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INTRODUCTION

Purpose

The purpose of this repor t is to develop a computer simulati on
of the TCM fuel injection system to serve as a tool for the

• evalua tion of schemes for improved fuel management. Using the
simulat ion , the ef fec ts of fue l system mod if ications on fuel
flow ra te are eva lua ted at various eng ine opera ting and
environmental conditions. The impact of modifications on
emissior s and fuel economy are determined .

Background

This repor t describes work performed under the f irst opt ion of
Phase III of Na tional Aviation Facilities Experimental Center
(NAFEC) contract DOT FA74NA—lO9l by Teledyne Continental Motors
(TCM) . Prior testing of TCM engines under Phase I of this con-
tract has shown tha t a signi f icant reduct ion in emissions is
available through improved fuel management . Phase II of the
contract entitled “Corrective Measures Determination ” involves
an investigat ion of concept s which offer the most promise
toward achieving the emissions levels required by proposed
Environmental Protection Agency (EPA) standards. However ,
analysis  accomp li shed under a National Aeronautics and Space
Administration (NASA) contract (NASA contract NAS3—1 9755)
f u l f i l l ed the pur pose of Phase II , elimina ting the need for
duplicating this effort under NAPEC contract (reference 1).
Phase III of the NAFEC contract DOT FA74NA -lO9l was concerned
wi th the ana lysis, design , cons truc tion and testing of fuel
injec tion system based on the system currently manufactured at
Continental.

Phase III was divided into three options. The objectives of
the first option were :

(1) Define the fuel system requirements.
(2) Develop a generalized analytical model of the

• TCN fuel injection system .
(3) Measure the response of the TCM fuel injection

system to varied operational conditions.
(4) Refine the analytical model. to correlate with

