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VARIATION OF HORSEPOWER WITH ALTITUDE AND COMPRESSION RATIO:

By H. C. DICIKINIJON,W. S. TAKES and G. V. ANDERSON.

Rl?WM%.

Among many other faotora which affect the horsepower of an airplane engine are the
atmospheric pressure, and consequently the altitude at which the engine is working, and
the compression ratio, or cylinder volume divided by clearance volume.

The tests upon which this report is b=ed were selected from a large number of runs
made during the intercompariscn of various gasolinea to determine the variation of homepower
with altitude at three diflerent compression ratios and the following conclusions have been
reached:

(1) The total power of the engine decreases rapidly with increase in altitude, being only 71
per cent of the power on the ground at 10,000 feet, 49 per cent at 20,000 feet, and 32.5 per

cent at 30,000 feet.
(2) The gain in power due to increaee in compression doea not bear a oonstant &fin tQ

“the tatal power of the engine at different altitudes, being greatar at high than at low altitudes.
The curves on plot s illustrate this variation in horsepowa for the three compressions con-
sidered at different altitudes.

VARIATION OF HORSEPOWER WITH ALTITUDE AND COMPRESSION RATIO.

The following report is based upon the rmdts of a series of tests conducted at the altitude
laboratory d the Bureau of Standards for the National Advisory Committee for Aeronautics.
In this Iabora$ory the engine under test k installed in a concrete chamber from which the air
may be partially exhausted by mesmsof a blower, thus reducing the barometric pressure within
the chamber to a point corresponding to the pre=wre at say de&ed altitude. At the smne

time, by passing the air, as it enters the chamber, over a series of refrigerating coils aud heating
grids, the temperature may be regulated during the t-i%. The power of the engine is absorbed
by sn electric dynamometer placed outside the chamber and connected h the engine through 8

flexible ooupling. Measurement of power are made by weighing the torque on the dynamoms
ter field at measured engine speeds. A complete description of this apparatus and methods of
observation is contained in Report No. 44.

A stack HispanoSuiza, 8-cylinder engine, rated at 150 hm=epower, and built by the Wright-
Martin Aircraft Corporation, New Brunswick N. J., wss used in maldng thwe experimmts.
This engine is furnished with three set.aof pistons, designated as “low,” “high,” and “-a

high” compression, the ratios of compression, that is .%%%G%%%’ b-app”-atdy
4.7, 5.3, and 6.2, respectively. Ml of the twta were run on a single grade of gasoIine d+-
nated as “~” with a Qaudel carburetor which was adjusted by hand in each case to give
the hst fud consumption cmsistent with m&nmm power. All the reaulta are based upon
au engine speed of 1,600 revolutions per minute. In the earlier tests the horsepowers ware
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corrected to 0° C., while in the later ones they were corrected to standard temperatures for
given barometric premmres,ss will be described in a subsequent paragraph.

Tables I, II, and HI give the results of a number of t-k, using the three different sets of
pistons, the horsepowers deduced from these tests having been corrected to 0° C. The data
contained in theee tables are plotted on curve sheet 1.

As it is desirable to obtain the relatiom existing between barometric pressure and horse-
power developed under the actual conditions of flight, the obsened homepower must be cor-
rected from the temperature during the test to the mean temperature encountered in actual
flight at the given barometric prcsmre. To obtain this relation between temperature and
barometric pressure, use wss made of the information contained in Aeronautic Instruments
Circular No. 3, issued by the Bureau of Stahdards, resulting in the temperature-altitude
curves marked “ B“ on plots 2 and 3. The curve on plot 2 is in metric and that on plot 3 in
English units.

To correct a given horsepower, HPO, at a given barometric pressure from 0° to some tem-
perature t at the same barometric pressure we may make use of the foIlowing relation:

In which HPO= Homepower at 0° C., at the given barometic pressure.
In which HP~= Horsepower at temperature t degrees centigrade at the given barometric

pressure.
In which #’0 = Correction factor to reduce horsepower from t degrees to 0° C.
Valuw of F.. for auy given temperature tmaybe obtained from curve B, or ita equation, both
of which are givan on plot 4, which is a mean curve of correction factors obtained from the
results of a number of tests performed at the altitude laboratory with two diflerent carburetors
and at various altitudee.

