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ABETRACT

The variables involved in a carburetion or fuel injection
system for an internal combustiocn engine are air flow and
fuel flow. If both of these can be measured by trans-
ducers with electrical outputs, and either one controlled
by an electrical siznal, then the ease, speed, and
accuracy of manipulation of electrical guantities can be
brought to bear.

A system of thies type would prcbably be far too compli-
cated for general commercial application, but might prove
valuable in determining the verformance that could be
expected from a given engine under an accurately controlled
and easgily adjustable fuel-air ratic.

The experimental work on thls thesis has been the develop-
ment and preliminary testing to prove feasiblility of a
novel air flow rste meter. This work consgisted of the
selection of a pressure reference and the use of 1t to
design and construct a closed loop serve system Lo measure
air flow rgte accurately, auickly, and over a wide range.

The other components required for the fuel injection
system are avallable commercially, but the time involved
has postponed testing of the entire system until after this
theegis is submitted.

Thesis Supervisor: Leonard A. Gould
- Title: Associate Professor of Electrical Engineering
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I INTRODUCTION

This thesis is a2 part of a larger project which
began in 1960 as a special project under the sunerv1s*on
of Professor A, L. Winn, Chairman of the Department of
Electrical Engineering at the University of New Hampshire.
Hopefully it will end some time in the future; after
appropriate laboratory tests, with the installation of
the complete fuel injectlon system in either an automobile
or boat.

Figﬁre 1l shows a block diagram of a continuous flow,
port injectlon system fér a gasoline engine. The position
of the throttle (at a given engine speed and air density)
éete;mines the amount of air entering the englne. The flow
meters measure the amounts of air and fuel entering the
engine. If the fuel-air ratic is not that for which the
gystem is adjusted, a comparison of the outputs of these
- flow metersg will vield an error signal. This error signal,
after>amplification, operates a valve in the fuel line.
Thus the fuel-air ratio is always maintained very near the
desired value.

This systenm 1$ intended to be nearly ideal from a
funetional viewpoint, although complexity would make_
general commerclal application unfeasible. The completed
system should, however, be a valuable research tool. It

would gave time in taking data in the lakoratory and
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allow fuel-air ratio to be maintained under actual opera-
ting conditions to an accuracy that can be done now only
in the laboratory. The alr flow rate meter describéd
herein should also have other applications.

. Most of the c¢omponents for this system are available
commercially or easily constructed. The major excéption
ie the air flow rate metér.

‘The experimental work of this thesis has been the
selection of a suitable pressure reference and using it,
the deslgn, construction, and preliminary testing 6f a
closed loop serve system to ﬁeasure alr flow accurately,
quickly, and over a wide range.

The féllowing_is a2 list of characteristice that this
meter éhould have:

1. Operating range of 100:1 flow variation.

2. Out-off frecuency greater than

Ui

Ccps.

3. Pressure drop less than 1% of an atmosphere.

4. ~Other specifications not effected by the accelera-
tion and vibration of an automobile.

5. Accuracy greater than 13% over entire operating
range.
| 6. Compensation for the variation of air densityv
with temperatgre and, if posslble, »rescure so that the
output will represent lb./min. of air.

7. Temperature range from O to'EOOOF.

8. Volume less thah 2 ft.j




2, Power reguirement less than 200 watts.

A meter satisfying even requirements (l) throtgh (5)
is not, to my kﬁowledge, available commercially.

One method of constructing such a meter is sghown in
Fizure 2. The servo system maintains a constant’pressﬁre
drop (except‘fof temperature compensation) across a variable
orifice created by the butterfly valve. The poseition of
this valve can then be calibrated in 1b./min. of air flow.
The approximate relationship will te G = a + b ein? (o * g).

"G" ig the flow rate of air (mass/time). "a" is a function

of:the clearance around the butterfly valve 3henhthe valve is
closed. Note that “a" may vary with temperature if the co-
~efficients of thermal expansion of the components of the
butterfly valve are not all the same. "b" is a constant.
"o" is the‘angle the butterfly valve is open. "g" is an
error term that denends on the accuracy of the pressure
reference and the servo system.

The pressure transducer is a combtination of a pressure
reference with an extfemely sensitive pressure or flow
transducer. The pressure reference 1s a centrifugal blower

run at a known speed by a syncronous motor. The transducer

"is & hot wire anemometer.
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IT PRELIMINARY CALCULATICHNS

Cne of the first steps in proceeding from the block
diagram to the mechanical design of the system was the
determination of the maximum alr flow rate. This was
chosen as that of a 400 1n.- L-cycle engine @ 6,000 rpm
with volumemetric efficiency approaching 100%. This

would operate well on most of Detrolit's current V-8

engines.
2 x 102 in.J x 6. x 102 rev. x min. x £.” o
- rev. ) min. 6 x 10 sec, 1.44x1.2x1031n§

11.55 ft.°/sec.

If a total prescsure tap is used on the upstream side
of the butterfly valve znd a static tap on the dowﬁstréam
side, the pressure drop, regardlese of flow rate, between
these two points will approximately equal the kinetic
energy at maximum flow rate. Tﬁis neglects head loss be-
tween the two taps when the butterfly is wide open and
also errors introduced by the variation of velocity with
position in the pilpe. A pressure drop of .4% atmosphere
was chosgen ag a reasonable compromise between butterfly
valﬁe size and pressure drop. Since the .4% chosen is
approximéte, the variation in velocity with position in

the pipe will be ﬁeglected in this calculation.

v2 = 4 x 1077x 1.47 x 10 1b.x 1.44 x 10%in.%4 ft.o
28 in.“ 1. 7.52 x 10 “1b.




