each tanks group (feed tank plus all transfer tanks of
the group) must be equal; as normally, these groups are
isolated (although their interconnection is always fore-
seen by the cross-feed line). Experience shows, that
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calculation of these systems does not present any diffi-
culties, if the volume equality condition is met. So, for
each transfer tank of the group, such fuel mass remain-
ing in corresponding feed tank is set, under which fuel
transfer from that transfer tank to the given feed tank
begins.
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Fig. 7. Collector transfer schemes

In schemes with common transfer tanks (See
Fig. 6, b; Fig. 7, b), it is not necessary to meet the trans-
fer tank volume equality condition. But fuel transfer

schedule must be selected so, that all engines are pro-
vided with fuel until it remains onboard. Practically, it
slightly complicates initial data setting procedure for
these systems.

Such cases, when there are dry bays or vent
(surge) tanks (See Fig. 5) inside wing fuel compart-
ments between the fuel tanks, are encountered (but ra-
ther seldom) in practice of airplane designing. These dry
bays can be arranged in fire hazardous zones close to
engine. Vent tanks, as a rule, are placed near to wing
tips; but in some cases (A-380, C-141, DC/KC-10) to
decrease explosion probability under the lightning
stroke; vent tanks are located in the middle parts of each
wing. When calculating «usage», these compartments
can be simulated as dummy transfer tanks, which are
not included in any of the groups.
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Fig. 8. Cascading transfer scheme

Without RBCV, computation of static moment of
fuel mass in separate tank does not present any difficul-
ties; and it is performed by interpolation according to
current fuel remaining in this tank (Fig. 9).

Tank kt at
current mode 6
mykt] | S,[kt
el oItl Static moment
Current m, S,, of fuel mass in
fuel tank kt under
remaining 1, S:2 current fuel
in tank kt |0kt S, w|remaining in
in current 4 tank m[kt] in
mode O current mode
0
m“'2 Sz n-2
m“'l Sz n-1

Fig. 9. Fuel mass static moment computation for tank kt

When RBCV exist, they must be taken into ac-
count only in «extreme» pitch angle 0, i.e. for high-

wing/anhedral monoplanes — for 0 for low-

min >

wing/dihedral monoplanes — for 0 In other cases

max °
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even when RBCV are installed, static moment calcula-
tion is provided by the same scheme.

Computation of the static moment of fuel mass in
tank section, separated by RBCV in «extreme» mode 0,
is impossible to perform directly by mass of fuel re-
maining in the tank; as fuel mass in the section sepa-
rated by RBCV is not known beforehand in this mode
[2]. For these cases, three consecutive steps are per-

formed (Fig. 10). In the first step, fuel level in the tank
is computed, which is equal for all its sections in cruis-
ing mode O, by the current fuel mass remaining in the
tank in extreme mode 0. In the second step, fuel mass
in the considered tank section is calculated, which is
equal for both modes, by this level. And only in the
third step, static moment of fuel mass in this tank sec-
tion in «extreme» mode is computed, by this mass.

Tank kt in Section k of tank kt in Section k of tank kt in
cruising mode 6, cruising mode 6, extreme mode O,
me[kt] | 3:[kt] Ocrursel KU [K] |Meronselkt] [K] mg [kt][k] | S, ex[kt][k]
ml 81 81 ml ml Sz 1
m, 3, 3, m, m, S
m[kt] dint I‘nint Sz int
m,, n-2 B,2 m,, m,, S,
m,, 6n-1 6n_1 m,, m,, Sz -1
Current fuel Fuel level in tank kt, equal for | |Fuel mass in section | [Static moment of fuel mass in
remaining in tank | [all its sections in cruising mode | |k of tank kt under section k of tank kt under fuel
kt in extreme 0., under fuel remaining in tank fuel remaining in remaining in tank m[kt] in
mode O m[kt] tank m[kt] in both extreme mode
modes

Fig. 10. Computation of static moment of fuel mass for section k of tank kt, separated by RBCV

Summing up all stated above, aggregative fuel
«usage» algorithm for the case of several tanks can be
presented consisting of some blocks (Fig. 11). The most
important of them are blocks of mass and static mo-
ments calculation.

Calculation Results

The considered algorithms were implemented by
R. U. Tsukanov in computation module of the Power
Unit 11.6 software; the following calculations were per-
formed by means of this software.

All calculations were carried out for three pitch
angles: minimal, cruising and maximal ones.

