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USE OF INTERNAL COOLANT AS A MEANS OF PERMITTING
INCREASE IN ENGINE TAKE-OFF POWER

By Addison ¥. Rothrock

SUMMARY

Engine tests, together with estimates made at Langley Memorial
Aeronautical Laboratory, indicate that a 25-percent increase in take-
off power can be obtained with present-day aircraft engines without
increasing either the knock limit of the fuel or the external cooling
requiremsnts of the engine. 1This increase in power with present
fuels and present external cooling is made possible throush the use
of an internal coolant inducted through the inlet manilfold. Estimates
on aircraft indicate that this 25-percent increase in power wlll per-
mit an anproximate usable increase of 8.5 percenl in the take-o.f load
of existing military airplanes. This increase in load is egquivalent
to an increase in the waight of gasoline normally carried of batween
30 and 65 percent.

INTROCUCTICN

Internal cooling thrcugh the introduction of water or water-
alcchol mixtures into the inlet charge has been tested 1t vzrious
labcratories. PYertinent references to this work are ccntained in
reference 1.

I{ is generally recognized that, if the take-off power of current
enginss can be increased, the porformance of the alrplane, with par-
ticular =mphasls on range, can be increased. Increasce in take-off
power with present engines is limited by three factors: (1) knock
characteristics of th:s fuel, (2) enginz strength, and (3) engine
cooling.

The knock characteristics of the fuel can be improved only at
the expense of fuel supply. Because of limitations of supplies, this
procedures can only ba used for smill quantities of fuel, such as might
be used during taxz-off.

The englne strength is limited by both the loads imposed within
the engine and the temperatures that the engine parts can withstand.
External cooling of the engine with higher take-off powers does not
provide so effective a means of relieving the thermal stresses within
the cylinder as does internal cooling.,




Interna2l cylinder cooling by means of introducing 2n inert liquid
to the incoming charge permits much higher powers to be taken from a
given fuel withont krnock and without increasing the external cooling.
Data obtained st Langley Memorial Aeronautical Leboratory during 1942
shewed that the permissible indicated mean effective pressure can te
increased 100 rercent by meanc of internal cooling. This value is
not meant t¢ represent a practical goal but to emphasize the fact
that tiarough internal cooling tha knock limit of present fuels can
be plsced well above present demands. Internal cocling removes
engine ccoling as a prablam for increased take-off powers. The
lower temperaTurss ohtained with interm=2l cooling slso recduce the
probhability of engine foilure through increased leads.

Thie 7nalysis was made 1t Langley Memorial Aeronautical Labora-
tory, Lenzley Field, Va.p,in the spring of 1942.

Upon the completion of tests recorde¢ in reference 1, Dr. R. F.
Selden of the NACA staffl sugrested the use of a3 mixture of ammonia
dissclved in vater {ammoniur hydroxide) for the internal coolant as
a means of ovarcoming the difficullies resulting from the high freez-
irg peoint of water. Ammonia is unigue in ihat cn a weight basis it
perviits a sraeater percentzge of water in {1he coolsant for a given
freezine temperature than dees any otner knovn liquid. For example,
a mixturs of avproximstely 30 percent ammonia by meight and 70 percent
water n-~s a freazing point of -5L° &, A 29-72 ratio of ammenin ard
water #@as used in the internmal-coclant tests described in this renort.
By tie mes of thiz material a given freezine—-temperature requirement
is met with the l-roast possitle percentage of water in the internal
coclant.

The amount of [reszing-poirt depressant required in the internal
coolsnt ic depensent on the perticilar installatiorn used. The
freezing-noint raquirenents of the intcernal coolsznt are not necessarily
the same as for the gasoline.

Tne consid=ration in tnis revort of ammenium hydrexide for the
internal coolznt does not imply that it givaze better cooling and
tetter knock supprecsion than othier internm=al ccolants, such as water-—
aleoheol. The <lecision as to wnich irternal ceoolant is best must be
corsidered on the basis of' avallsability and ease of handling as well
as on the hasis of engine performance.

Preliminary tests conducted on thne CFR engine gave results suf-
flciently encouraging to warrant transferrine the work to a single-
cylinder Wright (200 engine mounted on a CUE crankcase. Figure 1
shews that ammonium hydroxide actually was a better knock suppressor



than was pure water. These data represent the preliminary tests,
which show that as far as knock 1s concerned engines with present
fuels can be taken to much higher power outputs than are now permitted.

The testes were continued on ammonium hydroxide rather than on
water or water-alcohol mixtures in order to find out what deleterious
effects ammonium hydroxide might have on the engine. (Ammonium
hydroxide is quite corrosive to any materials containing copper.)

