REPORT No. 45.

EFFECT OF COMPRESSION RATIO, PRESSURE, TEMPERATURE, AND HUMIDITY ON
POWER.

PART I.—Varuation or Horserower wiTH ALTITODE AND CoMPRESSION RATIO.
PART II.—Viius or BUPRRCHARGING,

PART III.—VariatioN or HORSEPOWER WITH TRMPERATURE.

PART IV.—InFLUENCE oF WaTRR INTEOTION ON ENGINE PRRFORMANCE.

PART L
VARIATION OF HORSEPOWER WITH ALTITUDE AND COMPRESSION RATIO.!
By H. C. DioEmvson, W. B. Jaxes snd G. V. AnpErsoN.

RESUME.

Among many other factors 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 based were selected from 2 large number of runs
made during the intercomparison of various gasolines to determine the variation of horsepower
with altitude at three different 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 af 20,000 feet, and 32.5 per
cent at 30,000 feet.

(2) The gain in power due to incresse in compression does not bear a constant relation to
the total power of the engine at different altitudes, being greater at high than 2t low altitudea.
The curves on plot 8 illustrate this variation in horsepower for the three compressions con-
sidered at different altitudes.

VARIATION OF HORSEPOWER WITH ALTITUDE AND COMPRESSION RATIO.

Ths following report is based upon the results of a series of tests conducted at the altitnde
laboratory at the Bureau of Standards for the National Advisory Committee for Aeronautics.
In this laboratory the engine under test is installed in & concrete chamber from which the air
may be partially exhausted by means of a blower, thus reducing the barometric pressure within
the chamber to a point corresponding to the pressure at any desired altitude. At the same
time, by passing the air, as it enters the chamber, over a series of refrigerating coils and heating
grids, the temperature may be regulated during the tests. The power of the angme is absorbed
by an electric dynamometer placed outside the chamber and connected to the engine through a
flexible coupling. Measurements of power are made by weighing the torque on the dynamome-
ter field at measured engine speeds. A complete description of this appa.ratus and methods of
observation is contained in Report No. 44.

A stock Hispano-Suiza, 8-cylinder engine, rated at 150 horsepower, and built by the Wright-
Martin Aircraft Corporation, New Brunswick, N. J., was used in making these experiments.
This engine is furnished with three sets of pistons, designated as “low,” “high,” and “extra
cylinder volume
clearance volume’
4.7, 5.3, and 6.2, respectively. All of the tests were run on a single gra.de of gasoline desng-
nated as “X,” with a Claudel carburetor which was adjusted by hand in each case to give
the least fuel consumption consistent with maximum power. All the results are based upon
an engine speed of 1,500 revolutions per minute. In the earlier tests the horsepowers were

.

high’ compression, the ratios of compression, that is

being approximately

1 This Report was confiientially eirculated during the war as Buréen of Standards Aercnavife Power Plants Report No. 7.
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corrected to 0° C., while in the later ones they were corrected to standard temperatures for
given barometric pressures, as will be described in a subsequent paragraph.

Tables I, IT, and III give the results of a number of tests, using the three different sets of
pistons, the horsepowers deduced from these tests having been corrected to 0°C. The data
contained in these tables are plotted on curve shest 1.

As it is desirable to obtain the relations existing between barometric pressure and horse-
power developed under the actual conditions of flight, the observed horsepower must be cor-
rected from the temperature during the test to the mean temperature encountered in actual
flight at the given barometric pressure. To obtain this relation between temperature and
barometric pressure, use was made of the information contained in Aeronautic Instruments
Circular No. 3, issued by the Bureau of Standards, 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, HP,, at & given barometric pressure from 0° to some tem-
perature ¢ at the same barometric pressure we may make use of the following relation:

HP,=HP:X F, (1)

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

In which F, =Correction factor to reduce horsepower from ¢ degrees to 0° C.
Values of F, for any given temperature { may be obtained from curve B, or its equation, both
of which are given on plot 4, which is a mean curve of correction factors obtained from the
resulte of & number of tests performed at the altitude laboratory with two different carburetors
and at various altitudes.

We may obtain an expression for HP, in terms of HP, by transposing equation (1), as
follows:

HP 1
HP, =?orHP.-=HP XF—

in which = F is a factor to correct from Q° C., to the given temperature .

@

In the tests performed in the altitude laboratory the runs were conducted at four barometric
pressures, which were adopted as standards for comparing the results of different tests and also
to facilitate computations. In the later tests, series 99 to 111, carried out with the high com-
pression pistons, the horsepowers were corrected to the mean temperatures corresponding to
the observed barometric pressures, consequently it was necessary to establish a set of standard
temperatures corresponding to the different standard barometric pressures. The mean values
of these four “standard’ temperatures obtained from curve on plot 2, together with the
corresponding approximate altitudes, are as follows:

Batometrio 'I‘emgemturee Aﬁg_mnmate
oentimeters of mw!‘ tude in

mercury.
62.1 10.1 5,500
.8 - 01 11, 500
3.8 —15.1 10,200
5.8 —38.8 29,800

Values of horsepower for the three compression ratios were obtained from curve on plot 1
at the standard barometric pressures and tabulated in Table IV. These were corrected from
0° C. to the standard temperatures by use of equation @), giving the values of horsepower
corrected to standard temperatures for the three earlier series, as tabulated in the last coluron
of Table IV. )

The runs in series 99 to 111 were made at various speeds. Table V gives the observed
values of speed and horsepower at the different altitudes for this series. These data are
averaged and plotted on sheet 5 and the values of horsepower at 1,500 revolutions per minute
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taken from the resulting curves are tabulated 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 compressions (4.7 and 6.2)
obtained from the last 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.

