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 Library
ng. Sweden
Fuel-Air Tank System
Hans Ellström, SAAB, Linköpi
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 input data)
 to prel IN sub test

24
08
08

8+0.2, 1.25 m tube 5/4" + SOV 5 cm2
08
08

0 + 0.1 for exit tube
2-10

into Easy5

SY5 BOEING

Central Tank

TC

Flying

Tank

Drop Tank

TC11

Flying

Tank

Drop Tank Fuel Pump

PS

Fuel

Tank Press. Duct

PO

Pipe/Orifice

Tank Press. Duct

PO11

Pipe/Orifice

Common

Data

Input

Flight
Data

Pamb(Alt)
1

1

g-vector (time) Altitude (time)

PA FDS2 SJ

S2 TB11

S2 SJ

ex1
   Transfer of old Fortran code (extract from
11 ’FRTU Pr. to 3F’          33 35 5 73 0 3 0 7.05 10 ! Acc.
12 ’TUBE FRTU to 3F  ’   35 3 73 8 0 1 0 7.05 2.5
13 ’RADARCOOL W CV’ 47 1 78 11 1 1 0 .933 10.8 ! 8602
14 ’PRIM JP 2B-1B’         47 36 78 33 8 3 -1 .21 1.1 ! 8511
15 ’SEK   JP 2B-1B’         7 36 34 33 1 2 -1 1.47 .8 ! 8511
16 ’OUT  JP 2B-1B’         36 2 33 35 7 1 1 1.68 2.0 ! z=1.
17 ’PRIM JP VT-DRAIN’  47 37 78 27 0 3 -1 .093 1 ! 8511
18 ’SEK  JP VT-DRAIN’   6 37 28 27 1 2 -1 .647 1 ! 8511
19 ’MIX  JP VT-DRAIN’   37 2 27 80 6 1 2 .74 2.1 ! z=2.
20 ’ARTU to L WING’      38 49 6 85 0 3 0 10.35 15.0 ! 92-0
21 ’L WINGPUMP     ’      11 49 47 85 2 2 4 0 0

EA
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tanks are resistive.

f the reality without overloading the
nd the g-load vector, is fairly easy to

Cooler

odal ”tank”

x

z

A pure nodal-network concept is used.
 The tanks hold the states of the model and all connections between 

2D-Layout and rectangular tanks
With 2D-layout and rectangular tanks you get a good approximation o
code and data input. The fuel level in a tank, given the fuel content a
calculate.
All geometrical data are concentrated to the tanks.

N

L

H
(x,z)mid

(x,z)port

(x,z)port

Depth

g-load



O
ve

rh
ea

d_
S

A
A

B
 9

7.
09

 F
ra

m
eM

ak
er

 5

4(19)

tilation/pressurization you are almost
case or pure air flow case, with both

l - air flow cases.

re between ends

g pressure in pipe

ure in the pipe helping the flow
ank 2
 Both Fuel and Air
If you want to have a single model of a complete tank system with ven
forced to admit both fuel or/and air in the same pipe.The pure fuel flow
ends fuel-covered or not, are trivial, but there are (2 x) 4 different fue

P1

P2

PHyd1

∆PHyd

∆Pair =  P1 + PHyd1  -  P2 = pressu

∆Pfuel  = ∆Pair  + ∆Phyd = drivin

Wfuel

∆Pair > 0, ∆Pfuel >  0 ∆Pair > 0, ∆Pfuel <  0

∆Pair < 0, ∆Pfuel <  0∆Pair < 0, ∆Pfuel >  0

No flows

Wfuel
Wair

Wair

g-load ∆PHyd = hydraulic press
from tank1 to t
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in pure SI-units. It has been concide-
2 for pipe cross sections), but this is
ut, the risk of making wrong is minimi-
 and safe.

urate
te model and the man-hours needed
ute it. The approach of the Fuel-Air
r that is used, is not the exact expres-

dead-bands for covered/non-covered
 by not using switch states, has to be

algorithms has to be used in Fuel-Air
tive (the friction is dependent of the
t models without internal memories to
d the same state derivatives output).