system measurements.
(5) Use the model to predict component requi~ ements

for fuel /air ratio control.

~~~~t. 
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This report describes the work performe d under the first
• option of Phase III. The second and third options were

concerned with the modification of the current system and
subsequent testing . These options were cancelled due to a
proposed elimina t ion of the emi ss ions standar ds for aircraf t
piston engines .

Overview

To unders tand the Cont inental fue l inject ion system and its
e f f e cts on ai rcraf t eng ine emi ssions , it is necessary to
understand the operating limitations of the air—cooled air-
craft internal combustion engine . These limitations are
p rimari ly imposed by cooling requiremen ts, detonatio~i ~tmi ts,
an d acceleration characteristics of the engine . The Continental
fuel injection system was designed to avoid over-heating and
detona t ion by supp lying excess fuel at high power. A typical
fue l flow schedule is shown in f i gure 1, which shows an in-
crease in the slope of the fuel f low schedule above 75 percen t
power to provide additional fuel for cooling . At cruise power
(75 percent) and below , the primary consi dera tion is eng ine
acceleration , although cool ing can be a prob lem durin g aircraf t
ground operations (taxi).

In order to obtain better cruise economy for steady state oper-
at ion , the Continental system is equipped with a manual mixture
control. This control is a fuel punip bypass which is used at
the option of the p ilot at 75 percent power and below to reduce
fuel flow . Figure 2 shows the benefits of leaning . Although
power drops wi th increasing ly lean fue l/a ir ra tios , specific
fue l consumpt ion drops app roxim ately 15 percent from best power
fuel/air to best economy fuel/air. Below 75 percent power ,
manual leaning is limited by instructing the pilot to lean no
more than 500 Fahrenheit (F) rich of peak exhaust gas tempera-
ture (ECT) . Figure 1 shows the region of the fue l schedule
where manual leaning is permitted.

The effect of leaning on engine emissions was investigated
during phase I of (NAFEC) contract DOT FA74N1O91 (reference 2)
where it was found that leaning generall y reduces hydrocarbons
(NC) and carbon monoxide (CO) while increasing nitrogen oxides
(NO) . For the baseline engines , HC and CO emissions exceed
(EPA) standards . However , NO emissions are con siderab ly below
the standards . Therefore , leaning is a means of reducing the
emissions which exceed the EPA stan dar ds. Improvement mus t be

—2—
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made to the current fuel injection system and perhaps the
air intake manifold to safely lean for reduced emissions
durin g the landing and takeoff (LTO) cycle , where the engines
are operated full rich.

Improvemen ts to the fuel system in the form of additional or
modified hardware cannot be made without an understanding of
the fluid behavior within the system. Phase III, Option I ,
of the NAFEC Contract DOT-FA74NA1O91 was awarded to Teledyne
Continental Motors (TCM) to investigate the current fuel
injection system and develop an analytical simulation . This
simulation is to serve as the basis for quantitatively
exploring deficiencies in the fue l system which lead to poor
exhaust emissions characteristics. The simulation was based
on component behavior as determined from component bench tests.
The model was written in modular format to readily allow
simulation of fuel system hardware changes for improved fuel
management.
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DISCUSSION

Description of the Continental Fuel Injection System

The fuel injection system chosen for simulation is designed for
the TSIO-360-E and LTSIO-360-E engines. These engines currently
lead Continental’s line of turbocharged engines for rate of pro-
duction . The LTSIO-360-E and TSIO-360-E are counter-rotating
200 horsepower engines produced for the rapidly expanding twin
engine aircraft market. The fuel system used on these engikIes
was developed by modif ying previous Continental designs and • -

shares many common components with other Continental fuel sys—
tems. The components of the system are shown in figure 3.
Injector nozzles spray fue l continuously into the intake port
of each cylinder wher e the fuel is fur ther vaporized by cylinder
air intake. The fuel/air mixture enters the combustion chamber
when the intake valve opens. The amoun t of fu el delivered is
determined by engine speed , turbochar ger discharge pressure ,

• throttle ang le , and ground trim adjustments.

A schematic of the fuel injection system used on Continental
turbocharged engines is shown in figure 4. The heart of the
system is a rotary vane pump which is driven at a 1:1 ratio by
the engine and delivers flow in direct proportion to engine
speed . The pump is bypassed by the variable orifice and idle
relief valve which to a large extent govern the output pressure
of the pump . As more flow is bypassed at a constant pump speed ,

• pump pressure drops . The idle relief valve is effective at low
pump speeds and is ground adjusted to set the minimum pump
discharge pressure at idle. The variable orifice is ground-ad-
justed to trim pump pressure at full power. The action of the
aneroid adjusts the variable orifice rod to increase pump dis-
charge pressure with increasing turbocharger discharge pressure .
This aneroid action tends to increase fuel flow as air density
increases with turbocharger pressure , tending to hold a constant
fuel ’air ratio. However , no compensation for ambient air temper-
•iture cff~’cts on air density are made , as the aneroid is
insensitive to temperature .

From the pump , fuel flow to the engine is metered by an orifice
which is directly linked to the air throttle . The size of the
orifice is a function of the throttle position . Orifice size

• tends to increase as the throttle is opened , increasing fue l
flow as manifold pressure and engine airflow increase . Fuel
pressure downs tream of the thro ttle va lve (metered fuel

-

~ 
- pressure) is fed to the man i fol d va lve and nozz le . The ra te of

fue l f low en tering the cyl inders depends on the t luid pressure

— 6 —
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of the fuel relative to the reference pressure of the nozzles.
For turbocharged engines , turbocharger discharge pressure is