We may obtain an exprmsion for HP~ in terms of HP. by transposing equation (l), as
follows :

HPt. ~or HPt=lZP. X~
(2)

in which ~ is a factor to correct from 0° C., to the given temperature t.
a

In the ~estaperformed in the altitude laboratory the runs were conducted at four barometic
pressures,which were adopted as standards for comparing the results of different teats and also
to facilitate computations. In the later tests, series 99 to 111, carried out with the high com-
pression pistons, the homepowers were correctmd to the mean temperatures wrresponding to
the observed barometic pressurm, consequently it was necessary to eatabliah a set of standard
temperatures corresponding h the different standard barometric preasurcs. The mean valum
of these four “standard” temperatures obtained from curve on plot 2, together with the
corresponding approximate ahitudes, are as follows:

# ,- .-—-— .— . . . ..—
B=ir$

osntfmetel’sof
meranry.

Cal
49.8
87.6
X6 IT

-.
la 1

-0.1
E#g

-16,1 Ie:m
46.6 all,IJoo

I ! I I , .. . . . . . . . ,. ,. . . . .

VaIuea of horsepower for the three compression ratios were obtained from curve on plot 1
at the standard barometric pressures zmd tabulated in Table IV. These were corrected from .
0° C. to the standard temperatures by use of equation (2), giving the values of horsepower
corrected to standard temperatures for the three earlier series, ss tabulated in the last column
of Table IV. -

The runs in series 99 to 111 were made at various speeds. Table V gives the observed
values of speed and homepower at the diihrent altitudas for this swim. These data are
averaged and plotted on eheet 6 and the values of horsepower at 1,500 revolutions per minute
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taken from the resulting curvw are tabuIated and averaged in Table VI with series 67 to
79, both series being on the high compression ratio 5.3. The averaged data are plotted on,

.—

plot 6, together with the corresponding data for the other two compr~ions (4.7 and 6.2)
obtained from the hwt column of Table IV, giving curves of horsepower at 1,500 revolutions
per minute, corrected to standard temperatures versus barometric pressure for the three

- --—

compressions.
Ikom these curves the ratios of tie ditbrent horsepowam for each compression to the

horsepower at sea level for the high (5.3) compression were computed. These ratios were
plotted on plot 7 against altitudes in feat corresponding h the different barometric pressurw.
The rkitudes were cumputed from the formula:

.:

obtained from the Smithsonian ?Aetsorological Tables for 1907, page 100, in which h is the
altitude in feet and p is the atmospheric pressura in centimeters of mercury.

The curves on plot 8 illustrate the vmiation m horsepower with compression ratio at dif-
feraut aItitudm. The horsepower developed with the 5.3 or “high” Compr-ion ratio at the
different altitudes was taken as 100 percent and the other two compression ratios were plotted
as percentage of this curve. AE will be seen upon examination, the gain in horsepower due
~ “~~a-high” ov~ ~’high” compression amounts to but 2.8 per cent at 5,000 feet, while it
increases to nearly 5.8 per cent at 30,000 feet. Likewise the decrease in horsepower due to
“low” compression, while only 3.3 per cent at 5,000 feet, amounts to about 7.3 per cent at 20,000
flint.

It is evident, therefore, that the value of high compression is more apparent at high than
at low altitudes.

It should be pointed o~t that any comparison of abdute horsepowers for the dii%rent
compression ratios may be misleading as the mgine conditions, such as fit of piston rmd rings,
condition of valves, etc., were not the same in each case. However, the manner in which the
horsepower varies with barometric pr-ure in each case may be taken as characteristic for
the given combination of engine, carburetor, amdfuel with a given compression ratio.

h conclusion, it may be stated that practically alI the tests conducted in the altitude
laboraimy show nearly the same relation between horsepower end ahitude. &Ly given set
of conditions which tiect the operation of the engine may be held approximatdy constant
during one test and the variation of horsepower with altitude determined for these conditions.
OnIy a small amount of this information has been dlectted m this report, es the tests upon
which it is based were chosen particularly to show the power-altitude relation at diflerent
camprwsion ratios.

!I?ABLBI.—Autmgahoi-aqmmraand barmebw d , J.li.- pmaurea - Ordti:tIOnRX d —Low compremim mib=4.7; hmepmcem
corrected to 0°
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Pm-r n.

VALUE OF SUPERCHARGING.’

By H. C. DIOKINEONANDG. V. ANDERSON.

RI!EXJMI?.

A @t was carried out at the altitude laboratory of the Bureau of Standards to investi-
gate thq resulte obtained by increasing the carburetor air inlet pressure above the exhaust back
pressurk of an airplane engine, tid to evaluate the effect of this upon the horsepower output.
In pra ‘tice, supercharging may be accomplished by means of a blower driven from the engine
by ge

$

g, or connected to an exhaust turbine.
Th resulte of this test show what gain in horsepower may reasonably be expected through

supercharging, and indicate that a net gain in horsepower will mmdt even if considerable power
is requ$ed to drive the blower.