From these curves the ratios of the different horsepowers 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 feet corresponding to the different barometric pressures.
The eltitudes were computed from the formula:

h=62,900 log,,

obtained from the Smithsonian Meteorological Tables for 1907, page 100, in which & is the
altitude in feet and p is the atmospheric pressure in centimeters of mercury.

The curves on plot 8 illustrate the variation in horsepower with compression ratio at dif-
ferent altitudes. The horsepower developed with the 5.3 or ‘‘high” compression ratio at the
different altitudes was taken as 100 per cent and the other two compression ratios were plotted
as percentages of this curve. As will be seen upon examination, the gain in horsepower due
to ““extra-high” over ‘‘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 30,000
fest.

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

It should be pointed out that any comparison of absolute horsepowers for the different
compression ratios may be misleading as the engine conditions, such as fit of piston and rings,
condition of valves, etc., were not the same in each case. However, the manner in which the
horsepower varies with barometric pressure in each case may be taken as characteristic for
the given combination of engine, carburetor, and fuel with a given compression ratio.

In conclusion, it may be stated that practicelly all the tests conducted in the sltitude
laboratory show nearly the same relation between horsepower and altitude. Any given set
of conditions which affect the operation of the engine may be held approximately constant
during one test and the variation of horsepower with altitude determined for these conditions.
Only & small amount of this information has been collected In this report, as the tests upon
which it is based were chosen particularly to show the power-altitude relation at different
compression ratios.

Tanre I.—Average horsepovers and barometric pressures for ieits on X fuel —Low compression ratioc=4.7; horsepowers
corrected to 0° C. and 1,600 R. P, M.

Test No. Barometric; Horse- |Barametrlcf Horse- |[Barcmetrie] Horse- }Barometric| Horse-
- pressure. power. pressure. | pOwer. pressure. power. pressure. power.

aeruvemsnmonlertosvancoeafecrorarorenalrecnmnracansl

135. 48.0
& 124.8 43.5 35.4 71.8 .7 5.4
L& i3s.1 4.5 102.4 a7 70.0 a7 .7
60.8 13L.8 480 1027 35,4 70.9 7.7 "7
e 483 103.0 35.4 7.1 21.8 5.0
8.7 13L0 £3.0 0LO 35,4 o1 .7 81.¢
6L 1 1323 4.2 108.3 - ¥ TLO 2.7

o R ———
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Tasre II.—Average horsepowers and barometric 5mmru Jor testson X .—High compression ratio=>5.3; horsepowers
corrected to 0° C. and 1,500 R. P, M.
N P = X -

Test No. Barometri Horse- |Barometric; Horse- |Barometrio[ Horse- |BRarometrie] Horse-
* DPressure. powaer. pressure. power. pressure. power. pressure. power.
62.3 144.0 49.9 111.4 3.7 80.5 25.7 50.3
62.1 140.4 49.9 L% 3.7 70.5 257 5LD
8L9 M4LS 49,8 113.8 37.3 80.5 24.9 5.8
2.0 421 4.8 121 37.6 80.5 25,7 81,2
62.3 14L1 8.1 110.2 37.8 80.6 25.7 4.8
€13 1880 438 106.1 37.6 80, 4 25.7 50.68
62.0 135.8 50.1 115.0 3.7 80,7 25.7 232

6.9 142.0 9.8 108.5 37.6 78.8 25.6 50.3 .
62.0 1387 49.9 108 5 37 8.5 25.8 o4
62.1 140.4 9.8 110.8 37.6 80.4 25.6 50.8

Tansus III.—Average horsepowers and barometric pressures é‘or tests on X éuel.—-Eh:b'a high compression ratio=6.2;
horsepowers corrected to 0°C. and 1,500 R. P. M,
: - = wmrz- -7 T TN L el - ey Ay« . < §
Test No Bn.rometric' Horse- §Barometrie{ Horse-_ | Barometric[ Horse- |Barometris| Horse-
. pressure. power. pressure. power. pressure. powar. pressure. POWEr.
49,7 uz6 3.6 88.7 25.7 7
49.7 1.4 37.8 854 6.7 5.7
49.7 189 37.6 5.5 26.7 5.0
50.0 18,7 3.8 854 25.7 Bl
49.7 112.9 37.8 a8 25.7 5.5
40.8 ns.g .5 BL1 %7 . BLY .
40.7 115.2 3.6 8.8 25.7 : 5.3

TasLe IV.—Table of data for reducing horsepowers from 6° C. to slandard temperatuzes.