CG position calculation was performed for twin-
engined low-wing/dihedral monoplane and single fuel
tank in each wing (B-737-400), but now with WCS
tank, which is used in the first order into both engines
(Fig. 12). Here, parallel fuel feed system is used.

Calculation was carried out for twin-engined high-
wing/anhedral monoplane (An-148), but now with four
tanks in each wing and WCS tank (Fig. 13). In this air-
plane, there is serial fuel feed system and cascade fuel
transfer from common WCS tank and three wing tanks
into feed tank in the wing tip. The following fuel burn
schedule was set: WCS tank is used in the first order

into both engines; next — the first tank from root, the
second tank from root, the third tank from root and the
outer tank are consequently used in proper engines. For
comparison in the figure, graphs are shown for standby
gravity fuel transfer (when intank transfer system is
failed). In this case, fuel migrates through three RBCV,
subdividing wing tanks.

As clear from the graphs, first-order fuel utilization
from the wing center section considerably shifts CG aft
(in the examples 2.7...3.3 %). In the same time, fuel
migration in wing center section tank insignificantly
influences on CG position (CG position difference at
minimal and maximal pitch angles is 0.9...1.2 %).

Wing tanks utilization causes more complicated in-
fluence on CG position, which is defined in the first
order by sign of wing anhedral/dihedral angle.

Let’s initially consider low-wing/dihedral mono-
plane (See Fig. 12). Firstly, here in cruising mode, ini-
tially, CG shifts forward, but next it shifts aft. Secondly,
maximal CG shift is rather big (in example 2.2 %).
Thirdly, fuel migration has big value for wing tanks.
But in this case, owning to rational arrangement of two
RBCV, CG shift range under pitch angle variation
makes only 1.3 %.

Let’s now consider high-wing/anhedral mono-
plane. Firstly, here in cruising mode, initially, CG posi-
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tion shifts aft, but next it shifts forward. Secondly, max-
imal CG shift is even more (in the example 6.5 %).
Thirdly, fuel migration causes considerable influence
(CG shift range makes 1.9 %).

Start
@by pitch angles 6 from em%
Y

0. Calculation of initial fuel masses in each
fuel tank and airplane takeoff mass.
Calculation of step for total mass (fuel
“quantum”):  dm=(m,-ZFW)/n.

Calculation of mass step for trim transfer.
Setting minimal fuel mass for fuel tank from
which aft trim transfer is performed

v
Loop by number of
points (j7=0,n) of masses, static
moments and CG arrays

1. Calculation of current masses: airplane and
fuel in each fuel tank in the process of fuel
utilazation and transfer.

v
2. Computation of static moments for each
fuel tank (and section, separated by RBCV)
and summing up total static moment.
Transformation to axis z, passing through
wing root chord leading edge (for fuselage
and stabilized tanks).

v
3. Calculation of airplane CG position under
current fuel mass:
=(((S,/m)-x,)/b,)100%
v
<_4. Calculation of RBCV arrangement
estimation criteria: ~ MaxDelX, SigDelX

A

2

Plotting graphs of parametrically
defined functions x,(m.) for
specified pitch angles

End
Fig. 11. Aggregated «usage» algorithm

The main conclusion, which can be done basing
on these graphs, is the following: CG position of low-
wing/dihedral monoplane in cruising mode is unfavor-
able from point of view of aerodynamic drag minimiza-
tion and requires correction by means of fuel trim trans-
fer (FTT). In the same time, for high-wing/anhedral
monoplane — CG shifts in the desirable direction by
«natural» way (initially aft, next forward). So, FTT ap-
plication is the most advance in low-wing/dihedral mo-

noplanes; practically all passenger airplanes with turbo-
fans are related to which.

In the low-wing monoplane CG position graph
(See Fig. 13), it is also possible to estimate influence of
fuel transfer method (normal — by jet pumps or emer-
gency — by gravity). It is clear that, graphs for cruising
and maximal pitch angles practically coincide at both
transfer methods. The graphs for minimal pitch angle
differ only in narrow range of flight masses: notably
before and after depletion the first tank from root.

CG position graphs for three-engined low-
wing/dihedral monoplane (DC-10) are shown in Fig. 14.
Here, serial fuel feed system and radial fuel transfer
system with common WCS tank differs by certain com-
plication because of presence of three engines and four
feed tanks. In this airplane, it was possible to provide
initial CG shift aft, and next forward, as in high-
wing/anhedral monoplanes, that promotes trim drag
decrease and fuel efficiency increase; by means of ra-
tional fuel burn schedule (firstly wing center section
tank and partially — inner tanks are used, see Fig. 5, b).