~es showing this increase in power for different carburetor inlet pressures and exhaust

v
back p uras are given on plots 1 and Z.

I VALUE OF SUPEWEL4RGING.

‘llwfollowing report is based upon a test made in the altitude laboratory of the Bureau of
Standa~ds to determine the effect produced upon the horsepower output of an airplane engine
by the introduction of air to the carburetor at a higher prewue than the exhaust or back pres-
sure. Such a condition is easily produced in this laboratory, as the engine under testis inclosed
in a chamber in which the air prmsure may be controlled, independently of that on the carbu-
retor inlet, by means of suitable pipes and valves leading to a suction blower. A more complete
description of this method of controlling the barometric pressure is given in Technical Report
No. 44.

A stook 150-horsepower Hispano-%iza engine, built by the Wright-Martin Aircraft Corpo-
ration, New Brunswick, N. J., having a compression ratio of 5.2 to 1, was used in making the
test. The Claudel carburetor, with which the engine is equipped, was adjusted in each case to
give minimum fuel consumption consistent with maximum power.

Two runs were made with approximately a constant prtwmre on the carburetor, and with
varying exhaust back premures in each case. The first run was made with the valve on the
intake wide open, so that the highs% pressure could be obtained at the carburetor. The pres-
sure within the chamber, which is the same as the exhauet baolc pressure, W= adjusted, and
readings taken at values of approximately 62, 50, 38, and 34 cm. Hg. The data obtained me
tabulated in Table I, and the results are plotted as curve A on plot 1.

In the second run, the valve on the intske was partially closed, so that the pressure on the
carburetcmwas the equivalent of 20 cm. Hg below the prevailing atmospheric pressure, and
readings taken at approximately the same points as before. The results of this run are given
in the second half of Table I and are plotted as curve B on plot 1.

Inihe &at run the pressure of the intake air was not constant throughout, varying from
72.67 to 70.22 cm. Hg, so that it was necessary to correct the results to some constant pres-
sure. The correction was made to a pr~ure of TOcm. Hg by interpolation, which is based on

1ThfaReportwaoeonUdantkdlyclrcnhteddruingthewarmBureauc1ShudnrdeAeranrmtIoPoweTPIs!u%Rx No.9.
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the assumption that the increment of horsepower developed at a given back pressure is propor-
tional to the increment of premure of the carburetor air. This correction gave curve C on plot

1. AU horsepowers were corrected ta 1,500 revolutions per minub and 0° C.
This temperature correction was made in accordance tith the results of a seriee of tede

performed at this laboratory to determine the variation of homepower with temperature, and
more complete information on this subject maybe obtained from Part ID of tlis report.

In order to detemnine the engine performemce under diflerent conditions of cmburetor
pmsure and exhaust back presure, a fsznily of curw at carburetor pressures of 76, 70,65, 60,
and 55 cm. Hg were plotted against the exhaust back pressures. These were derived from
the two wqmrimental curves by interpolation based on the assumption as mentioned above.

As it is desirable for the purpose of design to bow the engine output under diilerent corL-
ditions ss a function of the maximum output on the ground, the ratio of horsepower taken from
the above mentioned curves to the horsepower at a carburetor and exhaust pressure of 76 cm.
Hg, taken from curve D, is computed and plotted on plot 2. T&se curves give the engine
performance under the difkent conditions on the basis of a constant temperature of air at the
carburetor.

To compute the horsepower that would be developed by an engine equipped with a super-
charging device under a given set of conditions of altitude, carburetor air pressure, and exhaust
back pressure, lmow@ the engine performance on the ground, we may make use of the above
mentioned curves in connection with the following relations:

HP= HP,xRx(F,), (1)

in which EP =horsepower developed with supercharging apparatus at the given aItitude, and

HPl = the observed horsepower on the ground at the observed carburetor air temperature of

tl, and R-horsepowerratio at the given conditions of exhaust and carburetor presures pro-
duced by the supercharging device at the given altitude (obtained from cum= on plot 2) aud
(F,],= tamperahre correction factor to correct from observed temperature on the ground,
tl, to temperature at the carburetor, & under the given conditions.