—r= -+ . -

Pactor to | Horsepower from curves on pheet 1 )
Average | ogntion (COTRG oMy ~HP. & powers
Barometric| tem; tactor from | 2o.C:t0 ito
pressure | turelrom | o0 w'on tempars- " standard
in Cﬁm of et | sheets tures Horse- | tempera-
8- 0° c” -{T ). 1 Compression. Eowu' at | turesand
. e AT 1,300 R.P.M. {1,600 R, P M.}
Ratio—low -4.7 138.0 133.5
621 10.1 1.019 0.981 Ratd -53 140.4 137.7
Rati high=6.3 145.8 142. 5
. Ratio—Jow =47 108.9 108.9
49.8 - 01 1.000 1.000 Rad 5.3 110.8 110.8
Ral highe6.2 115.2 1i5.2
Ratlo—low -4.7 76.9 .1
87.8 —-15.1 973 1.020 Ra =53 0.3 8.8
Ratl high=8.2 84.4 86.8
w =4, 46.9 50.4
25.6 —~35.68 .931 1.074 Ratio—] -53 50.3 540
Ratt highe68.2 58.5 57.5
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TaBLy V.—OQbserved horsepowers, revolutions per minufe, and baromeiric pressures for X fuel.—Series 99 to 111:

korsepowers corrected to standard iemperatures.

Approximate altitudes5,500 feet.
Test No. | metcls | peed. | BT | speod. | How- | ppeeg, | Horse-{ gy | Homse- | oy | Horse-
" |pressure] power. pOWer. POWEr. * | power. power,
19.7 | 1,504 | 140 § L7e0 | 1588 | 1,033 | 1687 | 2,110 | 1743
1261 1,815 147.1 1,718 162.7 1,935 173.4 3,140 181.0
a2 | 1,58 | 1350 | 1,5 | 1540 | 1,090 | 1651 § 215 | 171
1240 | 1,55 | 4.7 § 1,725 | 1580 § 1,085 | 1722 | 2140 | 17.3
122.8 1,538 140.4 1,763 153.4 1,925 185.8 4,140 174.3
1180 | 1,480 | 130.9 § 1,695 | 150.2 § 1,80 | 174 ! 210 | 1820
116.3 1,485 137.2 1,700 157.0 1,910 171.0 2,158 181.1
190.3 § 1,500 | 2405 | 1,718 | 157.5 | 1924 | 100.8 § 2,137 | 1734

Approximate altitude=11,500 feet.
1,310 96.2 | 1,517 | uso f 1,715 0 § 1,007 | 1340 | 2,105 | 1%0.5
315 | 96.5 | 1,500 | 130 f 1,725 | 136.7 § 1,930 | 1386 | 2115 | 1430
1,315 | 939 | 5505 | 108.9 § 1, usr f 1,025 | 13m9 | 2,107 | 1383
na0 | 958 | 555 | 1as b ,ns | 1340 § Lo | 1340 | 2135 | 1208
1,870 96.8 1,540 111.3 1, 130.7 1,945 130.5 2,180 135.0
1,327 1002 1,540 118.8 1,710 130.2 1,015 138.7 2,120 144. 8
1,305 93¢ 1,500 111.0 1, 1,87 137.2 2,130 4.5
1,328 96.2 1,517 112.8 1,736 134.9 1,023 134.5 2,123 140.1

App oximate altitudes 10,200 feet.

- i'

371.8 1,300 ,k .2 1,800 8L6 1,715 95.2 1,920 100.68 2,100 103.3
37.5 § L,310 ; 7.7 | L,500 | 83z | Lo | eso | 1020 | eo5 § 2135 | 1070
378 | 1,310 6.4 | 1,530 | 8.0 1 L,735 | S80 | 1,040 | D56 [ 2,120 | o&5
3.7 1,365 7.4 | 1,528 a3 | 1,735 206 | 1,022 o2¢ | 2140 | 1064
s 1,360 72.8 | 1,516 8.6 | 1,745 L7 | L9238 | 988 | 3140 | 1025
a7.55 1,380 4.0 1,513 88.3 1,718 08.7 1,906 0.4 2,100 1087
7.6 1,810 7.1 0§ 487 | 828 | 1,717 | e42 | 1,010 | 1009 | T1a5 | 1063
37.6 1,318 77 1,509; 83.6 | 1,724 93.3 | 1,919 0.1 | 3,123 | 1039

Approximate alt{tude= 29,600 feet.
257 | 1,803 | 477 ]| 1,585 | Bs.6 § 1,780 | 614 | 1,920 | 626 105 | es1
955 | 1,330 | 484 | 1,505 | 558 | 725 | 61.8 | 1,030 | 644 6.1
200 | L34 | 451 | 53| e} 1,707 | BB | 1,024 | 62< | 2,120 | 631
259 | 1,310 | 43 ] 1,505 | 558 ] 1,705 | e6L+¢ | 1,914 6.9 | 3115 | 658
25.7 | 1,870 | 4761 1,580 | 544 ]| 1,735 | .6 | 1,885 | e0.3 0.8
25.7 1,250 48.2 1,510 57.2 1,728 63.6 1,90 64.8 2,120 63.2
357 | 1,310 | &3 | 1,55 | sif 70 | es7 | 1es7 | eae | 2130 | To
37| 1,38 | 4o ] 1,500 80}, en7 |17 | 644 ] 2112 | 643

TasLe VI.—Tuble of daia for areraging horsepowers for high compression from
temperatures and 1,500 R. P. M.

powers corrected to sia

505

seriex 67 o 79 and 99 to 111; horse-

T - 1

Beeavearage from Tables V.