CG position graph for the A-310 airplane without
fuselage tanks is shown in Fig. 15. In this airplane, there
is parallel fuel feed system with common WCS tank.

In this case, the airplane takes off with empty tank
in stabilizer. CG position graphs for this airplane with-
out FTT utilization (1,2, 3,4) include two breaks,
which are determined by assumed fuel burn schedule.
The first break 6 (at current mass 130 t) matches to
WCS tank depletion and inner wing tanks utilization
start. The second break 7 (at mass 108 t) corresponds to
fuel utilization start from outer wing tanks.

It is clear that, wing tanks subdivision into two
ones leads to considerable decrease of CG shift range
(in addition to the main task — wing load alleviation).
But, it is necessary to remember that, increase in num-
ber of tanks, firstly, complicates fuel system, and, sec-
ondly, increases its cost and mass (due to additional
pumps, pipelines and valves).

In this case, CG shift caused by fuel migration dur-
ing fuel utilization from wing tanks is considerably less,
than in the first example for low-wing monoplane, also
due to wing subdivision into two tanks.

CG position graphs for four-engined low-
wing/dihedral monoplane (B-747) are shown in Fig. 16.
This airplane distinguishes by mixed fuel feed system
with rather complicated fuel burn schedule.

In the first stage (5-6), fuel is used from WCS tank
into outer engines, and from inner tanks into inner en-
gines. From definite fuel mass (18200 kg) remaining in
the inner tanks (6), fuel transfer starts from outer tanks
into inner tanks.

After depletion of the outer tanks (7), fuel is fed
from WCS tank into outer engines, and fuel from inner
tanks is still fed into inner engines.
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Fig. 12. CG position graph for twin-engined low-wing/dihedral monoplane with single fuel tank in each wing and

a tank in wing center section (B-737-400): 1 — In minimal pitch angle; 2 — In cruising pitch angle; 3 — In maximal

pitch angle without RBCV; 4 — In maximal pitch angle with two RBCV as in airplane (see scheme); 5 — Fuel feed
start from WCS into both engines; 6 — WCS tank depletion and feed start from wing tanks; 7 — Wing tanks depletion
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Fig. 13. CG position graph for twin-engined high-wing/anhedral monoplane, with four fuel tanks in each wing and
a wing center section tank (AH-148): 1 — In minimal pitch angle with fuel transfer as in airplane (see scheme); 2 — In
minimal pitch angle with gravity transfer without RBCV; 3 — In minimal pitch angle with gravity transfer with three

RBCV; 4 — In cruising pitch angle with fuel transfer; 5 — In cruising pitch angle with gravity transfer; 6 — In maxi-

mal pitch angle with transfer; 7 — In maximal pitch angle with gravity transfer; 8 — Fuel transfer start from WCS
tank into both feed tanks; 9 — WCS tank depletion and transfer start from the first tank; 10 — First tank depletion and
transfer start from the second tank; 11 — Second tank depletion and transfer start from the third tank; 12 — Third tank
depletion and utilization start from feed tank; 13 — Feed tank depletion
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Fig. 14. CG position graph for three-engined low-wing/dihedral monoplane with three tanks in each wing and
a wing center section tank (DC-10): 1 — In minimal pitch angle; 2 — In cruising pitch angle; 3 — In maximal pitch
angle; 4 — Fuel feed start into central engine from inner tank, and fuel transfer start from WCS tank into middle
tanks (from which wing engines are fed); 5 — Fuel transfer start from WCS tank to inner tanks; 6 — WCS tank deple-
tion; 7 — Fuel transfer start from outer tanks to middle ones; 8 — Outer tanks depletion; 9 — Simultaneous depletion
of inner tanks in central engine and middle tanks in wing engines
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Fig. 15. CG position graph for A-310 airplane without fuselage tanks: 1 — In minimal pitch angle; 2 — In cruising
pitch angle; 3 — In maximal pitch angle with RBCV; 4 — In maximal pitch angle without RBCV; 5 — Fuel utilization
start from WCS tank; 6 — WCS tank depletion and fuel utilization start from inner tanks; 7 — Inner tanks depletion
and fuel utilization start from outer tanks; 8 — Outer tanks depletion
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Fig. 16. CG position graphs for four-engined low-wing/dihedral monoplane with three tanks in each wing and
a WCS tank (B-747): 1 — In minimal pitch angle; 2 — In cruising pitch angle; 3 — In maximal pitch angle with
RBCV; 4 — In maximal pitch angle without RBCV; 5 — Fuel utilization start from WCS tank to outer engines,
and from inner tanks to inner engines; 6 — Fuel transfer start from outer tanks to inner tanks; 7 — Outer tanks
depletion; 8 — WCS tank depletion; 9 — Fuel transfer start from middle tanks to inner tanks; 10 — Transfer termina-
tion from middle tanks to inner tanks; 11 — Transfer termination from inner tanks to middle tanks;
12 — Simultaneous depletion of inner tanks to inner engines and middle tanks to outer engines