-contained
n add-on to the ECS Library or the
nction Tables, regulators, etc in the

 make some regulating functions.
SI-units throughout
SI-units are used solely and completely. Even inputs have to be given
red to change to more relevant multiples when inputting data (e.g. cm
abandoned. If you stick to pure SI-units, you always know what to inp
zed, and most important, the underlying code becomes simple, clear

Simple and fast rather than extremly acc
There is always a balance between the engineers need for an accura
to create and maintain that accurate model and the CPU-time to exec
Library is to keep it as simple as possible. E.g. the flow function for ai
sion, but a simplified expression, with only squares and square-roots.
No Easy5 switch states are so far introduced in the library. There are
ports, but these are internal in the code. The inaccuracy, that you get
tolerated.

Fixed time-step
The reluctance to use switch states is one reason why fixed time-step
Library. There is also a pipe module with friction. This module is itera
flow) and thus implicit. Variable time-step algorithms need truly explici
work flawlessly (the same states and input variables shall always yiel

The Fuel-Air Tank System Library is self
The Fuel-Air Tank System Library is a self-contained library. It is not a
Hydraulic Library. The only modules you might have to add are the Fu
General Purpose Library to create input to your simulation profiles or
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tion

ion

Longer Pipe

Longer Pipe

PP

 ports)

Flying

Tank

Flying Tank (9 ports)

TD

ce

e

Nodal Tank (7 ports)

MT

Node

FL TD

PB

Fuel Probe in Tank

Probe
Jet Pump

3

2

1

JP

Common
Data

Input

Pipe with fric

PF

Pipe w frict

Check Valve

CV

Check Valve

Barrel Tank

TB

Barrel
Tank

Flying Tank (5

TC

Flying

Tank

Fuel Pump

PS

Fuel

Pipe / Orifi

PO

Pipe/Orific

Nodal Tank (4 ports)

NT

Node

Nodal Tank (4 ports)

NT11

Node

Fuel Pump w red. flow (cavitation)

PR

Fuel

Components
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s.

 buffer pressure, PB.

s, etc.

b

The Common Data Input, CD
In this component all data that are global to the model are set.

1.   The fluid (default fuel JP8) and gas (default air at 20 C) propertie

2.   The g-load vector (gx and gz).

3.   The volume in the  “nodal tanks”.

4.   The volume of the filled tank buffer, VB,  and the associated filled
      PB / VB  makes up a bulk modulus of a filled tank or node.

5.  Delta-pressure limits for linearization around zero flow in pipe

VB

Vb = fuel in buffer

P = PB / VB x V
Filled up into the buffer

Flow

∆P∆Plin

- ∆Plin

Linearized
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ks or nodal points. The pressure drop
esponding loss coefficient (number of
the more complicated flow function
connections that are more or less dis-
 there is a chance of high speed air

 flow, where the flow speed is mode-
ed conditions may occur, you should
st results.

t and friction
ns a more realistic description of the
ponent with their constant loss coeffi-
ite expression for pipe friction is used.

F2

Dynamic head q = (P1 - P2) / K

Input: Geometry and pressures
Output: Flows, positive outwards
PO       Pipe / Orifice / Venturi / Valve

The PO component is the most common connection between two tan
in the connection is represented by a cross section area and the corr
lost dynamic heads). The flow calculation is simple for fuel but for air 
approach is used. It is a component, that may be used for all types of
crete in space, e.g. holes, short pipes, orifices, valves and venturis. If
flow, with possible choking, then this component should be used.

PP       Longer Pipe
The PP component is mainly intended for longer pipes, in case of air
rate. The flow calculation code is simple and fast. If high speed, chok
combine the PP component with a PO component at the outlet, for be

PF       Pipe with discrete loss coefficien
The PF component is a PO component with friction added. This mea
flow-pressure drop behavior in longer pipes than in the PO or PP com
cients, but it costs a little more CPU-consumption.The Colbrooke-Wh

Port 1

Port 2

XP1 ZP1 PA1 PF1

XP2 ZP2 PA2 PWF1 WA1

WF2 WA2

A

K

either
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Tank

at can be exposed to a g-load in any
k systems. Most of the geometrical

ss content, as these are both conser-
 air as a mass, the state of the air is

 PF2

PF3

hown

Output: Geometry and pressures
Input: Flows, positive inwards
TC (5 ports), TD (9 ports)   2-dim Flying 

The TC and TD components are 2-dimensional, rectangular tanks, th
direction in the 2-D plane. They form the basis for modelling flying tan
data of a tank system model is placed in these tanks.
Ports that have non-set values (ZP = 0.99999) are not calculated.