Amaverages from Table IV. C==averages from A and B,
Berometric] Horse- Barometric, Horse- Barometric| Hoarse-
pressure, power. . power. pressure, POwer.
6.1 137.7 .- X)) 140.0 138.9
Average of § tests, ©8  108| Average of 7 teats 9.9 Lo || A7iage of 18 tests, || g9 g5 1109
series from 87 to 79.. 3.6 82.6 mr[esfromﬂﬂtonf. 37.68 818 mmtoul 87.60 82.7
25.68 5.0 25.7 55.3 ety 34.65




REPORT No. 45.

PART 1L

VALUE OF SUPERCHARGING.!

By H. C. DiokineoN AND G. V. ANDERBON.

RESUME.

A test was carried out at the altitude laboratery of the Bureau of Standards to investi-
gate the results obtained by incressing the carburetor air inlet pressure above the exhaust back
pressuré of an airplane engine, and to evaluate the effect of this upon the horsepower output.
In pragtice, supercharging msy be accomplished by means of a blower driven from the engine
by gearing, or connected to an exhaust turbine.

Thp results of this test show what gain in horsepower may reasonably be expected through
supercharging, and indicate that a net gain in horsepower will result even if considerable power
is required to drive the blower.

Curves showing this increase in power for different carburetor inlet pressures and exhaust
back pressures are given on plots 1 and 2.

VALUE OF SUPERCHARGING.

The following report is based upon a test made in the altitude laboratory of the Bureau of
Standax_tds to determine the effect produced upon the horsepower output of an airplane engine
by the introduction of air to the carburetor at & higher pressure than the exhaust or back pres-
sure. Such a condition is easily produced in this laboratory, as the engine under test is inclosed
in & chamber in which the air pressure 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 stock 150-horsepower Hispano-Suiza engine, built by the Wright-Martin Aircraft Corpo-
_ ration, New Brunswick, N. J., having & compression ratio of 5.3 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 mazimum power.

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

In the second run, the valve on the intake was partially closed, so that the pressure on the
carburetor was the equivalent of 20 cm. Hg below the prevailing atnospheric 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.

In the first 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 resulis to some constant pres-
sure. 'The correction was made to a pressure of 70 cm. Hg by interpolation, which is based on

1 This Report was confidentially circulated during the war as Bureau of Standards Aeronautic Power Plants Report No. 9.
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the assumption that the increment of horsepower developed at & given back pressure is propor-
tional to the increment of pressure of the carburetor air. This correction gave curve C on plot
1. All horsepowers wers corrected to 1,500 revolutions per minute and 0° C.

This temperature correction was made in accordance with the results of a series of tests
performed at this laboratory to determine the veriation of horsepower with temperature, and
more complete information on this subject may be obtained from Part III of this report.

In order to determine the engine performence under different conditions of carburetor
pressure and exhaust back pressure, & family of curves at carburetor pressures of 76, 70, 65, 60,
and 55 cm. Hg were plotted against the exhaust back pressures. Theee were derived from
the two experimenta.l curves by interpolation based on the assumption as mentioned above.

As it is desirable for the purpose of design to know the engine output under different con-
ditions as a function of the maximum output on the ground, the ratio of horsepower teken 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. These curves give the engine
performance under the different conditions on the basis of & constant temperature of sir at the
carburetor.

To compute the horsepower that would be developed by an engme equipped with a super- |

charging device under & given set of conditions of altitude, carburetor air pressure, and exhaust
back pressure, knowing the engine performeance on the ground, we may make use of the above
mentioned curves in connection with the following relations:

HP=HP1XRX(-F1)1 (1)

in which HP=horsepower developed with supercharging apparatus at the given altitude, and
HP, =the observed horsepower on the ground at the observed carburetor eir temperature of
t, and R =horsepower ratio at the given conditions of exhaust and carburetor pressures pro-
duced by the supercharging device at the given altitude (obtained from curves on plot 2) and
(F,),=temperature correction factor to correct from observed temperature on the ground,
i, to temperature at the carburetor, £, under the given conditions.

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

n—1

T,- ()% @

in which T;=temperature at carburetor after compression (absolute) and T, =the temperature
of the atmosphere before compression (abs.); P,=pressure at the carburetor after compression;
P, =atmospheric pressure at the given altitude (pressure before compression); and n=com-
pression exponent (1.41 for an adiabatic compression}.

As the air enters the carbureter at the temperature ¢, after compression (corresponding
to the absolute temperature T; of equation 2), is in most cases different from the observed tem-
perature on the ground, ¢, the temperature correction factor (), must be included in equation
1 to give the correct output that would be developed at the sxisting air temperature &t carburetor
under the given conditions. (See Part III of this report.)

To facilitate computations, plots 3 and 4 were constructed for obtaining the temperature
after compression %, according to equation 2, and the tempersture 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 & function of the altitude barometric pressure, and is incorporated
in the chart. Touse this chart, locate carburetor pressure on the horizontel scale at the botfom,
trace vertically upward to the line of baromefric pressure corresponding to the given altitude,
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then horizontally to the curve of the desired compression exponent. From there trace 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 factor (F;), may be obtained from plot 4. To use this chart,
locate the observed temperature on the ground, #;,, 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 trace horizontally to the scale of correction factors.