used as a nozzle reference pressure. The manifold valve,
nozzle lines, and nozzles are factory calibrated as a unit so
that fuel flow rate is a set function of metered fuel pressure
(figure 5). The function of the manifold valve is to distri-

- ;  - bute fuel flow to the individual fuel nozzles and to abruptly
chop the fuel flow when metered fuel pressure drops below the
idle cutoff level.

Fue l/air mix ture ra tio is manually leaned by the pilot by
opening a fuel pump bypass valve which reduces fuel pump
discharge pressure. Since this action reduces fuel flow with-
out affec t ing airflow , the fuel/air ratio is reduced .

Description of the Fuel System Model

Simulation of the fuel injection system involves the solution
of a fluid flow network to determine the flow rate and pressures
within the system. The approach used to simulate the fuel
system is described in detail in reference 3. Using this
approach , the flow versus pressure drop relationship for each
component of the system was first established using an equation
or curve fit based on component flow testing. Next, a set of
governing equations was established using two basic hydraulic

• principles:

Flow continui ty (1)
E (f lows entering a junction)= 0

Continuity of Potential (2)
E (pressure changes across a closed flow
path)=0

These equations form a set of nonlinear simultaneous equations
f which can be solved with the help of a computer iterative

technique. The technique employed , Rosenbrock ’s algorithm ,
uses initial guesses for the unknowns and improves the guesses
using the set of simultaneous equations. Successive iteration
leads to a set of pressures and flow rates which satisfy
equations 1 and 2. The accuracy of the initial guesses is not
critical and satisfactory solutions can be obtained within
about 5,000 iterations.

The fuel system model employed is shown in figure 6. There are
11 unknowns for the system, six pressures and five flow rates:

-9-
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P1 - P ump inlet Pressure , X(l)
P2 - Pump discharge pressure , X ( 2 )

• P3 - Fuel metered-pressure , X ( 3 )
P4 - Nozzle inlet pressure , X ( 4 )
P6 - Variable orif ice discharge pressure , X(5)
P7 - Vapor return line pressure , X(6)
WA - Supply line flow rate , X ( 7 )

• WB - Pump flow rate , X(8)
WC - Vapor separator flow rate , X ( 9 )
WD — Variable orifice flow rate , X(l0)
WE - Fuel system output flow rate, X (ll)

Of course, one of the unknowns is the desired fuel output of 
$

the system , WE. In order to solve for the 11 unknowns , there
must be a set of 11 simultaneous equations . These are composed
of two flow continuity equations and nine continuity of
potential equa tions :

Flow continuity at junction 0
WA-WE-WC=0 (3)

Flow continuity at junction 1
WB-WA-WD O (4)

PAMB P1_ (DP)sL 
= 0 (5)

Where (DP )SL = Suppl y Line Pres-
sure drop

PAMB = Ambient pressure
(know n )

P2—Pl- Pump Pressure Rise = 0 (6)

P2-P6- Variable Orifice Pressure
Drop = 0 (7)

P6-Pl- Idle Relief Valve Pressure
Drop = 0 (8~

P2— P7— Vapor Separator Pressure
Drop=0 (9)

P2-P3- Control Unit Pressure
Drop — 0 (10)

P3-P4— Mainfold Valve Pressure
D rop— 0  (].1)

—10—



• P4—P5— Nozzle Pressure Drop = 0 (12)
Where PS = Turbocharger discharge

pressura (known)

P7-PO- Return Line Pressure Drop = 0 (13)
Where P0 = Ambient pressure (known)

These 11 equations were formed into 11 separate computer sub-
routines. Each subroutine is used to calculate the value of
one of the sums based on assumed values for the 11 unknowns
and known boundary values. The correct assumptions for the
unknowns will yield 11 sums which each equal zero. To find
a solution to the problem using Rosenbrock ’s algorithm, an
objective function is formed using the remainder terms from
each of the 11 functions:

F = Fl 2 + F32 + ... + Fl12

Where Fl = WA-WE-WC
F2 = WB-Wa-WD

F3 = P0-Pl - Supply line pressure drop

Fil = P7-PO— Return line pressure drop

After calculating the objective function (F) based on assump-
• tions for the 11 variables, new values for the unknowns are 3

formed within the algorithm. A new value of the objective
function is calculated using the 11 subroutines . If the
magnitude of the objective function is less than the previous
value, the new val~ies for the unknowns are accepted. Succes-
sive iterations are continued until the objective function is• reduced to a small positive value. The magnitude of the
objective function is a measure of the error of the solution,
and can be used as a criteria for convergence. For this study,
the maximum value of the objective function was set at 0.001
which gave flow rates correct to within approximately 0.10
pounds per hour.

The use of subroutines within the computer code gives the
simulation t)~ flexibility needed to allow evaluation of
modifications to the fuel system. Changes which would require
extensive bench and flight testing of the entire fuel system

—1 1—
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can be evaluated by bench testing only the new component to
establish the flow/pressure relationship. Evaluation of the
entire fuel system can then be made using the simulation by
modifying or adding subroutines.

Operating environment (temperature and pressure), engine inputs,
and aircraft installation effects on fuel system output can be
easily evaluated using the simulation.

Evaluation of equations 3 thru 13 require calculation of the
pressure changes that occur in each component based on the
known boundary conditions and assumed values for the unknowns.
Each component of the system was tested to determine its fluid
behavior. A description of the model used for each fuel system
component in the current system is given in the sections which
follow. A complete Fortran IV computer listing of the simula-
tion is given in the appendix.

1) Flow Continuity Ec~uations
Flow continuity is easily calculated using equations
3 and 4 and assumed values for the unknown flows:

Fl = X(7) — X (ll) — X(9) (Continuity at junction 0)
F2 X(8) - X(7) — X(lO) (Continuity at junction 1)

The values of Fl and F2 are a measure of the error of the
assumed values for variables X (7) thru X(ll), corresponding to

J the five unknown flow rates of the system.

2) Supply and Return Lines
The pressure drop through the fuel lines was calcu-
lated using an appropriate friction factor and the
methods given in reference 4. Line pressure drop
is calculated as:

t~P Kf * Q + ~:~* (Zi—ZO)
1728. —