The chosen states
The physically most correct states in a tank are the fuel and the air ma
ved states. Due to the inconvenience to specify the initial state of the
changed to the more familiar and measurable pressure.

ZT
HT Port 1

Port 2

Port 3
Z1

Z3

Z2
WF2 WA2

XP2 ZP2 PA2

WF3 WA3

XP3 ZP3 PA3 

WF1 WA1

XP1 ZP1 PA1 PF1

z-dir

PF3

Pair

PA1 = PA2 = PAetc = Pair

x-dir LT

WT

g-load

X3

X1

X2

XT

There are more ports not s
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t  ”Tank”

ent ”pipes”. It may be looked upon as
cally calculate the pressure in such a
ot. With a dead-band, less than 40%

anks”

a state.
NT (4 ports), MT (7 ports)      Nodal poin

The NT or MT is the normal way to connect, merge and branch differ
a node in a network of ”pipe”-resistors. Its main function is to dynami
nodal point and also keep in memory if the node is filled with fuel or n
fuel in the node means air-filled, more than 60% means fuel-filled.

Pressure equation for both “real tanks” and “nodal point t

and its derivative, which has to be used in Easy5, as the pressure is 

   Vair >= Vbuffer=VB

Port 1 Port 2

WF2 WA2

XP2 ZP2  PA2  PF2WF1 WA1

XP1 ZP1  PA1  PF1

Pair

PA1 = PA2 = Pair

Pfuel

PF1 = PF2 = Pfuel

Location = (X, Z)

There are more ports not shown

PA
mair

Vair
---------- RairT⋅ PB

VB
------- V fuelinbuffer⋅+=

td
dP td

dmair

Vair
------------- RairT⋅ PB

VB
-------

td

dVfuelinbuffer⋅+=
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loss coefficients.
n at the motive nozzle outlet/mixing

nts with the addition that the
n of the mixing channel serves as a

). It acts as the fuel/air buffer descri-
l-air situations can be handled auto-
k too much air out of the nodal point.
ia its derivative.

t 3

3 PF3

A3
JP        Jet Pump for both fuel and air.

The JP component is a Jet Pump defined by it geometrical data and 
The jet pump is treated as a nodal point representing the cross sectio
channel inlet, which is connected to the three ”pipes”,
      motive flow nozzle
      induced flow inlet
      mixing channel
The motive nozzle and induced flow inlet are treated as PO compone
momentum out of them are also calculated. The constant area portio
control volume for the calculation of the flow through the channel.
The cross section nodal point acts as a normal nodal point ”tank” (NT
bed in the NT component. Thereby for instance both fuel-fuel and fue
matically in a simulation. With fuel in the motive flow, it is easy to suc
Thus the pressure in the nodal point is limited to be above vacuum, v

A1

A2
A3

Port 1

Por

Port 2 K3K2

K1

XP1 ZP1 PA1 PF1
WF1 WA1

XP2 ZP2 PA2 PF2
WF2 WA2

XP3 ZP3 PA

WF3 W
Induced flow

Motive flow
Mixed flow

Control volume

Internal state station (MF, P)
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nly the vertical z-positions are used.

ntial pressure the valve is closed and
se pressures the valve area is linearly

le curve (Delta-P, Flow). The Delta-P-

pump, so far.

act the fuel level information from the

ystem is supposed to be isothermal.
TB       Barrel Tank ( 3 ports)
A non-flying ground tank, described by its bottom area and height. O

CV       Check Valve
The check valve is treated as a orifice (PO). Below an opening differe
above a fully open differential pressure it is fully open. In between the
interpolated.

PS        Fuel Pump. Single curve.
The PS component is a simple way to describe a fuel Pump by a Sing
values must be monotoneously increasing.
If there is air at the inlet, there is neither fuel or air going through the 

PB         Probe in Tank
The PB component is a simple linear Probe, that can be used to extr
tank component TC or TD.

As you may have noted there are no heat transfer components. The s
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a larger system is used. The jet pump

uck the fuel that has been drained or
11). The jet pump is driven by a fuel

 connected to ambient atmosphere
 to some tank pressurization (PO11
is modeled by a small orifice (PO12).