An example may serve to illustrate the use of the curves and charts. Assume that an engine
capable of developing 400 horsepower on the ground at a temperature of 10° C. (50° F.) is to
be equipped with an exhaust pressure turbine blower, which at & barometric pressure of 35 cm.
Hg (corresponding to 21,100 feet altitude and at—21° C.) (see curves A and B on plot 5)
exerts & back pressure on the engine of 35 ¢cm. Hg and increases the carbureter pressure by 30
cm. Hg. Then we have for the exhaust pressure on the engine at the given altitude, 35+ 35="70
cm. Hg, and for carbureter pressure, 35+30=65 cm. Hg. From the curves on plot 2, we
obtain & horsepower ratio of 0.836. To obtain the temperature after compression, we may
assume an adiabatic compression with an exponent of 1.41, and from the chart 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:

400x0.836 X 0.963 =322 HP.

If a geared blower were used, then in obtaining the horsepower ratio the barometric pressure
at the given altitude would be used as the back pressure on the engine; and from the available
output computed on this basis, the power necessary to drive the blower would be deducted.

If it is desired 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 may be multiplied by a pressure correction factor obtained from curve E
on plot 2, as follows:

Locate the intersection of curve E with the curve of carbureter pressure corresponding to
the observed barometric pressure on the 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 will serve to make clear the use of this correction factor. Assume that in the
above example, the observed horsepower (400) was obtained at an observed barometric pressure
of 74 cm. Hg. From the curve E we obtain, by the method described above, a pressure correc-

tion factor of :9-7—2- (see plot 2) =1.03. Applying this to the horsepower obtained we get:
322x1.03=332 HP.

TasLe I.—Table of dala on test 108 on the effect of supercharging.

Preasure &t exhaust port (oms. of HE)ueoerrerervncecncnnensns 6L¢ 9.7 3.5 3.2 3.1 8.7 50,0 621
Pressure at carbureter Intake( [L141.2 1) TR, T2.87 71.43 7112 m2 55.2% 55,22 55 2% 58,23
oarrected td C.,and l,bmrevo!uﬂonapermlnute. 170.2 171.3 178 4 I7.8 132.9 120.6 1354 132.0
of gasolene per horsepower per hour...ceveeeecensncns N . 593 .58 . 580 . 58T 548 584 . 55Y
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REPORT No. 45.

PART L.
VARIATION OF HORSEPOWER WITH TEMPERATURE.

By H. 0. DickiNsoN, W. B. Jaurs and G. V. ANDERBON.

RESUME.

In connection with fests of airplane engines made in the altitude laboratory of the Bureau
of Standards it has become necessary to reduce horsepower at a given temperature to arbi-
trary standard temperatures in order to permit comparison of different tests.

As the result of & number of experiments made with two Hispano-Suiza engines and three
different makes of carburetors, a correction factor has been determined, which may be expressed
by Fin the following equation:

HP=Fx HP,
920+t °F. 529+, °C.
—_—_— % = e . . .-
F=320+¢°F. °F F="539+¢°C.

where HP, is the observed horsepower at the temperature ¢, °F. and HP is the horsepower
corrected to ¢t °F.

This correction factor has been found 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 §,
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.

VARIATION OF HORSEPOWER WITH TEMPERATURE.

The horsepower of an internal-combustion engine varies with the temperature of the air
admitted to the carburetor. In order to reduce the horsepower at any observed temperature
to horsepower at a chosen standard temperature, it has ordinarily been sssumed that the
horsepower varies 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 Re Bureau of Standards
the horsepower at the observed carburetor air temperature has been reduced to arbitrary
standard temperatures in order to furnish & common besis for comparing the results of different
tests.

The tests 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 first engine, used in the majority of the runs, was of 150 horsepower,
known as type A, while the remaining runs were made with the 180-horsepower, type E.

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

1 This Report was confidentially circulated during the war as Bareau of Standards Aeronsutio Power Plants Report No. s.
512



EFFECT OF COMPRESSION RATIO, PRESSURE, TEMPERATURE, AND EUMIDITY ON POWER. 513

The tests cover & wide range of altitudes from 2,000 to 30,000 feet, and for every change
in baromefric pressure the Claudel and Stromberg carburetors were adjusted by hand to give
maximum power, but the Tice carburetor was an experimentsl one, designed for inherent
altitude control, and was therefore not adjusted by hand. As the Tice carburetor differs
radically from the others used in the tests, the agreement of the results in all cases indicates
that the carburetor design may not greatly affect the magnitude of the temperature correction
factor.

Tables I to VI contain the observed a.nd computed data used in obtaining the correction
factors.

To obtain an expression for the correction factor to reduce horsepower at a given observed
temperature and pressure to horsepower at the arbitrarily chosen temperature of 0° C., and

the same pressure, we have
HP,=HP;X F, )

in which HP,=horsepower at arbitrarily chosen temperature of 0° C.

HP,=horsepower at observed temperature ¢ °C.
F,=correction factor to reduce to arbitrary temperature of 0° C.

Fom 2 - @

It is evident from equation 2 that the correction factors at the different temperatures for
any given run depend upon an accurate determination of horsepower at the arbitrarily chosen
temperature of 0° C. For this reason the horsepowers computed from the observed data were
plotted against carburetor air temperatures and smooth curves drawn through as many of the
points as possible, as shown on plots 1 and 2. Tests &t 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 values of horsepower thus secured the correction factors F, were determined by the use
of equation 2. These factors, plotted against temperature, are 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: '
52948

F°=- 530 . P . (3)

in which ¢ is the observed temperature of the carburetor air in degrees centigrade. Combining
equations 2 and 3, we obtain,

HP, 8294+t ®
HP, 529+0 ST o

which may then be written in & generalized form substituting ¢, °C for 0°C and ¢, for ¢, as follows:
HP,, 529+t °C.

mp.~te+LC. - o 0 @
529 °C.
or H&=ﬁﬁ%ﬁmxﬂ&=ﬂdﬂn (8)

where '
HP,, is the horsepower at temperature £, °C., to which HP,, the horsepower at the temperature
t, °C., is to be reduced and Fis the reduction factor.