The use of any form of supercharging device involves a compassion of the air from the
prevailing atmospheric pressure at the given altitude to some higher pressure, before antering
the carburetor. This results in a heating of the sir above the prevailing temperature of the
atmosphere, and a consequent reduction of the avaiIable output of the engine. (For average
temperatures of atmosphere at -nmious altitudes see curve B on plot 5). The temperature
resulting from such a compression may be computed by use of the equation:

(2)

in which T%=temperature at carburetor after comprmion (absolute) and TI= the temperature
of the atmosphere before compression (abs.); P,=pressure at the carburetor after compression;
PI= atmospheric pressure at the gimu altitude (prassure befora compassion); and n I=com-
pression exponent (1.41 for en adiabatic compression).

& the air enters the carburetor at the temperature ~, after compr=on (ccmrmponding
to the absolute temperature Taof equation 2), is in most cases diflerent from the observed tem-
perature on the ground, L the temperature correction factor (Fa)l must be irduded in equation
I to give the correct output that would be developed at the existing air temperature at carburetor
under the given conditions. (See Part III of this report.)

To facilitate computations, plote 3 and 4 were constructed for obtaining the temperature
after compression ~, according to equation 2, tmd the temperature correction factor (F,),
respectively.

In using the chart for compression temperatures, it is unnecessary to determine the tempera-
ture of the altitude, as this is a function of the altitude barometric pr-ure, and is incorporated
in the chart. To use this chart, kwata carburetor pressure on the horizontal scale at the bottom,
trace vertically upward to the line of barometric pressure corresponding to the given altitude,
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.

then horizontally to the curve of the desired compression exponent. From there tru vertically
upward or downward to the line corresponding to the barometric pressure of the altitude,
and horizontally to the right to the scale of temperatures. This gives the temperature after
compression in degrees centigrade.

The temperature correction factir (F,)l may b~ obtaimd from plot 4. To use this chart,
locate the observed temperature on the ground, t,, on the horizontal scale on the bottom and
trace vertically upward to the line corresponding to the compression temperature as obtained
from chart on plot 3. From there tram horizontally to the scale of correction factors.

An example may serve to illustrate the use of the curves and charts. Assume that an tmgine
capable of developing 400 horsepower on the ground at a temperature of 10° C. (50° F.) is to
be equipped with an exhaust prwsum turbine blower, which at a barometric prmsure of 35 cm.
Hg (corresponding to 21,100 feet altitude and at --21° C.) (see curves A and B on plot 6)
exerts a back pressure on the engine of 35 cm. Hg and increases the carburetor prcssum by 30
cm. Hg. Then we have for the exhaust prmsure on the engine at the given altitude, 35 + 35= 70
cm. Hg, and for cwbureter pressure, 35+30-65 cm. Hg. From the curves on plot 2, we
obtain a horsepower ratio of 0.836. To obtain the temperature after comprmsion, we may
assume an adiabatic compression with an exponent of 1.41, and from the ohart on plot 3 obtain
a temperature after compression of 30° C. From the chart on plot 4 we obtain the tempera-
ture correction factor to correct from 10° C. to 30° C.= 0.963. Substituting these values in
equation 1, we obtain for the horsepower at 21,100 feet with exhaust pressure turbine blower
supercharging equipment:

400 X 0.836X 0.963= 322 ~.

If a geared blower were used, then in obtaining the horsepower ratio the barometric prcasure
at the given altitude would be used aa the back premure on the engine; and from the available
output computed on this basic, the power necessary to drive the blower would be dcductod.

If it is dashed to include, as a further refinement in the above computations, a correction
to the observed horsepower on the ground, HP, for barometric pressure, the output as com-
puted by equation 1 maybe multiplied by a pressure correction factor obtained from curve E
on plot 2, aa follo~:

Locate the intersection of curve E with the curve of carburetor pressure cmresponding to
the obsiwved barometric pressure omthe ground, trace horizontally to the left and read horse-
power ratio. The barometric pressure correction factor is 1 divided by this horsepower ratio.

An illustration wilI serve to make clear the use of this correction factor. Assume that in the
above example, the observed horsepower (4oo) was obtained at an observed barometric prmsure
of 74 cm. Hg. From the curve E we obtain, by the method described above, a pressure corr&-

tion factor of & (see plot 2) = I.o3. Applying this to the horsepower obtained we get:

322 x 1.03=-332 HP.

TAB- I.—TabkIqfa%taon tat 108on h @et 0/4U-fi~.

rmu4nr4st4xb6uBtInx't(ma.oz4) .... .................... QL9

J. .+ - . .

49.7 a7.5 &S.P S8.1 67.7 m.o 621

Pr.msuroat earbrueter Lntake(mmof Hg) . . . . . . . . . . . . . . . . . . . . 7167

%%%K&KJempe?h

71.12
OIXTUXedtdWC.,and 1j&khVOhltiOK18~lKlhta Ha a lk ? In 4 J!? 1%? &r 1s ? 1%.?
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VARIATION OF

PAET In.