2 x 32.2 x 4 x 1070 x 1.47 x 10 x 1.44 x 10° ft.
T.52 x 10-¢ Sec.

v2=

v = 85.3 ft./sec.

2 )
- T4 2 5 _4A 2ﬁq1£_
A= =R = =N
11.55 ft.0 s€C. = A =  1z=c 4 2
sec.  85.3 ft. -1555 1t.
a :-q 4—x1;1355 =\.1722 = M6 ft. = 5 in.

Using the method given by Vennard in Elementary Fluid

Mechanics, Jrd edition, Chapter 9, and assuming e/d = 2 x 1072
V/Vc dpproximateiy equals .85. Feglecting the prescure

droép across the hot wire anemometer, . the pregsure reference
must be 4 x 1072 x 1.47 x 10/.85 1b. per sq. in. = 6.95 x
1072 psi. This represents & velocity head of 85.3/.85 or

about 100 ft./sec. To give this pressure the centrifugal
blower must be 100/Q 1+ .25 = 89.3 ft./sec. This

calculation assumesg that the inlet radiuve of fhé blower
is muck less than the outlet radiug, and that 25% of the
kinetic energy of the air is converted to preséure.

4" was selected for the rotor diamster. The required
speed 1s therefore approximately 5,100 rpom. This is
apprdximately the middle of the range of efficient speeds
for the type H31ES-2 Hysteresis Synehronous donated by
Fastern Alr Devices for this projebt.

The servo-motor, which was chosen mainly because of



availability, 1s an Eastern Air Devicés,Size 15, 400

cycle unit with a stall torque of 1.45 oz. in. and a no
load speed of 9,500 rpm. The gear ratio used was 16 to 1.
This ratioc was selectéd to match the inertis of the butter-
fly valve to that of the motor. Friction and holding

torque are negligitle.
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III DESCRIPTION OF CONSTRUCTION

Plates 1 through 51 show the details of construction
and assembiy of the flow meter. The photographs are not
to an exact scale, but Plates 1, 2, and 38- 41 are approx-
imately .5 actual size. The remaining plates are approx-
iﬁately »8 actual size.

All of the parts, with the exception of the commer-
ci&i components and the reference rotor (which was made
by the Electronic Systems Laboratory's machine shop) were
machined by me. Two reasons for this were: 1) This was
not a sponsored projecf, gso fundg were not avallable for
the machine ghop work. 2) Detailed drawinés were never
made for most of the parts. ‘

Gaskets were used bstween the parts shdwn in Plates
10 and 14; 14 and the connector in Plate 15; 46 and 49;v
and 49 and 51. An O ring was used as a seal between the
parté chown in Plates 4 and 106. This © ring is in nlace
In its groove in Plate 12 and iz visible zs a blackbline.
Stainless steel washers used as spacers to form the static
pressure pickoff are barely visible in Plate 9.

A few minutes thought using the Bernoulli principle
should cbnvince the reader that the pcsition of the high
pressure slde of the réference blower is a very good
approximation of that shown in Figure 2.

The ¢hart below shows a few of the criticzl dimensions

and characteristics:
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Butterfly valve dlameter 5.00 inches
Butterfly valve clearance when closed .010 inches
Maximum presgsure butterfly valve can

- withstand when closed 20 pei
Pressure reference rotor diameter 4,00 inches

The hot wire anemomeier filament is. from a #49
General Electric light bulb. It is .00035 in. in diameter.

Figure 3 shows the voltage vs. current of this filament.
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IV TEST RESULTS AND CONCLUSIONS

Preliminary teste were nade to determine whether
the air flcw meter would operate. Figure 4 shows the
pressure reference vs. rpm characteristic of the pres-
sure reference. Noct of the electricsl circultry used
ras conventicnal and therefore wili not be desgcribed

here. The only exception is the bridge circullt used to

[0]

xcite the hot wire anemometer and derive from it a siznal

that when amplified would drive the contrcl phase of the

T

gervo motor. This clrcult is given in Figure 5. Figure

-

(o)

shows the voltage and phase output of this bridge, the
hot wire anemometer, and the preesure reference, vs. the

preessure drop across the butterfly valve. The data for

low pressure reference speed with the prescsure drop aeross
the hutterfly valve zero.

Le a qualitative operation test a ventilating blower
wasg uéed Lo draw air through the air flow meter. The meter
cperated nroverly under steady siate or slowly vérying
conditions. The system became unstable in the presence of
high amplitude variations above the maximum frequency that
the servo system can follow. Reference to Filgure 6 will show
the rcason. The large error signal forces the operating

n_n

point from its normal position at "a" to a veint "b". The

servo motor wlll therefore move the butterfly valve away

S R — -
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rather than toward null. Stable operation may be regainéd
the next time the butterfly approaches its null posgition.
This will'éepend on the characteristics of the air flow at
that time =g well as the relationship between the kinetic
energy of the rotating tutterfly valve and the braking from
the servo. Eecausge of this characteristic it waz decided
tc replace the hot wire anemometer with a type of flow

transducer which can distinguish direction of flow. This

would eliminate the necessity of the servo system being

" in the equation

able to rotate 360° and would permit the "a
oh page 4 to be reduced to a negligible factor. Such a flow
| transducer could be made from a thin sheet of aluminum foil
(or §ther material)’so mounted that air flowing over it
would bend it. Either optical or capacitive position
indication could be used.

The installation of such a transducer and subsequent
calibration have been postponed until after the completion
; ; of this thesis. Nevertheless the feasibility of such an

air Tlow meter has bheen proved.




vV Plates 1 - 51

The following plates show contruction

and assembly details of the air flow rate

- meter.
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