F may therefore be written,

Fae 529 +observed temperature in °C. _ )
529 4 correction temperature in °C. ' '

In order to correct horsepower at a given observed barometric pressure and temperature to
horsepower at the actual temperature corresponding to the altitude of the given barometric
pressure, it is necessary to know the mean actual temperatures 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.

As 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 which shall include both corrections. .

The results of numerous tests in the altitude laboratory indicate that for the ordinary
slight differences in barometric pressure met with from day to day, the assumption that the
brake horsepower varies directly as the barometric pressure is sufficiently accurate. 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 barometrie
pressure we have: '

HP, P,
ZTP:-P; o . _ )]
or,
HP,=5ixHP,=F, HP, . )
2
where, HP, =Horsepower developed at correction pressure P;.

HP,=0bserved horsepower developed at observed pressure P,.

F, =§‘, the barometric pressure correction factor.
2

From equation (9) we get:

Correction barometric pressure 10)

i = Observed barometric pressure
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Combining the temperature and pressure corrections from equations (7) and (10) we obtain
an expression for a factor Fj, to correct horsepower from observed temperaturs, and pressure
to standard or correction temperature and pressure, as follows:

529 +Obs. temp. °C _ Correct baro. pressure an

Fi= 529 + Correct temp. °C X Obs. baro. pressure.

Plot 10 is constructed for obtaining this combined correction factor and is based on
equation (11). To use this chart proceed as follows: Trace vertically upwards from observed
carburetor air temperature to line of correction temperature, then horizontally to observed
barometric pressure. From there trace in direction of radiating lines to correction pressure,
then horizontally to the line of correction factors.
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Plot 11 is constructed in & similar manner for obtaining the combined correction factor in
terms of temperature in degrees Fahrenheit and pressure in inches of mercury.

In uwsing 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 between temperatures of approximately
—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 results, as given in Tables V and VI and on plot 6, check very closely the average of the
earlier runs. This is illustrated by the curves on plot 7, where the average curve as drawn
on plot 5, is prolonged to include these higher temperatures. _

It therefore appears safe to assume that this relation, expressed by the simple equsation:

529+4 °C. 920 +3 °F.
529 +%, °C. = 920 +¢ °F.

which has been derived from fests at various altitudes on two engines equipped with three
different carburetors, gives apparently accurate results for the type of engines considered within
the experimental temperature range of —20° to 50° C. (—4° to 122 °F.).
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Tasre I, TesT No. 78.—X gas, Claudel carburetor, hand adjusted, high compression (5.3:1).
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TasLe II, TesT No. B0.—X gas, Claudel carburetor, hand adjusted, exira high compression

(6.£:1).
. Back . N Horsepower
T I Dynamaors- mm D gl st I%JO
empers- . efar eLSCA'® | pevolutions | revoiutions
\ltitude tureof scale corrected per minute
h . carburetor ! corrected for balance
Height In te. at observed
air. I for et Scale and back e
0O, correction. pressure. tutes.
]
[l
Feet, ¢ C ! Pounrds Potinds. Pounds.
11,600 —19.0 | 240.5 — a7 —Q1 0.4 1,49¢ 1IM.7 4 -
+ 63 | 2420 — 415 —0.1 241,90 1,408 o | . e—
— 8.3 H US55 — 4.3 —-0.2 245.3 1,516 1237 . =
0 ; 238.3 — 4.3 —0.2 288.1 1,674 119.1
19,500 —18.0 182.4 + L45 +0.1 182.5 1,488 oL3 e
[ S | ¥ 1 + 8.3 +0.1 178.6 1,55 [ .3 | & -
i 418 | 1m0 + 840 F0.1 130.1 1,496 81 | .
1] ; 177.0 + 5.2 +0.2 177.2 L0834 88.6 T
5,750 I —I158 |  114.8 +1E5 +0.6 151 Len 5.6 | T
0 . LD +14.7 +0.6 1118 1,558 5.8 | S
l +16.2 | 107.8 +14.7 +0.6 108.2 1,500 i 54.1 I -
Tasrr III, Test No. 108.— Tice carburetoz‘, mh)ermt adjustment, 155 gas, kigh compression
5.8:1).
T ] w i - v loal
1 Back e
L Dynamom- mmp"e“m.° D om- | Hmatl ower ) _
| Tempers. . ° eter seale [ pocolntions | revalutions
sltitade. ture scale corrected . ec minute
o "t carburetor | corrected balance . per
| Helght in e at observed
afr. Cizs. of Secale and back | tampara-
E balance. 7.0, carrection. | pressare. | s,
|-
Feel. - C Pounds. Pounds. Pusnde. ;
5,300 —-10.9 8.5 — 1.5 —0.1 278.4 ' 1,505 13.2
— 0.8 373.5 — 320 —0.1 M4 1,518 136.7 .
+13.6 s — 3.0 -—0.1 1.4 | 1,530 136.7
11,460 —1L2 2215 —11.0 —0.4 .1 . 1,508 110.6 I
+ 9.8 219.2 — 1.0 0 218.2 ! 1,468 102.6
| - 07 290.5 0 0 , : 1,508 110.3
19,250 —11.6 188.5 + 3.0 +0.1 1886 1,508 a3
: + L0 1615 + 125 +0.1 16L.6 1,503 0z |
: i +14.7 157.5 —15.§ —0.6 1568.9 ! 1,500 8.5 i
! 23,170 - 9.7 138.5 + 40 +0.2 136.7 1,510 68.4 '
'I + 0.6 132.5 + 3.0 +0.1 132.6 1,488 8.3
! | 166 . 1.5 —19.0 0T 128.8 l 1,483 644 i
H ]