HORSEPOWER WITH TEMPERATURE.’

By H.Xl. DIaKINSON,‘W. S. JAMESand G. V. ANDERSON.

MWJ’ME.

In connection with teak of airplane engines made in the altitude laboratory of the Bureau

of Standards it has become necesmwy to reduce horsepower at a given temperature to arbi-

trary standard temperatures in order to permit comparison of different teak.

As the result of a number of experiments made with two Hispano-Suiza engines and three

different makes of carburetms, a correction factor haa been determined, which maybe expressed

by Fin the following equation:

HP= FxKPO

~ 920 +tO ‘F. or ~=529 +to ‘c.
= 920+ t ‘F. 529 +t ‘C.

where HPO is the observed horsepower-at the temperature to ‘F.
corrected to t ‘F.

and HP is the horsepower

This correction factor IMUbeen fovnd to be somewhat variable with engine and carburetor
conditions, but the above expression is believed to be approximately correct for the type of
engine under consideration and for temperatures between —20° and 50° C. (—4° and 122° F.).

Curves showing graphically the value of the correction factor are shown on plots 4 and 5,
and charts for correcting for both temperature and barometric pressure are given on plots 10
and 11, the former being in metric and the latter in English units.

VMtIATIONOF HOWEPOWERWITHTEMPERATURE.

The horsepower of an internal-combustion engine varies with the tempmature of tho air
admitted to the carburetn.r. In order to reduce the horsepower at any observed temperature
to horsepower at a chosen standard temperature, it has ordinarily been assumed that the
horsepower varim inversely as the absolute temperature of the carburetor air, other conditions
being held constant.

in the testing of airplane engines at the altitude laboratory of t~e Bureau of Standards
the horsepower at the observed carburetor air temperature has been reduced to arbitrary
standard temperatures in order to furnish a common basis for comparing the rmults of dillerent
tasta.

The tasts used to determine the approximate variation of horsepower with temperature
were all made on two Hispano-Suiza engines built by the Wright-Martin Aircraft Corporation,
New Brunswick, N. J. The&t engine, used in the majority of the rune,.wae of 150 horsepower,
lmown as type A, while the remaining runs were made with the 180-horsepower, type E.

Three diiTerentcarburetor were used, tests Nos. 79, 80, and 104 having been made on
the 150-homepower engine with the Claudel carburetor, ted No. 103 on the same engine with
the Tice carburetm, and tests Nos. 116, 117, and 119 on the 180-horsepower engine with the
Stromberg carburetor.

1m E- wwomndmtWy olmdated dmlogthewarm Boraauof8mMmlJAerormtio Powor Pkrds Report No. $.
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The tests cover a wide range of altitudea from 2,oOO to 30,000 feet, and for every change --

in barometric pr~ure the Chmdel and Stromberg carburetors were adjusted by hand to give
maxinum power, but the Tice cmburetm was an experimental one, designed for inhmt .
iltitude control, and was therefore not adjusted by hand. As the Tlce carburetor di&m
radically from the otlmrs used in the teds, the agreement of the results in all cases indicates
that the carburetor dasign may not greatiy affect the magnitude of the temperature correction

.

factor.
Tables I ta Tl contain the observed and computed data used in obtaining the correction

factm%.
To obtain m expression for the correction factor ta reduca horsepower at a given observed

temperature and pressure to horsepower at the arbitr&Iy chosen temperature of 0° C., aud
-—

the same pressure, we have
HP.=HPtx F. (1)

inwhich HPO=horsepower at arbitrarily chosen temperature of 0° C.

&t =horsepower at observed teinperature t “C.

l?O= correction factor to reduce to arbitrary temperature of 0° C?.
From (1)

F“-% (2)

It is evident fmm equation 2 that the correction factors at the different temperatures for
any given run depend upon m accurate determination of homepower at the arbitrarily chosen
temperature of 0° C. For this reason the horsepowera computed from the observed data were
plotted against carburetor air temperature and smooth curma drawn through as many of the
points ss po~ble, as shown on plots 1 and 2. Tests at the same altitude have been grouped
together and an average curve drawn for each group. From these curves the average horse-
powers were obtained at 0° C. and the other observed temperatures of the given run, and from
the valuw of horsepower thus secured the correction factars F.were determined by the use
of equation 2. These facto=, plotted against temperature, me given on plot 3.