In addition to fuel limitations, engine temperature was considered

as a limiting factor, and a maximum allowable temperature of 325° F
at the middle rear of the cylinder barrel wes deeclded upon. In the
tests at each fuel-air ratio for different quantitlies of internal
coolant, the inlet pressure was increased until (1) the engine knocked,
(2) preignition or afterfiring occurred, or (3) the temperature at
the middle rear of the cylinder barrel exceeded 325o F

The following engine conditions were maintalned constant:

Engine speed, rpm . . . t s s 4 s e s s s e s s s e s e s s 2500
Spark advance, deg B.T. C. « v e s s e+ 4 s e s e e e s s .. 20
Compression ratio . e e % s+ & s s e s s s s s e e s e 7.0
0il-in temperature, °F... S I o)
Inlet-air temperauure bgfore infroductlon of either fuel

or internal coolanit, F v « ¢ « « « &+ « & C e e e e e 250

Cooling-air pressure drop, in. water .+ . . ¢« ¢ - 4 ¢ 2 o s« o 10

Fipure 2 preeents the experimental data.  Ixcept for the lean
and rich ends of the curves, tae limitation was engine temperature
rather than fuel knock. The fact that the specific Tfuel consumption
in the rich regions increased as the amount of ammonium hydroxide was
increacsed indicates that the effect of ammonium hydroxide in suppress-
ing knock war twofold: (1) L[t provided internal cooling of combustion
gases; and (2) it retarded the combustion, giving the same effect as
a retarded spark.

Cross plots from the data in firure 2 sre shown in figures 3 and
L. Engine temperatures arc shown in fipure 5. A reference value
of 2L45 pounds per zquare inch indicated mean effective pressure, which
corresponds to 210 pounds per square inch brake mean effective pres-
sure at a mechanical efficlency of 86 percent, approximates current
take-off conditions, The dats in the upper half of figure 3 are
based on this value of 245 pounds per square inch indicated mean
effective pressure (reproduced in fig. 5) for comparing the increase
in power recorded with the different quantities of the internal
coolant.

With a 25~percent increase in power, the weight of the internal
coolant required is 5h percent of the fuel weight at a fuel-air ratio
of 0.09, Other values given in figures 3, 4, and 5 are as follows:




COMP RIEON QF ENTINT PERFORMANCE WITEOUT AFND
WITH INTERNAL COOLANT

With interral
coolant (1.25

Without interrnal
coolant, (take-

off hp) X take~off bp)

Peint desienation on curves B A
Irdicated mean effective preasure,

1h/sq in. 2h5 204
Inlet mrescurzs, in. P absolate oé 73
Frel-air ratio C.11 0.C9
Indicrted sLecific fuel consip-

tion, 1lt/ap-kr .72 B2
Indicat~d specific liquid consumu-

iion, ib/-p-ar .72 .95
Tero-raturz of c¢ylinder barrel,

ridile rear, °F 320 320
Temperaturs ol resr syarg—;.laz

husiins, “TF h1le 345
Terperature of exhaust-valve

guide, °F ) Lot 65

The required irle*t preassurs of 73 inchas "I~ abnnlute would jrobably
recguire some additinrel bocst to that cup.lied with a singls-stags
hign-speed supercharger.

ESTIMATED INCRZFSH OF EWATHR PRRFOLRYALCT THROUGH
ILCTASED TAY: -QF PCTER

Increased lnad., — I'our nirnlsnes of differant classificrtions,
desirnated &, %, G, and D in this paper, have been conridered in
ertiratine the increasad perforunnze “hrough a ?C-percent increase
in tak=2-oTt pover, Tneze airolen~es with the operating chavacter-
istics ue~d in tne present ralculstions are listed as follows:

_Alrplane | Gerarl  Hdorael | Lormal |Grocs feisht|Englne
Tyre Mesier—; Loite—off | uel fuel of
atien! norceo-  |encacily) enpacity|airplane
power (ra1) (1) (ib)

Hagvy

kemrer A L8co 1433 8rof 41,000 R~-1830 -
Rirsuit B 200 210 1260 11,870 R=-2R0U
Terpedo

tombar | C 1700 301 1306 15,36L  |R-26C0
Shipkoard

fighter | D 2000 3L 2064 12,577  |R-2800




Complete calculations for estimating the total weight of the
.internal coolant and the internal-coolant system are glven in the
appendix. The following table presents the estimeted incrcases in
usable load for the four airplanes under consideration with a
25-percent incresse in take-off power. The estimates of percentage
total-load increase were made by Mr. J. 7. Jetmore of the Flight
Research Division of langley Memorial Aeronautical Laboratory.