Tapte IV, Test No. 104.—H gas, Claudel carburetor, hand adjusted, high compression (5.9:1).

Dynamom- carrection. D g at ] ,50: e .
Tempersa- ster € | Revolutions | revolutions Coe
Altitude. t%?rgtror cui-?gteed or balance &a‘ per minute
car Helght in minnte. | st observed S .
air. for Cms. of Scale and back tem N
balance. 70 correction. | pressore. tu:pee?- ST e
° 3 © g
Feet. *C Pounds. Pounds. Posnds. TR
5,450 -~15.8 206.5 -3¢ —L2 295.3 1,50 147.6
— 9.9 203.5 —23.0 -1.3 2.2 1,55 146.1 -
— &0 . 3B7.8 —34.0 -~L3 256.2 1,518 143.1
i i — o1 373.0 —22.0 —0.8 7.2 1,507 135.8 _ -
. + 6.2 2855 —1.5 -3 285.2 i 1,530 142.6 L
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TaBLE V, TEsTs Nos. 118 aND 117.—Two-inch Strom- TasLe VI, Tesr No. 119.—Two-inch Stromberg car

berg carburetor, hand adjusted, high compression (5.8:1), buretor, hand adjusted, X gas, high compression
X gas, altitude £,050 feet. (6.8:1), altitude 1,950 feel.
Eot g;rber Horsepower
Temperatura |y, ter| Revolnti svolutions Temperature | ter| Revolutl svoidtlo .
of sarburetor ynamomsetier avoiusions Tevolu! of carburetor yosmoneley voiutlons e ns -
scalereadings.| perminute. | per minute at N scale readings. | per minute, sr minute at
alr. obsarved - alr. P ebsarved
temperatures. temperstures.
°C. Pounds * 0. Pounds.
- &0 828.0 1,800 108.8 —18.5 837.3 1,810 04
+ 0.2 828.3 1, 800 105. 8 -~ 0.9 386.7 800 2.0
+ K3 329.0 1,708 197.4 — 4,5 335.3 1,800 2013
+ 9.4 0 1,780 195.8 + 0.7 8220 1,795 199.2
+15.8 333.0 1,800 193.81 + 8.1 820.0 1,77 197.4
+420. 1 8aL.0 1,795 192.6 +10.9 328.0 1,815 105.6
+40.2 2 1,798 187.8 +17.8 . 3240 1,815 104. 4
+80.0 303.5 1,808 183.1 +a1.7 331.0 1,830 192.6
+45.1 307.0 ,808 184.2 25,0 318.0 1,818 100.8
+40.0 300.0 800 185.4 EBLE 315.0 1,785 189.0
434, 5 308.3 1,810 184.9 . ;is&s 810.0 1,905 188.0
+30.0 310.8 1, 186.5 43.0 3085 1,800 185.23
+25.0 814.0 1, 188, 4 +-47.5 305.0 1,800 180
+20.1 3170 1,813 100.2 +53.8 a5 1,785 181, 5
+14.9 818.0 1,830 100.8 +52.4 05 1,77 181. 8
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PART IV.
INFLUENCE OF WATER INJECTION ON ENGINE PERFORMANCE.!

By V. W. BRINXERHOFF.

RESUME.

A short investigation has been conducted at the Bureau of Standards to determine the
effect of water injected into the intake manifold of an internal combustion engine. This in-
vestigation was carried out on two different engines, truck and sutomobile, but the results in
general are such as to apply also to airplane engines.

The first series of tests was conducted to determine whether the use of water injected into
the intake manifold has any effect on 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 fuel economy due to the injection of water, but in & badly carbonized or & poorly
designed engine, where hot spots due to improper cooling are present, a slight increase in power
may result. If enough water be used, it will remove a small portion of the carbon but will
cause at the same time a considerable reduction in the operating efficiency 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 engine and the re-
sults do not indicate the value of much larger quantities of water as injected under special
conditions solely as a carbon removing agent.

INFLUENCE OF WATER INJECTION ON ENGINE PERFORMANCE.
The object of this investigation has been to determine from dynamometer tests the effect

of the injection of water into the intake manifold of an engine on the power output, fuel economy, -

carbonization, and general engine performance. It has been cleimed by advocates of water
injection into the intake manifold that the use of water in this way results in—

(1) Increase of power.

(2) Decrease in fuel consumption.

(3) Decrease in carbon deposit on pistons, valves, and combustion chambers.