—

-- --.-
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Values of the correction factors obtained from these average curves (at the different alti-
tudes) were averaged and plotted, giving the mean correction curve on plot 4. This curve
may be represented by the equation:

~ 529+t
o

‘w
(3)

in which tisthe observed temperature of the carburetor sir in degrees centigrade. Combining

equations 2 ud 3, we obtain,

HPO 629 +t
EP;-m- ““ ““-” ““”-””” “’”

. (4)

which may then be written in a generalized form substituting ~ W for O°Cand ~ for t, as follows:

or

BP,, 629+ ‘C.
‘*””” -- ““””’”- ““-- “-~, 529+4

HR,-~x H%r=-~xHpti

(6)

(6)

where
HPtiisthe horsepower at temperature ~ ‘C., to which HPt, the horsepower at the temperature
z ‘C., is to be reduced and Fis the reduction fdm-.

1’ may therefore be written,

~= 629+ observed -perature in ‘C.
529 + correction temperature in ~.

(7)

In order to correct horsepower at a given observed barometric prwsure and tamperatura to
horsepower at the actual temperature corr~onding to the altitude of the given barometio
pressure, it is necessary to know the mean actual temperature existing at the various altitudes.

To obtain this relation the information contained in Aeronautic Instruments Circular No. 3,
issued by the Bureau of Standards, was used, resulting in the altitude-temperature curves on
plots 8 and 9.

&it is necessary for the purpose of comparison to correct an observed horsepower for both
temperature and barometric pressure it is desirable to obtain an expression for a correction
factor whioh shall include both corrections.

The results of numerous tests in the altitude laboratory indicate that for the ordinary
slight differenws in barometric pressure met with from day to day, the assumption that the
brake horsepower varies directly as the barometric pressure is sufllcientilyaccurate. The true
variation of horsepower with altitude is, however, fully covered in Part I of this report.

Upon the assumption that the horsepower developed varies directly as the barometric
pressure we have:

HP, P,DP;=K (8)

or,

BP,=~ XEPZ= F,HP,
a

where, HP1-Elimsepower developed at correction pressurePi.

HP,=C)bservedhorsepower developed at observed pressureP,.

P
F1-~, the barometric pressure correction factor.

(9)

l?rom equation (9) we get:

ection barometric pressure.
arometmc pressure

(lo)
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Combining the temperature and pressmy corrections from equations (7) and (10) we obtain
an expression for a factor Fl, ta correct horsepower from observed temperature, and pressure
to standard or correction temperature and pressure, as follom :

F,E 529 +Obs. t(3mp.W
529 +Ckmrect temp. % (11)

P1ot 10 is constructed for obtaining this combined correction factor and is based on
equation (11). To use this chart proce~ as foIlows: Trace verticaUy upwards from

carburetor air temperature to line of correction temperature, then horizontally to
barometric pressure. From there trace in direction of radiating Enes to correction
then horizontally to the line of correction factors.

observed
observed
pressure,

$
$

.$*
~
ku

flof Na IQ. Observed TemPero+uresof CwbureforAir “C.

PIot 11 is constructed in a similar mmner for obtaining the combined wrrection factor in
terms of temperature in degrees Fahrwiheit and pressure in inches of mercmy.

In using these charts it should be borne in mind that the majority of the tests upon which

this report is based were made on only one engine and betwean temperature of approxinmtdy

–20° and 15° C. ( –4° and 59° F.), respectively. However, the three later tests with the 180

horsepower engine were made between temperatures of – 15° and 50° C. (5° and 122° F.), and

the redta, as given in Tables V and YE and on plot 6, check very closely the average of the

earlier runs. This is illustrated by the cnrves on plot 7, where tie average curve M drawn

on plot &i,is prolonged ta include these higher temperatures.

It therefore appears safe to assume that this reIation, expressed by the simple equation:

= 529+4 “O. 920 +% ‘F.

’529 -I-4 ‘C. ‘r 920+4 ‘J!’.’

which has been derived from tests at various aMtudea on two engines equipped with three

difterent carburetors, givee apparently accurate resdti for the type of engines wnsidered within

the experimental temperature range of -20° to 50° C. (–4° to 122 ‘F.).
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PART W.

INFLUENCE OF WATER INJEC?l’ION ON ENGINE PERI?OEMANCIL’

BY V. W. &zmK16REom.

Rl$sud.
A short investigation has been canductd at the Bureau of Standards to detarmine tha

eEect of water injecti into the intake manifold of an internal combustion engine. This in-
vestigation was carried out on two difEerentengines, truck and automobile, but the results in
general are such as to appLy also to airplane engines.