In the calculations of the table an allowance of 0.78 pound of
coolant per pound of fuel was used instead of the value of 0.5l shown
on the curve at point A of figure 3. Thils increase is introduced as
‘a factor of safety. All estimates are based on sufficient internal
coolant for a 5-minute operation. The increase 1n propeller welght
required Ior the addlitional power output is estimated to bhe 100 pounds,
and the weight of the system for introducing the coolant, exclusive
of the tank weight, is estimated to be 75 pounds. These weights are
considered to be the same for each engine of the four alrplanes listed.

FSTTMATED INCLFASE IN TAKE~OFF LOAD FOR
25-PERCENT INCREASE IN TAKE-OFF POWER

Airplane | Load Load Usable Usable load |Pzrcentage
increace lincrease]|load (gal of g9s-]|increase
(percent)| (1b) {increase|olire) (gl of

(1b) (a) gasoline)
.3 11.5 710 3631 Lh27 30
B 12,0 130 1097 129 65
C 10.5 1610 1360 153 51
D 10.5 1320 1037 122 36

Apssume 1 gal gasoline weighs 6.0 1b; gasoline tank weighs
2.5 1b/gal; therefore, ég%% = 127 gal.

The data show that a 25-percent increase in take-off horsepower
results In a marked increass in either the usable load or in this
usable load translated into gallone of gasoline. The increase for
airplanes R and D 1¢ particularly noteworthy.

Increased rate of climb. -~ It is estimated that a 25-percent
increase in take-off power for airplane B will permit the rate of
climb up to 12,000 fest to be increased from 3100 to 4100 feet per
minute. Corresponding values for airplane C are from 1600 to
2200 feet per milnute.




Decreased telze—off run. — In regard to take—-off run, for the
assumzd loading of the alrplanes, it is estimated that a 25-percent
increase in power will decrease the take~off runs of the four air-
planes as follors: C

Alrplane TPresent take-off Take-off distance

distecnce 25-percent increase
(ft) in take-off power
(ft)
A 1700 1300
B 1300 1000
C 300 200
D 350 25C

Aircraft Eneine nesearch Latcratory,
tational Adviscrv Comittee for Aeronantics,
Clev-lanc, Ohioe

APTENDIX
CO:PUTATIONS FOW SEIGHT EEQUIREMENfS FOR INTERNAI-CCOLINA SYSTEM
From firures 3 and L:
isfc at 2u5 imep: = 0.72, fuel-air ratio = 0.11 (B)
isle at 30f imep = .94, fuel-air ratio = 0,09 (A)

For R-2200 engine at 2700 rpm:

2LE X 2500 X 2700

7.92 X 10

= 23L0

1pg)5 =



At B5-percent mechanical efficiency, 2340 ihp = 2000 bhp,
1hp306 = 2920, and bhp = 2500,

Assume sufficient ammonium—hydroxide solution (NHhOd) for
5 minutes at 2500 bhp:

0.96 '
lc = === 1, -
belc 562 1.13 1b/bhp~hr
At 2000 bhp
0.72
bafc = o862 0.85 1b/ohp~hr
At 25C0 bhp

total liquid = 2500 X éi X 1.13 = 235 1b .

This 235 1b liquid is 152 1b of gasoline and A3 1b of ammonium-
hydroxide solution.

At 2000 bhp

5

total gascline = 2000 X 20

X 0.85 = 142 1b

It ie noted that increased weight of gasoline 1s negligible.
Denszity of NH)OH = 7.5 1b/gal
70 1b NH),0d = 9.4 gal
Allow for 15 gal, or 113 1b, NH),0H
Assume tank for NH)OH weighs 35 1b
Total weight = 113 + 35 + 10 (for extra gasoline) = 158 1b = Wy
Assume thls weight requirement is proportional to bhp of engine.
Iet increased propeller weight = 100 1b

Let weight of coolant-
induction system = 75 1b

175°1b = W,




Lesume Wr constant for engines considered.

Engine |1.25 X take—off | W1 | W2 |W] + W2
horseposer (1b) | (1In) (v)

R-2500 25C0 158 | 175 | ~ 333
R-2600 2130 135 | 175 310
Four E-183D 6000 379 | T 1079

¥insl czlculations on usable load are glven in tna third table
in the text.

HEFWHENCE

1. Rotarozk, Addicon M., Krsek, Alois, Jr., and Jones, Anthcny W.:
Surmary Report on lie Induction or fater tc the Inlet Air as
a Heans of Interral Cocling in Aircraflt Engine Cylinders,
X0 2DR, Aug. 1842,
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