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ATIR-CONSUMPTION PARAMETERS FOR AUTOMATIC
MIXTURE CONTROL OF AIRCRAFT ENGINES

By Sidney J. Shames

SUMMARY

Data obtained from Navy calibration tests of an 1l¥-cylinder
Wright XR-3%%50- engine and a lh-cylinder Wright R-2600-8 engine
(carburetor types) are analyzed to show the correlation between the
air consumption of these engines and the parameters that evaluate
the air consumption [rom intake-manifold teriperature and pressure,
exhaust back pressure, and engine speed.

The analyses show that, for the sveed range reported, the air
consumption of these engines can be renresented as a continuous
single-valued function of intake-manifold temperature and pressure,
exhaust back pressure, and engine speed. This function is shown to
be adaptable for automatic mixture control on an engine with a con-
tinuous injection system., The analyses indicate that even better
adaptability exists for a timed injecticn system. Design information
relative to the construction of controls for a fuel-injection system
using the foregoing type of automatic mixturs control is presented
for the two engines. The analyses also show that the parameters
vary for different designs of engine and that calibration tests will
theretlore be required for each design. '

INTRODUCTION

The successful design of & mixture-control system for an aircraft
power plant requires a fuel-metering system that is specifically
relataed to the air consumpiion of the engine for which it is designed.
(See reference 1.) Toth past and receat American developments have
centered around the use of a venturi for measuring air flow to an
engine and, as such, are limited to the conditions under which
venturis operate.

The purpose of tids anclysis was fo investigate the use of a
function of intake-manifold temperaturs and pressure, exhaust back
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pressure, and engine speed in place of a venturi as a means of
measuring engine air consumption and to. determine if this function
is suitable for automatic mixture control., This type of control
will be considered for use with either a continuous or a timed
fuel-injection system. When used with timed fuel injection,
practical coansiderations show that it offers greater blnpllvlty
(reference 2) than mass air-flow control.

Although successful designs utilizing a manifold-pressure type
of automatic mixture control with timed fuel injection are on tiie
Junkers Jumo 211D, the Daimler-Benz 6014, and the BMW-301 engines,
the fundamental relationships on which these designs are based are
still larg 21y unknown. The secondary purpose of this analysis was

provide some information on tﬂb poasible line of reasoning behlnd
theae designs.

The data for this analysis were obtained from calibration tests
performed on two carburctor-type engines (Wright XR-3%350-L and
Wright R-2500-8) at the Naval Aircraft ¥actory, Navy Yard, Phila-
delphia. Thesz calibration tests were the only onss available that
contained sufficient information on which a complete analysis counld
be based.

'he analysis presented herein was carried out at the Aircraft
Engine Research Laboratory of the Halional Advisory Committee for
Aeronautics, Cleveland, Ohio, during the latter part of 19.3.

s.-a‘

METHOD OF ANALYSIS

The amount of charge taken in by an engine is influenced by
intake-manifold pressure, exhaust back pressure, intake-manifold
temperaturs, thaust~gas temperature, intake-valve and exhaust-valve
areas, valve timing, cylinder-head and cylinder-barrel temperatures,
fuel-air ratio, engine speed, and heat transfer before intake-valve
closure. although it would be desirable to account for all of
these factors in & control system, only those factors that have a
predominating influence on the air consumption of a particular
engine are considered in this analysis, These factors are:
(1) intake-manifold pressure, (2) exhaust back nressure, (3) engine
speed, and (!) intake-manifold temperature. The change in air ilow

produced by a change in cylinder temperature or fuel-air ratio is

accounted for only by its effect on intake-manifold temperature.

‘he function of the analysis is as follows: (1) to determine
1f ‘the air consumption of an engine can ba represented as a contin-
wous single-valued function of the absolute intake-manifold pressure
and exhaust back pressure at a given intake-manifold temperature and
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engine speed, (2) to determine the relation between engine air con-
suption and intake-manifold temperatwre, and (3) to determine the
relation between engine air consumption and engine speed.

In order to use these relations for control mediums, they must
be noth continuwous and single-valued., On this basis a control system
would probably consist of one unit responsive to a change in intake-
‘manifold pressure and exhaust back pressure and another unit respon-
sive to a change in intake-manifold temperaturs, In a continuous
injection system the effect of engine speed could be accounted for
by a governor or by a variable-displacement fuel pump with the
proner speed-delivery characteristics., The speed effect in a timed
injezcetion system could be accountad for in the speed-delivery
characteristics of the fuel-injection pump.