Where Kf = FF * L/D + Kc

FF = 64./Re for laminar flow (Re < 3000)

FF = Value from Moody diagram (figure 7) for
turbulent flow

= ~:: ::e~~:::~s,



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
•~~~~~~~~~~~~~~~ •~~~ ••~~~~ - -

K0 = Dimensionless experimental coefficient
accounting for head loss in bends, valves,
fittings, etc. Available in numerous
handbooks, (reference 4)

Re = Reynolds number

Re= W X D  12.
• XA X 3600.

= Fluid viscosity, Lbm / ft—sec

p = Density of fluid (lbm/f t3)

ZO = Elevation of line at fluid inlet (inches)

Zi = Elevation of line at flow exit (inches)

Q = Fluid dynamic head (psi)

= 1/2 * W *  IW I *144
(3600) (p) (A ) (32.2)

W = Fluid flow rate (pph)

A = Cross—sectional area of line (in2)

The f r iction factor (FF) for turbulent flow is a function of
the line sur face roughness relative to the line diameter and

- - Reynolds number , as explained in reference 4. Surface rough-
ness (EPSP) was estimated to be 125. microinches.

Fuel viscosity and density for low lead 100 Octane (LL100)
• - aviation gasoline (lwgas) are built in functions of temper-

ature as shown in figures 8 and 9 (reference 5)

For turbulen t flow , friction factor is determined by inter-
-
• 

- polation of figure 7 , which was built into the computer code.
The friction factor for laminar flow is given by the equation:

-~ 
• FF = 64./ Re (reference 4)

-15-
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3) Fuel Pump

Bench teats were used to establish the fluid
behavior of the rotary vane pump. Data from these
teats is plotted in figures 10 and 11. Cross plots
of the data show that pump output is proportional
to pump speed for a given pump pressure rise (figure
12). ~n equation for the pump output was developedbased on pump displacement and experimentally
determined flow rate:

-L W = ( ~ DIS? * (60 * N) — F ( A P )

Where n = pump efficiency (93.7 percent for the
pu~p tested)

p = fluid density

DISP = pump displacement (in 3)

N = pump speed (RPM)

F(AP)= pump leakage flow rate (PPH) (figure 13)

Pump leakage is due to internal pump flow used for
bearing lubrication plus vane leakage. This flow is

• independent of pump speed and is a function of the
pressure rise across the pump and vane tolerances as
shown in figure 13.

4) Variable Orifice
A cress-sectional view of the variable orifice is
shown in figure 14. Pressure loss through the
variable orifice depends on the position of the
orifice rod relative to the body of the orifice.

• Figure 15 shows the effect of varying flow rate and
orifice position on orifice pressure loss as
determined from bench teats. For constant orifice
position, orifice pressure loss is proportional to
the square of the flow rate. Orifice flow area
varies as shown in figure 16, calculated from the
known orifice and rod radii:

-
- 

• 
A = IT [~~o

2 
- (J~~)2]

Where Ro - radius of unblocked orifice
Rr — radius of orifice rod

— 19—
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Based on the experimental data and analytical area calculations,
an orifice dimensionless K-factor can be determined as a function
of orifice area as shown in figure 17. Orifice pressure loss is
then calculated using:

DP - K * Q

Where

Q - Orifice dynamic head (psi)

= 1/2 p
(32.3) (144.)

and V — mean flow velocity

v~~ W * 144.
p * A * 3600.

W ~ Flow rate (pph )

p Density (lbxn/ft3)

A — Orifice area (in2)

This equation gives an orifice pressure drop proportional to
th. square of the orifice flow rate, in agreement with the data
in figure 15.

In order to determine the orifice pressure loss, the position
— of the orifice must be known. The effect of reference pressure

on aneroid movement is shown in figure 18. Tests indicate that
changes in temperature do not produce significant aneroid
movement. Changes in temperature from 800 F to 150° F cause

• aneroid movements on the order of 0.005 inches. Aneroid temper-
F ature insensitivity is ideal, since the temperature of the

aneroid is not representative of induction air temperature.

Fuel pressure on the orifice rod produces movement of the rod,
since the aneroid behaves as a linear spring (figure 19). Be-
cause of the interaction of fuel pressure forces on aneroid
movement and vice versa, orifice pressure loss must be deter-
mined by iteration. The final orifice rod position is given by:

8 — 8 adj. + AMS (P~~j - P5) - ~~~~~~ (14)
Where 6 adj — Orifice rod adjusted position

—27— 
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Padj = Turbo discharge pressure when orifice was
adjusted

P5 — Turbo discharge pressure for present operating
conditions

AXIS — Slope of aneroid movement versus pressure
(figure 18)

K — Spring constant of the aneroid (figure 19)

RF — Fuel pressure force on variable orifice rod

Orifice position (6) as obtained from equation 14 is zero when
the orifice if full closed (see figure 16).

5) Idle Relief Valve
- • The idle relief valve is a spring-loaded valve used

- ‘ to set a minimum discharge pressure for the pump. A
cross-sectional view of the relief valve is shown in
figure 14. An adjustable spring and the action of
the pump reference pressure (turbo discharge pressure,
P5) on the valve diaphragm act to close the valve.
The fluid pressure of the Avgas is higher at the
valve inlet than at the valve discharge, producing
a force across the valve orifice (Av) which tends to
open the valve. Static equilibrium of forces on the
valve yields equation 15 for the valve pressure
drop:

— K3 * ALS + (P5—Pds)Ae (15)

Av

Where APv = Valve pressure drop (Lb f / ifl 2 )

Av = Valve flow area (in2)

Av = iiRl2

Rl — Valve orifice radius (0.31 inches)

P5 = Turbo discharge pressure (Lbf/in2)

Pd8 — Valve downstream pressure (Lbf/in2)

Ae = Diaphragm effective area (sq in)

Ks — Valve spring constant (Lb f/inch)

ALS - Grouixl-adjusted spristg cx~pressicn (inch)
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Note that the valve pressure drop is independent of f l ow rate .
This was found to be true from testing and is due to the rather
large orifice area and relatively weak valve spring (low spring
constant, Ks). A small movement of the valve provides sufficient
flow area for the required bypass flow (at relatively low
pressure drop across the valve). Increase of the spring force
due to this movement is small compared to the initial spring
force typical of correct idle adjustment.

The unknown constants in equation 15 were determined from bench