The first series of &ta was oonductad to determine whether the use of water injectad into
the intake manifold has any collectoti the horsepower output and fuel economy; the second
series to determine the effect upon the carbon deposit on the cylinder walls and piston heads.

The data obtained indicate that in an engine of good design there is no appreciable gain in
power or fueI economy due to the injection of water, but in a badIy carbonized or a poorly
designed engine, where hot spote due w improper cooling are present, a slight increase in power
may result. If enough water be used, it wilI remove a small portion of the carbon but wilI
cause at the same time a considerable reduction in the operating eflkiency of the engine.

The maximum amount of water used in these tests was limited to that which did not
materially interfere with the normal operation or power output of the e,ngi.ueand the re-
sults do not indicate the value of much larger quantities of water as injected under special
conditions solely as a carbon remo~ agent.

.-
---

--

-.

. -.

INFLUENCE OF WATER INJECTION ON ENGINE PERFORBIANCEs

The object of thk investigation has been to dekmnine from dynamometer tests the collect
of the injection of water into the intake manifold of an engine on the power output, fuel economy, ‘
carbonization, and gened engine performance. It has been claimed by advocatm of water
injaction into the intake manifold that the use of watar in this way results in—

.-

(1) Increase of power.
(2) Decrease in fuel consumption.
(3) Decrease in carbon deposit on pistons, VSIVW,and combustion chambem.
The tests made at the Bureau of Standards, covering a period of some seven weeks, have

been run primariIy to meet the needs of the Inventions’ Board of the War College, and the
scope of this investigation was determined by a conference between members of the Inventions’
Board and the stafl of the Bureau of Standards. While no attempt has been made at an ~-
haustive study of the problem it is thought that the data from these tests will answer in a
general way the question of the effect of watar injection upon engine performance. Although
the engines used were of the type employed in motor trucks and automobiles, the results are of
such character as to apply in genend to aiqdane engines.

For use in these experimen@ the bvantiond Board provided one of the War Department’s
standardized truck engines, cIass B. This engine was connected ta a Sprague EIectric Co.
125-horsepower dynamometer, and provisions made for. all ausiliary apparatus necessary to
obtain the data recorded below. This engine is a 4-cylinder cunveutional design with a bore
of 4.75 inches and stroke of 6 inches, giving a total piston displacement of 425 cubic inches.
The intake manifold is of the “hot spot” type. The clearance volume was found to average
37 per cent of the swept volume, giving the vmy low compression ratio of 3.7.

The average compression pressure as dehrmined by an O’Eill indicator was found to be
47.75 pounds per square inch at 100 revolutions per minute with jacket water at 65° C.

—
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The tat data given on the accompanying log sheets were obtained as follows:

The engine was iirst warmed up to operating temperature and the carburetor adjusted to
give maximurnpwer at maximum speed and then power runs made, using ordinary gasoline,

with spark set for maximum power, all data being taken over a period of five minutes and awx-

aged. Water was then admitted to the intake manifo~d at a point about 1.75 inches above

carburetor thro.ttle and @ swe data ~al~~q T@J the sarngspa.rk settiqgsl followed by another

run with water, but with the spark advanced for mrmimum power. l%~e runs were made over a

speed range of from AOOto 1,200 revolutions per minute at intervals of 20.0revo~utionsper minute.
The amount of water used during any run was determined by reading the &fferencc in height of
the water, at the beginning and end of the run, in a graduate cylinder of 1,000 cc. capacity and
observing time .elapeed by means of a stop watch. The amount of water used was Cuntro]led
by means of a glassstop cock in thelkM batween the graduate cylinder.and the intake manifold.

TIM preliminary and test rune No. 2 and No. 3 were”made wifh a Zenith L6 carburetor
fitted with 25 mm. choke, 1.15 mm. main jet, and L25 mm. compensator jet. Varying amounta
of water were used throughout these.runs. In test No., 4 a Mrc@erg M3 curburet.orwith 1~-
inch choke and No. ”52 (0.0635 inch) bleeder w.ae mb@itutod to permit of varying the gas air
mixture ratio for each speed. This adjustment was to give the lowest fuel consumption con-
siskmt with maximum power and to obtain a single setting with wrich mixture.

Tests No. 5 and ISO.6 we part throttle runs of+mstant torque and power in each cam, t
simulating the following rcmd conditions: Road resistance, 50 pounds pcr ton; truck speed, 10
miles per hour; gross weight, 10 tons; diameter of wheels, 40 inches; gear ratio,.9.5:1.