The method oif analysis consists in obtaining engine air-consumption
data such that the following series of curves can be plotted and ana-~
lyzed for trends:

(a) Air flow against intake-manifold nressure at various constant
speeds but at a constant exhaust back pressure and intake-manifold
temperature

\

(b)-Curves similar to (a) but at various exhiaust back nressures

(¢) Air flow azainst intake-manifold oressure at various exhaust
back pressures but at constant sneed and intake-manifold temperature

(d) Air flow against intake-manifol:l temosrature at constant
intaie-manifold pressure, oxiaust bachk pressure, and speed

(e) Seversl curves similar to (4) but at various intake-manifnid
oressuras, exhaust back pressures, and speeds

The first two series of curves ((a) and (b)) give the complete
air flow-speed characteristics of the engine. Cross plots of these
curves indicate the speed resyponse that must be incorporated in the
control system, '

The (¢) series of curves orovides the information from which
the parameter representing the change in air flow for different
intake-manifold pressures and exhaust back pressures can he obtained.
This information is necessary for the design of tie pressure-
responsive unit.

The (d) and (e) series of curves movids the information Trom
which the temperaturc-ressonsive unit can be designed.



i MACA ARR No. ELI23

The following symbols arc used in the analysis:

D intake-manifold pressure measured at the supercharger-case rim,
inches of mercury absolute

Pe  exhaust back pressure, inches of mercury absolute
ty,  intake-manifold temperature, °OF
W air {low, pounds per cycle

n- engine speed, rpm

Pres ure at the supsrcharger-cass rim was used in preference to
the intake-manifold pressure because thie pressure from only one intake
munliula was available. It was thought that the pressure at the

upsrcharger-case rim would probably g a baetter indication of the
total air ilow than the pressiwrs at U lown cylinder,

Altitude pressure is considersd as the exhaust back pressure for
mechanically driven oufarc}JY 'ed engines, such as the Wright XR-335C-)
and R~-2600-8 2ngines, which were used in this analysis; whereas the
pressure in the exhaust maaiiold must be considered as the exhaust
back pressurc ior exhaust turbine-driven suporcharged engines.

The intake-manifold temperatwe for engines that have a carbu-
retor type of fusl-mete rlum system i1z commonly referrsd to as the
”mlxour~ temperature.? For the test data analyzed, this temperature
was measured o" an unshielded thermocouvnle in the intake manifold
approximately & inches irom the intake port,

The "pounds per cycle" of air flow is the total weight of Aair
that passes through the engine in one engire cycle, In the engines
tesbed, this quantity is zither 18 or 1L times the quantity of air
consumed by a single cylinder during the completion of one cycle of”
its operation.

AQALY SIS AND RESULTS

Parameters for Wright YR~-3%350~ Engine

\J’1

The results of the analj is on the Wright XR-3%350-!, engine are
presented in figures 1 to 5. This engine has 1J cylinders, a
6.125-inch bore, a 6.3125-inch stroke, and a 1L,8° valvp—overlap
period., The test work from which these data were obtained was con-
ducted according to standard Navy calibration methods; that is, the
carburetor-sir supply (temperature and pressure) and exhaust back
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pressure were controlled. This method results in a considerable
variation in intake-manifold temperature for different operating
conditions owing to the geared supercharger and the introduction of
fuel ahead of the supercharger. In order to plot these data according
to the previously cutlined methods, correction of the data to a
standard intake-manifold temprature was necessary. The data avail-
able for determining a temperature correction factor are reproduced
in figure 1. These data show the relation between air flow and
intake-maniiold femperature at three different conditions of intake-
manifold pressure p_, exhaust back pressure p,, and engine speed,
Linear curves of indentical slopez were drawn through the data points
of all three conditions with a maximum deviation of less than

2 percent. Thus, despite the fact that the limited data avazilable
for any particular condition wmight indicote a slightly different
slope, the close approximation of the single slove over the entire
range made its use justifiable and workable. The value determined
for this slope was 0,00019 pound per cycle per degree Fahrenheit

and is the temperature response that must be incorporated in the
control system. The data were then corrected to a constant intake-
manifold temperature of 1GO° F by the use of the foregoing temper-
ature correction factor,