tests. Partial differentiation of this equation at constant
turbo discharge and valve exit pressure gives:

d (APV) = KS (PS and Pds Constant)
dALS

which is the slope of the pressure drop versus spring adjustment
curve given in figure 20. From the slope of the curve and known
valve area, the spring constant was determined to be 13.7 lbf/
inch.

Simularily, the effect of turbo discharge pressure on valve
pressure drop at constant spring load and valve exit pressure

• can be expressed as:

d (APv) = Ae âadj and Pds Constant)
dP5 Av

which is the slope of the line of data in figure 21. From the
slope of the curve and known valve area, the diaphragm effective
area was determined to be 0.334 in 2. With the constants deter-
mined from bench tests, equation 15 can be used to calculate the
relief valve pressure drop.

6) Vapor Separator
The vapor separator pressure/flow relationship was
determined experimentally and is given in figure 22.
The internal passage connecting the pump discharge
and inlet to the vapor separator was blocked and
tapped to measure vapor separator flow rate. F1c~ rate
was found to be insensitive to small changes in pump
inlet pressure or vapor separator back pressure.
Figure 22 was built into the computer model using a
data block with linear inter polation between data
points.
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7) Throttle Orifice
Final fuel metering is accomplished by the throttle
orif ice, which is mechanically linked directly to the
engine throttle. Orifice area is varied by the
rotation of a cam in relation to an orifice, as shown
in figure 23. A closed form solution for the orifice
area as a function of throttle angle was found and is
plotted in figure 24.

Throttle pressure losses as determined from bench
testing are plotted in figure 25. Pressure losses for
constant throttle setting are proportional to the
square of the flow rate as indicated by the curves.
Throttle pressure losses are given by:

~Pt = K * Q

Where K = 1.5 = dimensionless experimental
coefficient as determined
from test

and Q = dynamic head

= 1/2 PV2 psi
(32.2) (144.)

p = fluid density (lbm/ft3)
— 

V = velocity of fuel

W * 144.
pACd 3600.

W = Orifice flow rate (pph)

A = Orifice physical area (in2) (figure 24)

Cd = Orifice discharge coefficient
(figure 26)

Orif ice discharge coefficient is a measure of the flow
area to the physical area:

Flow area = Cd * physical area

Figure 26 gives the experimentally determined die-
charge coefficient for the throttle orifice as a
function of orifice physical area.

- - 
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8) Manifold Valve and Nozzles
The manifold valve, nozzle lines and nozzles are
factory calibrated as a unit. Figure 27 gives the
relationship between fuel flow and metered pressure.
Metered fuel pressure is defined as the difference
between fuel pressure at the manifold inlet and
nozzle reference (turbo discharge) pressure. Fuel
flow through the nozzle was found to be independent
of manifold pressure. Turbo discharge pressure is
fed to the fuel jet as shown in figure 28 and prevents
manifold pressure from affecting fuel flow.

Simulation Checkout

A number of comparisons between simulation predictions and test
data were made to check the computer simulation. Fuel bench
tests of the entire fuel system were made to generate data for
comparison. When possible, the simulation was compared directly
with recorded engine data. However, throttle angle is rarely
recorded during engine tests, and the accuracy of the throttle
readings are questionable. Bench tests of the complete fuel
system were made to simulate engine data by matching engine
speed, turbo discharge pressure, and metered fuel pressure as
recorded during engine calibration testing (reference 6). Care-
ful measurements of the throttle angle were then made for input
to the simulation.

The simulation was first “trimmed,” using the variable orifice
adjustment corresponding to ground trim on the actual system.
Figure 29 shows the manufacturer ’s recommended flow rate and
pressure at high power, as a function of the variable orifice
ground trim. The simulation was trimmed to the middle of the
recommended bands for fuel flow, metered fuel pressure, and pump
discharge pressure. Idle flow rate was trimmed by adjusting the
idle relief valve to 7.1 pph at 700 rpm. Fuel pump discharge
pressure at idle was 6.7 psig. Continental’s spec idle trim is
6 to 8 pph at 700 rpm , with a pump pressure of 6.5 ± 0.25 psig.

After trimming , the simulation predictions were compared to test
data. Figure 30 shows the simulation predictions (connected by
solid line) compared to fuel bench test data. The ..ngine condi-
tions simulated on the fuel bench correspond to engine prop load
conditions, with horsepower ranging from 20 to 100 percent of
maximum continuous power. The difference between the predicted
and measured flow rate is within the accuracy of the bench
measurements. Pump discharge pressure agreed well with measured
values.

The effect of turbo discharge pressure on fuel system output is
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shown in figure 3]. for 2,575 rpm (100 percent power) and 2,450
rpm (75 percent power) . Turbo discharge pressure affects the
flow rate through the idle relief valve, variable orifice, and
nozzles. The comparison shown in figure 31 demonstrates the
validity of the simulation of these compone~ta.

A direct comparison between the simulation predictions and en~ .r~data is shown in figure 32, for constant engine speed and vary-
ing manifold pressure. Engine power ranged from 40 to 100 percent
of maximum continuous power. Maximum error is less than 10 per-
cent fuel flow at the low power fuel flow. The error for high
power was typically less than 3 percent, which is within the
measurement tolerance.
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CONCEPTS TO IMPROVE FUF.L INJECTION

Dur ing phase 1 of the contract, an investigation of the e f fec ts
of leaning on engine emissions for the NAFEC seven-mode LTO cycle
was completed. A review of this study was made to determine the
reduction of emissions that could be expected for a TSIO-360—C
engine , assuming a means of reducing the engine acceleration lean
limit could be found. Table 1 repeats the information for the
baseline emissions of the engine reported in reference 1, and
shows hydrocarbons to be 212 percent of the proposed standards.