The tests made at the Bureau of Standards, covering a period of some seven weeks, have
been run primarily 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 staff of the Bureau of Standards. While no attempt has been made at an ex-
haustive study of the problem it is thought that the data from these tests will answer in &
general way the question of the effect of water injection upon engine performance. Although
the engines used were of the type employed in motor trucks and antomobiles, the results are of
such character as to apply in general to sirplane engines.

For use in these experiments the Inventions’ Board provided one of the War Department’s
standardized truck engines, class B. This engine was connected to a Sprague Electric Co.
125-horsepower dynamometer, and provisions made for.all auxiliary apparatus necessary to
obtain the data recorded below. This engine is & 4-cylinder conventional 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 very low compression ratio of 3.7.

The average compression pressure as determined by an O’Kill indicator was found to be
47.75 pounds per square inch at 100 revolutions per minute with jacket water at 55° C.

t This Report was confidentially cirenlated during the war as Buresn of Standards Aeronantic Power Plants Repart No. 3£,
621
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The test data given on the accompanying log sheets were obtained as follows:

The engine was first warmed up to operating temperature and the carburetor adjusted to
give maximum power 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 aver-
aged. Water was then admitted to the intake manifold at a point about 1.75 inches above
carburetor throttle and the same data taken with the same spark settings, followed by another
run with water, but with the spark advanced for maximum power. These runs were made over a
speed range of from 400 to 1,200 revolutions per minute at intervals of 200 revolutions per minute.
The amount of water used during any run was determined by reading the difference in height of
the water, at the beginning and end of the run, in & graduate cylinder of 1,000 cc. capacity and
observing time elapsed by means of a stop watch. The amount of water used was controlled
by means of a glass stop cock in the line between the graduate cylinder and the intake manifold.

The preliminary and test runs No. 2 and No. 3 were made with a Zenith L6 carburetor
fitted with 25 mm. choke, 1.15 mm. main jet, and 1.25 mm. compensator jet. Varying amounts
of water were used throughout these runs. In test No. 4 a Stromberg M3 carburetor with 1~
inch choke and No. 52 (0.0635 inch) bleeder was substituted to permit of varying the gas air
mixture ratio for each speed. This adjustment was to give the lowest fuel consumption con-
sistent with maximum power and to obtain a single setting with a rich mixture.

Tests No. 5 and No. 6 are part throtfle runs of constant torque and power in each case,
simulating the following road conditions: Road resistance, 50 pounds per ton; truck speed, 10
miles per hour; gross weight, 10 tons; diameter of wheels, 40 inchos; gear ratm, 9.5:1.

In test run No.3 ametal plate Wlth an asbestos gasket wasinserted betwcen intakeand sxhaust
manifold in order to ascertain any difference in operation due to a lower temperature of mixture.

Commercial gas, fulfilling United States General Supply Committee Specificationsfor 1918,and
Acroplane B oil, a product of the Atlantic Refining Co., were used in all runs. Particular caro has
been given throughout the tests to keep 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 made
for determination of oil and water temperatures, revolutions per minute, oil, water, and gasoline
consumption. This engine was run for several days with a very rich mixture seiting, spark
retarded, cooling water temperature as low as possible, and oil occasionally introduced into
cylinders until the valves, piston heads, and combustion chambers were well covered with
carbon. The engine was then run for a period of six hours at wide-open throttle, with water
injected into the intake manifold, with outlet water at a constant 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 water had not made any appraciable effect upon the carbon deposit.
This run was followed by others in which the amount of water injected into the manifold and
the temperatures of the jacket inlet water were varied.

The only data taken on these tests have heen the rate of waler injection, number of hours,
and maximum temperature of outlet water. The total amount of water used was 27.5 gallons
for a total of 23.75 hours and a temperature of outlet water from g minimum of 55° to a maxi-
mum of 90° C. The water rate varipd from 2.4 pints per hour to 7.05 pints per hour, this
maximum rate causing some reduction in the engine power.

The following conclusions have been reached as a result of this investigation:

(1) The injection of water varying in amount from 0.03 pound per brake horsepower to
0.44 pound per brake horsepower per hour does not produce any appreciable effect upon power,
fucl economy, or operation in general.

(2) Injection of water exceedmg 0.44 pound per brake horsepower per hour is accompanied
by an appreciable decrease in power, fuel. economy, and smoothuess of operation.

(3) It is quite probable that with an engine badly carbonized so that preignition occurs, or
with an engine of poor design, manifesting this in form of hot spots due to lack of proper cooling
of valves, piston, or head of combustion chamber, the use of water will result in increased power.

(4) With a Rutenber 6-cylinder 3 by 5 inch engine operating at a high-jacket water tem-
perature the injection of water in amounts between 2 and 8 pounds per hour produced a softening
and a slight reduction of carbon, the reduction in the amount of carbon deposit, not exceeding
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types of carbon deposit the first is by far the most difficult to remove, and, in fact, it is found
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the spark adjusted for maximum power.

sacoad run was made with water
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Test number 4, Clase B engine, Stromberg M8 carburetor.
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using the same spark seiting &8 on the fArst run. The third was made

NorE.—In the first part of the sbove table the first run in each group of three runs was made with gasoline only and spark sot for maximum

er. The second run was made with water injected into the mixture,

m water and the spark adfusted for maximom power.

Test number 5, Class B engine, Stromberg M$ carburetor.
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