Figure 2 shows a plot of air flow ir pounds per cycle against
intake-manifold pressure at various speeds but at a constant exhaust
back pressure., The faired curves throurh the points for the four
engine speeds are four parallel straipht lines indicating a linear
relation between air flow and asbsolute intake-manifold pressure.
With the exception of one point (intake-manifold pressure of 1.5 in.
Hg absolute at 2500 rpm) the variation of the plotted data from the
curves is less than 2 percent. Sufficient data at other back pres-
sures for curves similar to those in figure 2 were not available,
Figure 3 is a cross plot of figure 2 and shows the effect of engine
speed on engine air consumption. Because the effect of engine speed
is independent of manifold pressure, the deviations in air flow from
1900 rpm rather than actual air-Tlow values &t one condition of
manifold oressure were selected for the ordinate scale in figure 3.
The gymbol Kp has been assigned to this crdinate for use in later
computations. The curve in figure 3 provides the design data for
the speed response that must be incorvorated in the control system.

Air-flow data at various intake-manifold and exhaust back
pressures but at a constant engine snheed of 1900 rom are presented
in {igure L. Three lines have been interpolated and represent the
air consumption at exhaust back pressures of 10, 20, and 30 inches
oi mercury absolute, A linear relation of air flow with respec
to both intake-manifold pressure and exhaust back pressure is indi-
cated by these lines. The equation of these lines represents the
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air consumption at 1900 rpm and an intake-manifold temperature of
100° T and is as follows:

W 1900 rpmy = 0+00105 (5.h3py = pe) = 0.00L5 (1)
100° F /

With the term 5.L3p, - pe in equation (1) as the abscissa,
figure 5 was plotted from the data in figure l.. This figure shows
the scatter of the data with respect to equation (1), which is rep-
resented by the line drawm on thnis figure. The abscissa in figure 5
reprasents the relation in accordance with which the pressure-
responsive wnit must be designed,

An equation representing the air consumption of the -
Wright XR-%%50~l, engine at any intake-manifold pressure, exhaust
back pressure, intake-manifold temperature, and engine speed is

W o= 0,00105 (5.h3p, = pe) + 0.00019-(100 = ty) + Ky - 0.0045 (2)

Pressure - Temperature
" parameter parameter

The speed factor K, in equation (2)"is the ordinate In figure 3
for the particular speed at which the air consumption is desired.
An algebraic relation has not been incorporated in equation (2)
because of its complexitly.

The use of a linear speed response in place of the response
indicated in figure % would result in the introduction of an error
of approximately 1 percent. A linear response might be more feasible
in some control systems, but the more desirable speed response would
be that indicated in figure 3, Reference 3 describes methods of
obtaining various speed-delivery characteristics in a fuel-injection
pump without the use of any special speed-responsive mechanisn.
Variations of several of these methods could probably be used in a
timed fuel-injection system to obtain the speed response indicated
in {igure 3.

Equation (2) and figwe 3 provide the design basis for comstruc-
tion of. an automatic mixture-control system for the Wright XR-3350-4
enginz that uses as the control mediums: intake-manifold pressure,
exhaust back pressure, intake-maniinld temperature, and engine speed,

Parameters for Wright R-2600-8 Engine

A similar procedure was carried out with data from the
1h-cylinder Wright R-2400-8 engine, The results are presented in
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figures 6 to 10, which, in general, are similar to figures 1 to §
for the Wright XR-3350-l engine., The exceptions are a slight
difference in the numerical values of the temperature and pressure
parameters and the speed characteristic, The faired curves in
figure 7 are parallel straight lines and thus indicate a relation
between air flow and engine speed that is again independent of

anifold pressure. Most of the data are within 2 percent of the
curves,

The equation representing the air consumption of the R-2600-8
engine at any engine operating condition is

= 0,0008 (5.5pp ~ De) + 0.00017 (100 - ty) + Kn - 0.006 (3)

Presswre | Temperature
parameter parameter

The speed factor K, is plotted on figure § and is used in the

same manner as described for the XR-3»350-! engine, TFigure 8 shows
the variation in air flow to & minimum speed of 1200 rpm. An

engine is, however, seldom cperated for any prolonged periods at
speeds below 1500 rpm; tidis fact permits an increase in the mixture
tolerances in the speed range below 1500 rpm and thus reduces the
requirements for an acceptable mixture-control system for this »
engine, The data {or speeds below 1500 rpm ars presented in order
to show that the correlations betwesen engine air consumption and the
parameters are valid for all speeds for which data are now avzilable,
The substitution of a linear speed response above 1500 rom for the
response shown in figure 8 would introduce a maximuwn error of less
than 2 percent. Data at conditions other than those shown in any
of the figures were either missing or insufficient for a reliable
analysis.