Emissions of carbon monoxide and oxides of nitrogen were found
to be 193 percent and 9 percent of the proposed standards, re-
spectively. Table 1 also shows the emissions predicted provided
the engine acceleration lean limit was reduced to 0.065 fuel/air
ratio at low power. These predictions , based on the results
found in phase I of the contract , show that the hydrocarbon
emissions would be reduced from 212 percent to 48 percent of the
proposed EPA standards. Carbon monoxide emissions would be re-
duced to 140 percent of the EPA standards, and emissions of nit-
rogen oxides would remain below the EPA standards, increasing to
46 percent. Take—off and climb fuel flows were assumed to be
mean values (baseline flows) within the current fuel flow band.
These high power condit ions are engine tempera ture limited and the
engine must be cooled with sufficient fuel as determined by flight
testing a particular installation . The target value of 0.065
fuel/air ratio was picked as a value obtainable by modifying the
current Continental fuel system and air intake manifold . Contin-
ental engines have demonstrated acceptable acceleration below
0.065 fuel/air ratio with more sophisticated fuel systems and in-
take manifolds.

Some methods for reducing the engine lean limit for acceleration
and improving fuel/air ratio control are given below. The tran-
sient response of the turbocharger discharge pressure and flow
rate during acceleration must be known in order to tailor the
fuel system response to sensed parameters.

1) Temperature Compensation
The current fuel system has no means of temperature
compensation. This means the fuel system must be
adjusted for acceptable engine acceleration at the
lowest expected ambient temperature. The effect of
ambient temperature on fuel/air ratio for constant
fuel flow is shown in figure 33. Given a minimum
fuel/air ratio acceleration limit at 00 F, increasing
ambient temperature increases the operating fue l/ a i r
ratio. Temperature compensation can be added to the
Continental system using a N-Propyl Alcohol filled
aneroid (figure 34). The aneroid movement necessary
to mainta in constant fuel/ a i r  ra tio with varying

—49—
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TABLE I

BREAKDOWN OF EMISSIONS BY ENGINE

OPERATING CONDITION

TSIO-360-C ENGINE

Al]. Values Are Percent of Proposed EPA Standards

HC EMISSIONS
(1)

Operating Baseline Leaned
Condition Emissions (5) Emissions (5) Limit
Taxi 154.5 10.5 Accel.
Idle 24.0 11.0 Accel
Climb 20.4 20.4 Temp
Approach 11.9 4.9 Accel
Take—off 

— 1.3 1.3 Temp

Total 212.1 48.1

CO EMISSIONS 
(1)

Operating Baseline Leaned
Condition Emissions (5) Emissions (5) Limit
Climb 102.3 - 

102.3 Temp
Approach 54.8 15.9 Accel
Taxi 26.4 12.3 Accel
Take-off 9.5 9.5 Temp
Idle Neg Neg Accel

Total 193.0 140.0

NO EMISSIONS 
(1)

Operating Baseline Leaned
Condition Emissions (5) Emissions (5) Limit
Approach 7.1 38.8 Accel
Climb 0.4 3.3 Temp
Taxi 0.7 1.9 Accel
Idle 0.6 2.0 Accel
Take-of f Neg Neg Temp

Total 8.8 46.0

(1) ~cce1eraticn thnit asatmed to be red~red to 0.065 fuel/air ratio byinproving n~nifold and fuel nmnag~uent.
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ambient air temperature is shown in figure 35. This
information is based on simulation predictions at
taxi (1200 rpm). Also shown is the deflection of an
available temperature—sensing aneroid. The sensing
bulb volume can be reduced to obtain the desired ane-
roid response.

2) Improved Nozzle Vaporization
Fuel vaporization is drastically reduced during
engine acceleration. During steady state idle or taxi
operation, the throttle is nearly closed, giving a
pressure difference between turbocharger discharge
pressure and manifold pressure. Nozzle vaporization
is aided by an air pressure differential of approxi-
mately 5 psi. For these conditions, the nozzles emit
a fine mist of partially vaporized fuel to the mani-
fold. When the throttle is suddenly opened to
accelerate, this nozzle pressure differential vanishes.
Fuel is emitted as a steady liquid stream into the
manifold , with very little nozzle vaporization.

Figure 36 shows a method for improving fuel vaporiza-
tion during engine acceleration . Acceleration is
inhibited by the slow response of the turbocharger,
so that the turbocharger compressor acts as a throttle -

to the engine. The pressure differential across the
turbocharger compressor is used by the system shown
in figure 36 to improve fuel vaporization during —

acceleration . The action of the check valves feeds
turbocharger inlet pressure to the nozzles when com-
pressor inlet pressure exceeds discharge pressure.

3) Modified Aneroid Response
The action of the aneroid during engine acceleration
tends to reduce fuel flow as the sensed turbocharger
pressure drops from near ambient at steady state
conditions with sudden throttle opening. The momen—
tare- pressure drop across the compressor which occurs
due to slow turbocharger response is sensed by the
aneroid. The aneroid expands and opens the variable
orifice, reducing fuel system output. This is a de-
sirable action , since the turbocharger is acting
essentially like a throttle, reducing engine airflow.
However, the response of the aneroid can be adjusted
using the system shown in figure 37, for momentary
enrichment relative to the current system. This
could be used to counter the effects of leaning at
steady state conditions, and thus reduce the acceler-
ation lean limit. The probable response of such a
system would be as shown qualitatively in figure 38.
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Although the induced lag of the system intially en-
riches the mix ture , the effect is reversed as the
turbocharger compressor pressure begins to increase.
Adjustment of the orifice and volume would change the
lag of the system , and could be tailored for improved
fuel flow during acceleration .

4) Manifold Pressure Compensation
The present fuel injection system senses turbo
discharge pressure to adjust the fuel output with
changes in air pressure. Turbo discharge pressure
can be used , since the fuel system is also linked
to the throttle. However , air density and therefore
engine airflow are directly proportional to manifold
pressure. A more direct method of pressure compen-
sation is to adjust fuel output with manifold pres-
sure. With fuel flow compensation due to manifold
pressure and temperature , density compensation could
be obtained.