After depletion of the WCS tank (8), fuel feed
starts from inner tanks in both inner and outer engines.

From definite fuel mass (9072 kg) remaining in
inner tanks (9), fuel transfer starts from middle tanks
into inner tanks. In the same time, both engines placed
in one wing go on feeding from each inner tank.

At definite fuel mass (3200 kg) remaining in inner
tanks (10), outer engines start to feed from middle
tanks. Inner engines go on feeding from inner tanks with
fuel transfer in them from middle tanks.

At the same fuel mass (3200 kg) remaining in
middle tanks (11), fuel transfer from middle tanks into
inner tanks terminates. After that, inner engines go on
feeding from inner tanks, but outer engines are fed from
middle tanks.

Conclusion

1. On the base of information analysis known from
public information sources about shapes of wing and
fuselage tanks; mathematical model of their shape has
been developed.

2. Mathematical model (algorithm and its program
implementation using C language in Power Unit 11.6
system) has been developed for CG position numerical

simulation of airplane with swept-back wing, which
keeps fuel both in wings, and in fuselage tanks, in the
process of fuel utilization at specified pitch angles, tak-
ing into account specified number and arrangement of
ribs with baffle check valves, and also specified fuel
burn schedule.

3. Features of fuel burn schedule setting, fuel
transfer schemes and dry bays arrangement used in
modern aviation are analyzed and taken into account in
the mathematical model.

4.0n the base of mathematical simulation (in
Power Unit 11.6 system), conclusion is done about
greater rationality of fuel trim transfer utilization for
low-wing /dihedral monoplanes.

5. For the mathematical model following devel-
opment, it is necessary to account current flight mass
and CG position influence on required pitch angle.
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MATEMATHYECKOE MOAEJIMPOBAHUME BJIMAHUS IOPAIKA BBIPABOTKU TOIIJIMBA
HA IIEHTPOBKY CAMOJIETA

P. 1O. Ilykanos

Ha ocHoBe aHanm3a (GOpM KPBUIBEB CYIIECTBYIOIIUX CAaMOJIETOB TPAHCIIOPTHON KaTEroOpWH, MPENIOKCHBI
(dhopMyIBI Aj1s omHMcaHus (POPMBI TOIUTMBHBIX 0aKOB, PACIIONIOKEHHBIX B KOHCOJIAX KPbUIA, IIEHTPOIUIaHE U (I03eIs-
xe. [IpoaHaaIM3UpPOBaHbI CIIOCOOBI 3aJaHUs TOPSIKA BHIPAOOTKH TOIUIMBA M CXEMBI ITEPEKaYKH TOILTUBA. PaccMoT-
PEH CIoco0, MO3BONISIONIMHA yIECTh BIMSHHE MPOTUBOOTIUBHBIX HEPBIOP Ha IMOJOKCHUE IIEHTpAa Macc camoJéra.
[IpemtokeH aaropuTM pacuéra MOJOKEHUS IIEHTPa Macc CaMoJIéTa TPaHCIIOPTHON KAaTEeropud B 3aBUCHMOCTH OT
TEKYIIEro YPOBHs TOIUIMBA B 0akax WM yrja TaHTa)ka, yUWTHIBAIOIINHN 3aJJaHHOEC KOJMYECTBO U PACIIOIIOKEHHUE TOII-
JIUBHBIX 0AKOB B KOHCOJISIX KpbLIa, IICHTPOILIAHE W (PrO3EIIsIKE, TOPSI0K BRIPAOOTKH TOIUIHBA, a4 TAKKE KOITHYCCTBO
U PACHONIOKCHUE MPOTUBOOTIIMBHBIX HEpPBIOpP. Ha 0CHOBE ATOro ajroputMa M €ro MporpaMMHON peaaH3alliy BbI-
MTOJTHCHBI PAacy€ThI MOJIOKEHHSI IIEHTPa MAacc MO Mepe BBIPAOOTKH TOILIMBA JUIS Psifia MACCAKUPCKHX CaMOJIETOB
(An-148, B-737-400, A-310, DC-10, B-747). IlpenioXeHHBII aarOPUTM MOXKET OBITh UCIIONB30BaH I OMpeaese-
HUS PAIHOHAIBHOTO KOJMYECTBA M PACIIONIOKEHUS MIPOTHBOOTIIMBHBIX HEPBIOP, TIOCTPOCHHUS 0OJICe CIIOKHBIX MaTe-
MAaTHUYCCKUX MOJIEJICH, a TAKKEe IPHU BBITIOHEHUH KYPCOBBIX U JUIUIOMHBIX IIPOCKTOR.