)) the buffer volume and pressure is
l changes. Dead-band (ZDB) is 1 cm.

t Heun or Fixed R-K seems to give the
 the internal switches and time-lag-

Central Tank

TC11

Flying

Tank

To Tank Pressurization

PO11

Pipe/Orifice

Common

Data

Input

k

Fuel Pump

PS

Fuel
Example 1. Jet Pump in Vent Tank
To demonstrate the fuel - air capability the following simplified part of
is also probably the most tricky component.

A fuel driven jet pump (JP 0.3 cm2 prim, 1.3 cm2 mix) is installed to s
has leaked into the ventilation tank (TC) back into the central tank (TC
pump (PS 4 bar no-flow, 0.6 kg/s free-stream). The ventilation tank is
(PO with 100 kPa in the other end) and the central tank is connected
with 125 kPa in the other end). The fuel drain/leakage to the vent tank
In Common Data (CD (don’t forget the CD, nothing happen without it
changed to 0.1 liter and 2 MPa to get a quick pressure reponse to fue
This simple model can be run with all of the integration algorithms, bu
best accuracy/CPU-yield. The variable time-step algorithms don’t like
ging memories in the Fuel Library and get a little upset.

Jet Pump

3

2

1

JP

Ventilation Tank

TC

Flying

Tank

To Ambient

PO

Pipe/Orifice

Leakage to Vent Tan

PO12

Pipe/Orifice

Simulated and
accumulated CPU times To JP primary

NT

Node

Integration Information
Gear and Adams
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Result of the simulation (Heun, dt = 0.4 ms)

ead-band at the induced flow inlet in
jet pump. But the primary, motive fuel
scale up and downs. You can see the
e.

Jet Pump in Vent Tank

30 40 50 60

30 40 50 60

30 40 50 60

30 40 50 60
TIME

TIME

TIME

TIME
The large scale up and downs are due to the covered - not covered d
the vent tank. When the inlet is not-covered, air is sucked through the
flow has to be blown out of the jet pump too. This is causing the small
40 - 60% dead-band in the “jet pump node” in the left lower plot abov
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Results, cont.

 in a stable and reliable manner.

Jet Pump in Vent Tank

30 40 50 60

30 40 50 60

30 40 50 60
TIME

TIME

TIME
Conclusion of this example
The Fuel-Air Library is able to handle the “both fuel and air” situation
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l consump, Tab 2 = not used

Common
Data
Input

 

S2 PT

TRIGUT

Longer Pipe

Longer Pipe

PP21

Longer Pipe

Longer Pipe

PP22

Longer Pipe

Longer Pipe

PP20

Pipe / Orifice

PO36

Pipe/Orifice

S2 TB12

Nodal Tank (4 ports)

NT27

Node

S2 TB12

MF TC16
MF TC17

as a function of time

MF TC28
MF TC29

Simulated and
accumulated CPU times

or as a function of time

CLO_T2O
CLO_T3O

CLO_RWV

CLO_LWV

CLO_AT1

CLO_CDV

Integration Information
Gear and Adams

CLO_T1I

CLO_T2I

CLO_T3I

CLO_T1O

CLO_RSO
VU1C_E

S2 TB

 

 

Pulse Train

B11

ECU SystemBuild C-code

WingTanks
ExtTank

AftValveUnit

1sec
Trigger

FuelConsump

CommonData
Example 2. JAS39 Gripen fuel system

Longer Pipe

Pipe_ARTU-FRTU

PP

SubmodelSubmodel

Tab 1 = Fue

1

1

Fuel Pump

PS

Fuel

Nodal Tank (7 ports)

MT13

Node

Longer Pipe

Longer Pipe

PP18

PA FD

Nodal Tank (4 ports)

NT26

Node

MF TC14
MF TC1F

Refuel Valve

PORV

Pipe/Orifice

Nodal Tank (4 ports)

NT17

Node

MF TD1B

Longer Pipe

Engine_feed_pipe

PP29

MF TCRF
MF TC12

Longer Pipe

Pipet2b

PP19

Nodal Tank (4 ports)

NT18

Node

Nodal Tank (4 ports)

NT23

Node

Longer Pipe

Longer Pipe

PP24

MF TD23
MF TD11

Longer Pipe

Longer Pipe

PP23

Nodal Tank (4 ports)

NT22

Node

S2 SJ

Flight
Data

Pamb(Alt)

1

1

Alt 

S2 SJ

S2 SJ
S2 SJ

PA FD

DP

g-vect

S2 SJ

 