These are just a few of the many possible schemes for improving
fuel management. Using the computer model developed for the
fuel system and the transient response of the engine as deter-
mined from engine test data, the merits of such schemes can be
evaluated. However , changes to the fue l injection system alone
would not be sufficient to minimize the acceleration lean limit.
Engine experience indicates that the manifold system must be
modified to improve air distribution to the cylinders. To at-
tain the minimum lean limit for acceleration , the air should be
equally distributed to the cylinders at all engine operating
condit~.ons.
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CONCLUSIONS

From the results, it is concluded that:

1) A computer simulation of the TCM fuel injection system has
been developed which predicts accurately the fuel flow for the
TSIO-360-E system. Changes in fuel flow due to varying engine
conditions, ambient conditions, and fuel system adjustments can
be predicted.

2) Reduced emissions and improved fuel economy at the full rich
setting for cruise power and below can be attained by adding
temperature compensation to the fuel system. Temperature compen-
sation would reduce fuel flow for engine operation at high
intake temperature.

3) Improved fuel management during acceleration along with
better airflow distribution would reduce the acceleration lean
limit and emissions in the aircraft landing and take—off (LTO)
cycle. If modifications are sufficient to reduce the accelera-
tion lean limit to 0.065 fuel/air ratio, hydrocarbon emissions
can be reduced to 61 percent of the EPA emission standa~ds forthe NAFEC seven-mode LTO cycle. Carbon monoxide emissions would
be reduced from 193 percent to 140 percent of the standards.
Emissions of nitrogen oxides would remain below -the standards
at 46 percent.
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APPENDIX

OPERATING INSTRUCTIONS
FOR

TSIO-360-E FUEL INJECTION SYSTEM COMPUTER SIMULAT ION

Input to the computer simulation of the Continental TSIO-
360-E fuel injection system consists of the engine operating
conditions and fuel system adjustments necessary to establish
the operating conditions of the system. A complete listing of
the input is given in Table A-i. Several computer runs are
necessary to establish the input values for valve positions re-
quired to simulate a particular fuel system trim. This process
is analogous to the actual trimming of the fuel injection system.
Two trims are required:

(1) Idle Trim. Computer runs are made simulating idle
speed (700 rpm) and throttle position (72° from full open
throttle) with several values for idle relief valve
adjustment (SAL). These results can be used to determine
the approximate relief valve setting required to give the
desired idle pump discharge pressure (X2 minus ambient
pressure, PAMB). This pressure is generally set to be 6.0
to 6.5 psig. Next, the idle fuel flow adjustment (ADJCU)
is varied to establish the correct input to give the
desired metered fuel pressure at idle. This pressure is
calculated from the computer output for absolute metered
fuel pressure (X3, psia) minus turbo discharge pressure
(P5, psia), turbo discharge pressure at idle is normally
equal to ambient pressure. Idle metered fuel pressure is
generally set to be 3 5  to 4.0 psid (referenced to turbo
discharge pressure).

(2) Full Power Trim. The simulation is next adjusted at
full power (defined as 2575 rpm, 40. inches manifold
pressure) using the variable orifice adjustment input. The
throttle settings for full power can be determined from
actual engine data. Correct full power throttle settings
are specified by Continental as a function of density
altitude. For engine ground trims, the exhaust waste
gate is adjusted to obtain 40 inches of manifold pressure
at a specified throttle setting. This full throttle set—
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ing is a function of density altitude as specified in
figure A—i. Using the full throttle setting (ALFA) as
established from engine data or from figure A-i, the
variable orifice position (ADJVO) is varied to obtain the

- 
•~ desired metered fuel pressure (X3 minus P5) or metered fuel

flow (Xli) . Full power metered fuel pressure is generally
set between 16.0 and 17.0 psid (relative to turbo discharge
pressure,P5). Corresponding metered fuel flows are 130 to
140 pph. During the trim at idle and full power, aneroid
reference pressure (PREF) is set equal to trim full power
turbo discharge pressure (approximately 43 to 44 inches of
mercury). This pressure should be held constant for sub-
sequent simulations for the same trim setting. Aneroid
movement with changes in turbo discharge pressure is
referenced to PREF, which may be regarded as a trim parame-
ter.

After triming the simulation, subsequent simulations can be made
varying altitude, engine speed, turbo discharge pressure,
throttle angle, or any other input parameter desired to match a
given operating condition.

Deck output consists of the results of the iteration process
(Xl thru Xli) after every 100 completed iteration loops, along
with a parameter labeled “B” . This parameter is the magnitude
of the objective function as described in the discussion section
of this report. The iteration continues until the value of the
objective function is less than the value input of TOL (Card 2)
or until the number of iterations exceeds NMAX. The values of
Xl thru Xli corresponding to the sample output are given below,
followed by a complete listing of the FORTRAN source program.
Computer Fuel System Parameter Units Idle Full Power
Output 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____  
Value Value

Xl Pl ,Pump Inlet Pressure psia 14.63 10.82
X2 P2 ,Pump Discharge Pressure psia 21.40 59.15
X3 P3, Absolute Metered Fuel psia 18.59 38.88

Pressure
X4 P4, Nozzle Pressure psia 14.79 33.21
X5 P6, Variable Orifice psia 20.96 28.80

Discharge Pressure
X6 P7, Vapor Separator psia 14.77 15.39

Discharge Pressure
X7 Supply Line Flow Rate pph 26.20 199.6
X8 Pump Flow Rate pph 149.1 574.8
X9 Vapor Separator Flow Rate pph 19.05 58.77
Xl0 Variable Orifice Flow Rate pph 122.9 375.2
Xli Metered Fuel Flow Rate pph 7.14 140.8
B Remainder Term — 0.00094 0.0085
N Number of Iterations - 1891 2500

A-2
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~~BLE A—i

b~~xt to F~~l Injection System Sinulation
Typical Va1~~s(

~
rd (~luim Synbol Description Litits Idle Full. ~~~ r