KiroueBble cjioBa: TOILUIMBHAS CHCTEMa CaMoJéTa, MOPSIOK BHIPAOOTKU TOILTMBA, IICHTP Macc, IICHTPOBKa,
TOILIMBHBIHN Oak, MOJACHCTEMA TIOAa4YH TOIUIMBA, MOJCUCTEMA BRIPAOOTKH TOILTHBA.

MATEMATHUYHE MOJIEJIIOBAHHS BIIVIUBY ITOPAAKY BUPOBJIEHHS ITAJIMBA
HA HEHTPYBAHHS JIITAKA

P. 1O. Ilykanos

Ha ocHoBi ananizy ¢opM Kpui1 iCHYIOUHX JIITaKiB TPAHCIIOPTHOI KaTeropii 3anpornoHoBaHo (GopMynu A OIH-
cy opMu mamuBHHUX OaKiB, IO PO3MIIICHO Y KOHCOJIAX KPHUIIa, IIEHTpoIUIaHi Ta (rozemsoki. [IpoaHanizoBaHo CIIoco-
Ou 3alaHHS MOPSAKY BUPOOJICHHS MAJMBA Ta CXEMH MepeKadyyBaHHs MajauBa. Po3risHyTO CIocio, 1o J03BOJISE Bpa-
XYBaTH BIUTUB MPOTUBIJIMBHUX HEPBIOP HA MOJIOKEHHS IIEHTPY Mac JIiTaka. 3amporiOHOBAHO aJITOPUTM PO3PAXYHKY
MTOJIOXKCHHS IICHTPY Mac JIiTaka TPAHCIIOPTHOI KaTeropii y 3aJIeXKHOCTI BiJl TOTOYHOI'O PiBHS MaMBa y 0akax Ta KyTa
TaHTaXxy, 110 BPaxOBYE 3aJaHy KUIBKICTh Ta PO3MIIIICHHS MaJMBHUX OaKiB y KOHCOJNSX KpHia, IICHTPOIUIaHi Ta ¢ro-
3€JISDK1, IOPSIOK BUPOOJICHHS MAJIMBa, a TAKOK KUTBKICTh Ta pO3MIIIICHHs MPOTHBIIIHBHUX HEepBIop. Ha ocHOBI 11b0-
T'0 QJITOPUTMY Ta HOTO MPOrpamMHoOI peaizallii BUKOHAHO PO3pPaxXyHKHU MOJOKECHHS IEHTPY Mac BiIOBIIHO 10 BUPO-
OJICHHS TIAJIMBa JJISl HU3KK MACKUPChKUX JiTakiB (AH-148, B-737-400, A-310, DC-10, B-747). 3anponoHoBaHHH
aJITOPUTM MOXKE OYTH BUKOPUCTAHO I BU3HAYCHHS PaIliOHATBHOT KITBKOCTI Ta PO3MIIIICHHS MTPOTHBIIJIMBHAX HEP-
BIOD, MOOYTOBY CKJIAMHIIIAX MaTEeMAaTUYHUX MOJIEIICH, a TAKOX NP BUKOHAHHI KYPCOBUX Ta JUIUIOMHHUX ITPOCKTIB.

Karou4oBi cioBa: nanuBHa cucrema JIiTaka, MOpSJOK BUPOOJICHHS MajlnBa, LIEHTP Mac, EHTPYBaHHS, MaJUB-
HU# Oak, MiJcUCcTeMa MMOaBaHHsI [TAIMBa, IMiICHCTEMa BUPOOJICHHS TTaJIUBa.
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