DISCUSSION AND APPLICATION OF RESULTS

The close agreement between the pressurs parameters of the
18-cylinder Wright XR-3%50-l) engine and the Ui-cylinder
Wright R-260C~8 engine is probably due to the similarity in intake
and exhaust systems and the fact that the dimensions and construc-
tion of the two cylinders correspond vary closely. The slight
difference in the pressure parameters may be attributed to the
s difference in valve timing and in the valve-overlap period. The
Viright R-2600-8 engine has a valve-overlap period of 60°; whereas
the Wright XE-3%50-l; engine has a valve-overlap period of L8°.
The diffzrence in the constants in equations (2) and (3) is
believed to be due to the different numbor of cylinders in these
engines, Data from more engines are necessary before any definite
statement s can be mads as to which factors haVc the greatest effect
on air consumption.
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The scatter of some of the data is believed to be due to the
difficulties encountered in obtaining reliable intake-manifold
temperatures with carburetor-type engines, Better correlations
would probably be obtained if there were no fuel in the intake
manifold. Such data could be obtained from an engine with direct-
head fuel injection.

Because changes in manifold temperature exert only a small
influence upon engine air flow as compared with changes in either
intake-manifold pressure or exhaust back pressurz, the data used for
the temperature parameters-are considered sufiiciently accurate
despite the relatively few data available.

The effects of engine speed on air flow, and hence on fuel
requirements, may necessitate some difference in the application of
air-consumption parameters to either a continuous or a timed fuel-
injection system. These effects ars twofold: First, for a given
set of manifold conditions, a change in speed will vary the air
charge per cycle, as is shown in figures 3 and 8; second, a change
in speed will vary the number of cycles completed in a given time
interval and thus the amount of air consured during this interval.
In a timed. fuel-injection-system these two effects are both accounted
for at the fuel-injection pump: the first by incorporating the
desired speed-delivery characteristic, and the second by directly
gearing the pump to the crankshaft so that it completes an equal
number of cycles per second. The foregoing methods of accounting
for the effects of engine speeds also apply to a continuous injec-
tion system employing a variable-displacement fuel pump. In a
continuous injection system employing a standard fuel pump, nowever,
a constant fuel pressure is delivered to the metering device-inde-
pendent of engine speed. Hence, a special speed-responsive
mechanism must be incorporated in the system.

4 discrepancy might result from the application of the param-
eters computed from tests with carburetor-type engines to direct-
head fuel-injection engines because fuel-injection engines will
have no fuel in their intake manifolds. The change in engine air
flow due to the absence of the fuel in the induction system is not
well established; it is believed, however, that the parameters will
not change hut that engine operation with direct-head fuel injection
will only cause operation at a higher intake-manifold temperature
and a slightly different intake-manifcld pressure for the same air
flow. 1In any case, indications are that parameters can be obtained
for an engine with a direct-head fuel-injection system that differ
inappreciably, if &t all, from those obtained for an engine with
a carburetor-type fuel systen.
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The use of the suggested parameters will give a measure of the
air delivered to the engine and not the air remaining after intake-
valva closure.. When these parameters are used in conjunction with
a direct-head fuel-injection system, with injection afler exhaust-
valve closure, an error is introduced owing to the short-circuiting
of some of the alr during the valve-overlap period, This loss of
air is not accounted for in the control system and therefore a
slight discrepancy in fuel-air ratio results, This same error
occurs, rowever, in the case of a mass air-flow type of mixture-
control system when it 1s used with direct~head fuel injection with
the beginning of injection after exhaust-valve closure. For very
accurate mixture control of direct-head fuel-injection systems, the
guantity of fuel delivered should be mstered according to the air
trapped in the cylinder. I1f necessary, the amount of short-circuiting
and the required metering cerrection can be investigated by intro-
ducing a tracer gas in the intake manifold., (See reference li.)