~~~ral Infoxmaticz~z
1-10 F~~1 ~~çerature °F 80 90
11—20 PN~ kthi~~t Pressure psia 14.7 14.7
21—30 ~~~~~ thgine (~~l psia 14.7 14.7

Pressure
31—40 P5 Turbo Diatharge ind~~ 43.5 43.5

Pressure of mercury
4j_45* N Nu ber of U~kr~~ir~ - U U

(integer)

2 Iteration Par~~~ters
1—10 M~ 1A Fbzward Step Size — 5.0 5.0

for Iteration (see
text)

11—20 ‘1~~. Maxinun Va1~m for — 0.001 0.001
1~~~irx3er Term (see

text)
21_25* rI~~ Limit on Maxinun NLIther — 2500 2500

of Iterations Allowed
to (Xmverge

3 Initial Gi.~sses for 1kikr~ ms
1—10 )~ (1) Pu~ Inlet Pressure psia 14.7 10.7

(P1)
11—20 X0 (2) Pui~ 1)is&iarge Pressure

(P2) psia 20.7 47.2

21—30 X0(3) Absolute Matered Ft~ l psia 18.2 37,2
Pressure (P3)

31—40 X0(4) tbzzle Pressure (P4) psia 16.0 31.6

41—50 X0(5) Variable Orifice psia 20.0 27.8
Dietharge Pressure (P6)

51—60 ~U)(6) vapor Separator ~~ia 14.7 14.7
Disdiarge Pressure (P71

61—70 )0)(7) Si~çly Lire Flow ~~te ~~*i 23.0 181.0

* Integer Vai~~. Input Right Mj~~thd In Input Field.

A- 4
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Tthle A—i (ccnt’d)

~ pioa1 Va1~~sCard ()
~lu~ Syntol Description ~1~its Idle Full Power 

I 

-

71-80 ~)(8) Purp Flow Rete prI~ 150. 617.
4 Initial (~.iesses for thkixwns (~~ itin~~d)

1—10 ~)(9) Vapor Separator Flow R*k 17.0 53.9
Rate

11—20 )C0(i0) Variable Orifice Flow ~~~ 127. 436.
Pate

21-30 )~)(ll) Matered Ft~ l Plow
Rate ~~ 6.0 127.

5 S~~ply Line tuta
1—10 XK Line K—Factor (Ref3) — 4.45 4.45
11—20 Line Diameter mdi 0.20 0.20

• 21—30 Line length m d i  180. 190.
31—40 F~SP Line Surface ax4i— Ii~~i 0.000125 0.000125

x~~s (Ref 3)

41-50 ZO Line Elevation at Inth 0. 0.
~~~l Tart Relative to
an Arbitrary Detun

51-60 Zi Line Elevation at Ir~ i 0. 0.
Pulp Inlet Relative
to Sane Detun

6 Fuel Pulp Data
1—10 Rpr.i Pulp Speed (~~ualg rpn 700 2575

~~~ine Speed for
TSIO-360-E)

11—20 DISP Pulp Displacetent cu.irx*i 0.226 0.226
21—30 ~~F Puip Efficiency — 0.9371 0.9371

7 Variable Orifice Data
1—10 AD3’c~) Variable Orifice mdi 0.145 0.145

~~jultnent
11—20 PR~~’ Aneroid Refererx,e ir~~~s 43.5 43.5

Pressure mercury
21—30 Slope of Aneroid in/irx*i .00925 .00925

I~bva~ nt with mercury
Pressure

A-5
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Table A-i (Q~it’d)

Typical ValuesCar CX)ltiIm Synbol Description Lbita Idle Full P~~~r

31—40 ~~~R Allowable Error in in 0.01 0.01
Variable Orifice
Iteration Io~~.
Maxiiiun position error

8 Relief Valve Data

1-10 Idle Relief Valve lb/in 13.7 13.7
Spring Qxistant m d i

11—20 Pressure Disk m d i  0.326 0 • 326
Effective Radius

21-30 SAL Idle Relief Valve m d i  0.362 0.362
Spring length
Mjuethent

9 Thrott]e Data

1—10 MPA Throttle Angle Fran degrees 72.0 24.0
Full ~~en Throttle

11—20 ADJCU Idle Fuel Flow degrees 5.0 5.0

10 Manifold Valve Data

- 
- 1—10 SAU4 Manifold Valve Spring ix~ i 0.2452 0.2452

Mjuethent (set at
factory)

Vapor Return Line Data

1-10 ~CR Line K—Factor (Ref3) — 16.4 16.4

11—21 Line Daineter inc*i 0.20 0.20

21—30 Lire Length irdi 180. 180.
31—40 EPSR Line Surface m d i  0.000125 0.000125

~~ughnees (Ref 3)

Coniputer Program listing is attached.

- 
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