S2 S11OS2 S12O
S2 S1T1

S2 S1RVS2 S1RW
S2 S1T2

S2 S1LW

PA FD

MF TC13

S2 S1DT

S2 S13O

S2 S1T3

S2 S1AT

S2 S1RV

PA FD

S2 SJ11

S2 S1EV

S2 T

S2 S1AT

FwdTank AftTankCentTank&

ForwValveUnit &

FlightData

ValveAreaSwitches

FuelPump

JetPump JetPump

TransferPump

ReFueling

g-load

NGT

Equipment
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Submodel of the Central Tank (“Tank 1”)

Flying

Tank

Tank1_aft

TD1B

Sov JP T2

PO24

Pipe/Orifice

NGT

TCRF

Flying

Tank

Boot NGT

PO22

Pipe/Orifice

Sov JP T3

PO23

Pipe/Orifice

Nodal Tank (4 ports)

NT

Node

ump

3

12

k (4 ports)

11

ode

MT13

PP16

MF TCRF
FO14

MT13

MF TC1F
FO14

MF TD1B
FO14

Longer Pipe

Longer Pipe

PP30

MF TC12
FO14

P
S

O
21

NGT

AftPart

 Fwd-Aft

From BoostPump

From BoostPump

From AftTank JP

Fuel Content Out

Fuel Content Out

Fuel Content Out

To Aft ValveUnit

To BoostPump
Tank1 forw

TC1F

Flying

Tank

Longer Pipe

Longer Pipe

PP11

Jet P
2

1

JP

Nodal Tan

NT

N

Nodal Tank (4 ports)

NT24

Node

Tankpressure_T1

PO27

Pipe/Orifice

Jet Pump

3

2

1

JP13

Longer Pipe

Longer Pipe

PP27

S
2 

S
1A

T
A

T

Longer Pipe

Longer Pipe

PP28

Nodal Tank (4 ports)

NT25

Node

Check Valve

CV

Check Valve

A
A

Nodal Tank (4 ports)

NT30

Node

Vent-tank

TC12

Flying

Tank Longer Pipe

Longer Pipe

PP17

 

PP23

Check Valve

CV12

Check Valve

Check Valve

CV13

Check Valve

Nodal Tank (4 ports)

NT29

Node

PP15

S2 SJ11
SJ11

 

MF TC1F

MF TC12

A11

VentTank

FwdPart JetPump

Vent Fwd - Aft

FlapperValve Fwd - Aft

JetPump in VentTank

JetPump ShutOff at full

From FwdTank JP

JP in VT Off when emty

ShutOff Signal

Tank Pressurization
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JAS39 Fuel System. Simulating a straight-forward engine fuel-consumption. (Heun, dt = 1 ms)

model of the ECU. You see that the
he de-fueling sequence is not cor-

mething wrong in the C-code or the

 we got a different behavior. The
en more incorrect.

ontent in all tanks, first test with ECU

200 300 400 500 600

200 300 400 500 600

200 300 400 500 600

 Runid: simulation, Case: 1, Display: 2. 10-MAY-2000, 14:21:25

TIME

nks

TIME

TIME

nk

T2 Fwd

T2 Aft

T3 Fwd

T3 Aft

Left Fwd

Left Aft

Right Fwd

Right Aft

T1 Fwd

T1 Aft

Neg G T

Vent Tank
We are in the process of debugging the integration of the SystemBuild
valve commands from the ECU are nerveous  in a way they shouldn’t. T
rect and the left and right wing tanks are not in phase either. There is so
interfacing Fortran-C-calling routines.
Another astonishing discovery was, that running on SUN instead of HP
valve commands weren’t nerveous, but the de-fueling sequence was ev
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ere is no other tool that encourage
t klick the Macro-button....). It is a

e use it, not only in the JAS39 Fuel
e down to simple flow - pressure drop

in some way be arranged, there has
Concluding remarks

I really appreciate the user-friendliness of EASY5. As far as I know th
you to build your own, fully authorized components and libraries. (Jus
good frame-work for your own ideas.

The demonstrated Fuel-Air Library is by now well-proven. At SAAB w
System but in other minor liquid and gas flow applications, all the scal
calculations of single pipes.

If there is a true interest to test and use the Fuel-Air Library, this could
already been some discussion about “commercialization”.