CONCLUSIONS

Analyses of air-consumption data from Navy calibration tests
of a Wright XR-3%%50-ly 2ngine and a Wright R-2600-8 cngine indicate
the following:

1. The air-consumption data of these engines can be represented
as a continuous single-valued function of intake-manifold temper-
ature and pressure, exhaust back pressure, and engine spead.

2. This function can be used as a basis for the design of an
automatic mixture control for an engine with either a continuous or
a vimed fusl-injection system.

3. The ralations between air consumption and other engine
conditions vary for different designs of engine, and individual
calibration tests are therefore required for each design.

Aircraft Engine Research Laboratory,
National Advisory ¢ommittee for Asronautics,
Cleveland, Ohio.



10 ' NACA ARR No. E4I23

REFERENCES

1. Wiegand,‘F. J.: Carvburetion for the Aircraft Engine. SAE Jour.
(Trans.), vol. 51, no. 8, Aug. 1943, pp. 294-303.

2. Oldberg, Sidney, and Ball, Thomas M.: Design Features of the
Junkers 211B Aircraft Engine, SAE Jour, (Trans.), vol. 50,
no. 11, Nov. 1942, pp. 465-483,

3. Zahn, O. F., Jr.: Quantity-Speed Characteristics of Fuel
Injection Systsms., Auto, Ind., vol. 88, no. 7, April 1, 1943,
TP. 40-42, 84; vol. 88, no. 8 April 15, 1943, pp. 34-37.

4. Schweitzer, P. H., and DeLuca, Fraenk, Jr,: The Tracer Gas
Method of Determining the Charging Efficiency of Two-Strcke-
Cycle Diesel Engines, - NACA TN No. 838, 1942.



"NACA ARR No. EU4I23 ' Fig. |

NATIONAL ADVISORY (inf Hg
COMMITTEE FOR AERONAUTICS abls)
.098
| o NE
* 34,
0096 . \ . x 29.

094 \:L\\“
NN

.092 - g

.090 P I® 150

.170

- .168

.166 N\\\ﬁﬂx\\\

.164 ' . Ny

S
.162 ﬂéo “ﬁBﬁ" 140 ~——IED 160

Alr flow, 1lb/cycle
y

»146

.144 <
N~
.142
\

.140 ]

138 '
. \
.136 ‘ T

.134
60 70 80 90 100 110

Intéke—ménifolt_i temperature, °F

Figure 1, - Variation of air flow with intake-manifold temper-
ature. Wright XR-3350-4 engine.

~



NACA ARR No. EWI28 _ Fig. 2

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

«200 — - : 74

0160 4

/]
[
[ V. 4
By
o .
3 <
140 4
&
/
b /// En%ine peed
L]
< 120 . (rpmﬂ
;:E + 2300
x 100
‘ 230 , o 1900
2100 / 3 1700
.100
1900)7//‘? '
17007
. .080
060
- 20 24 28 32 - 36 40 44

Intake-manifold pressure, in. Hg abs.

Figure 2. - Variation of alr flow with intake-manifold pressure
at various engine speeds. Wright XR-3360-4 engine; exhaust

back pressure, 30.00£0.6 inches of mercury absolute; air
flow corrected to an intake-manifold temperature of 100° P,



Fig. 3

EW123

ssoxp °*autdus #-0GLL-uX IUITIN

*2 2an3yy woxy ejep Jo jotd
*paads auilus y3IA MOTS ate Jo coa»m«ndb - ¢ on:mdm

wda ‘peeds autugy

00he 00ce 0002 0081 0091 0oh 1 00T
eo’~
T10°-
¢ 1\ 0
l\l
T0°
eo’

NACA ARR No.

SOILNVNON3Y -H04 JILLINWOD
"~ AYOSIAQY TVNOILVN |

atofo/qr ‘% ‘wda Q06T Wox3 MOTI ITe JO uoTIeTASQ



NACA ARR No. E4I23.

Alr flow, 1b/cycle
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Alr flow, 1b/cycle
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Air flow, 1lb/cycle
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Alr flow, 1b/cycle
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