In testrun No. 3 ametal plate wit&auasbestosgasket wasinscrted betwmwintake and wxhaust
manifold in order to ascertain any ditTerencein operation due to a lower temperature of mixturci

Commercialgas, fuMllingUnitedStates GeneralSupply ConugitteoSpociiications for 19.18,and
Acroplane B oil, a product of the Atkmtic Refining Co., were used in all runs. Piwtic.ularci& has
been given throughout the tes~ h ,&cp external conditions the same in so far as possible.

To determine the influence of water injection upon the removal of carbon in an engine, a
Rutenber 6-cylinder, 3 by 5 inch engine was mounted upon a test stand and fitted with fan
brake for providing a load. A thermo-syphon system of cooling was used and provision mado
for determination of oil and water temperatures, revolutions per mimu%,oil, water, and gasolino
consumption. This engine was run for several days with a wry rich mixture eeiting, spark
retarded, cooling water temperature as low as possible, and oil occasionally introduced into
cyiinders until the valves, pistm heads, and combustion chambers were. well covme.d. with
carbon. The engine was then run for a period of six hours at wide-opm throttle, with water
injected into the intake manifold, with outlet watm at a cons.taut temperature and as high as
possible. At the end .of this run the cylinder head was removed for inspection. It was found
on this inspection that the watar had not .madoany appreciable efIect upon the carbon deposi~
This run was followed by othem in which the .amwmt of water injected into the manifold and
the tampmatures of the jacket inlet wati wa. varied. . ..

The only data taken on these tesk haye been the r?te of water. injectiol~, number of hours,
and maximuin temperature of outlet water. TIM total.amount of wata used was 27.5 gallons
for a total of 23.75 hours and a temperature of outlet wptar from @minimum of 55° to a maxi-
mum of 90° C. The watar rate varied ~ro.m. ..?.4.pints per hour to 7.05 pints per hour, this
mnximum rate causing some reductiofi in the engine power.

The foJlowing conclusions have been math@ m. a.result of this investigation:
(1) The injection of water varying in mnount from O.O3pound per brake horsepou-or to

0,44 pound per brake horsepower pm hour does not produco any appreciable dlect upon power,
fud oconorny, or operation in general.

(2) Injection of water exceeding 0,44 pound per brake horeepmer per hour is accompanied
by an appreciable decrease in power, fuel. economy, and.smoothness of operation.

(3) It is quite probable that with an engine badly carboni.zodso that preignition occurs, or
with an engine of poor kign, rnanifestilg this in form of hot spots due to lack of proper cooIing
of valves, piston, or head of combustion chRmber, tie use of water.@I result in incre=od power.

(4) With a Rutenber 6-cylinder 3 by 5 inch etie operating at a high-jacket water tem-
pemture the injection of water in amounte between 2 md 8 pounds per hour produced a sofkming
and a slight reduction of carbon, the reduction ~ tie amout of carbon deposit, not exceeding
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25per cent. This was most noticeable on piston heads and valves. At the seine time, when
using water at the maximum rate there was considerable reduction in the power of the engine.
This deposit of carbon varies considerably in character, according as composed of (1) that due
to a very rich mixture, (2) that due to an excess in use of lubricatii oil, and (3) the above,
with the addition of fine dust or dirt taken in through the carbureting eystem. Of tkse three
typea of carbon deposit the &t is by far the most MEcult to remove, and, in fact, it is found

--—

.— -
tkt water injection has little effect upon thh kind of carbon.

Preliminary teat, Clam It w“ne, Zenith L6 carburetor.
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TFuterinjection teat run number .?, Ckas B a@w Ztnith L6 imrbuiwtor.
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Tat number4, C1.mB m~nq Wtnn&wg US cmburetor.
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WITH CARBURETOR~12TTINQroll ~UM POWERAT EACHSPEED.
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NorE.-In the first part of the stmva table the SMt run in each RI’CUPof three runs wso made wfth Wsolhe OIIIY end spark sot for maxfmuro
power. The aeeond run was made with water 4ected into the mlxtum, uslrrgthe samespark eetklng es on the first m The third was mado
wkh water and the sparkedkrstedformaximumpower.
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NoTE.-I~ the above tablo the ffrst run W each group of thrw rune was made with gaedtne ad aud

J %kg;~:ms:.%::i.:k:smnd run wsis madawith water4eMd Lntathe mlxtum u8bw tlm eama spark sattlng e-son the fir mm
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Tmt number 6, Claw B angina,Stswraikg MS cmbwdw.
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