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RESEARCH MEMCORANDUM

KNOCK-LIMITED PCWER OUTPUTS FRCOM A CFR INGINE USING
INTERNAL COOLANTS
IIT - FOUR AIKYL AMINES, THREE ATKANOLAMINES
SIX AMIDES, AND EIGHT EETEROCYCLIC COMPOUNDS

By Harry S. Imming and Donald R. Bellmen

SUMMARY

Investigationg were conducted to determine the antiknock
effectiveness of various additive-water solutions used as internal
coolants in conjunction with AN-F-28, Amendment-2, fuel In a
modified CFR engine, ZFach internal-coolant solution was injected
at a coolant-fuel ratio of 0.50 and contained 70-psrcent water and
30-percent by welght of each of the following compounds:

Alkyl amines
Igopropylamine
Isobutylamine
tert-Butylamine
Monoamylanine

Alkanolamines
Ethanolamine
Diethanolamine
2~Amino~2-methyl~l-nropanol

Amides
Formamide
N-Ethylformanide
-Ethylacetamide
N-Ethylproplonamide
N,N-Dimethylformamide
N,N-Diethylacetanide
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Heteroccyclic compounds
Z2,2-Dinetliylothylenimins
Morphsline
Pyridine
2=-Mothyiprridine
3=Mothylpyridine
4&-Methylpyridine
2,6~Dinethylpyridine
2-Vinylpyridine

Results of invegtigations are also presented for AN-F-2€,
Amendment-2, fuel run with no internal coolant and with waber alone
ag the internal coolant at coolant=fuel ratiocs of 0.35 and 0,50.
Three of the alkyl amines, the six amldes, and six of the hetero-
cyclic compounds raiged the xnock 1limit of the bage fuel more than
an equivalent amount of water at most of the fuel-alir ratios Investi=-
gated. thanolamine and 2-amino-Z2-methyl-l-propancl raised the knock
limit more than an equivalent amcunt of water at fuel-alr ratiocs
greater than 0,093, The 21 compounds lnvestigpated were lsss effsctive
in raising the knock limlt thar monomsthylamine, dimethylamine, and
ethylenediamine, which were previously investigated.

INTRODUCTICN

An investigation of the antiknock offectiveness of varilous
additive~walter solutions when used as internal coolants has been
conducted at the NACA Cleveland laboratory. HNine compounds have been
previously run in a CFR engine and the results are presented in ref-
erences 1 to 3. Of the nine compounds, moncmethylamine, dimethylamins,
and ethylenediamine permitted the greatest increases in knock-limited
power, From considerations of ths physical properties, however, the
use of these compounds as internal coolants would be restricted. For
example, monomethylamine and dimethylamine are gaseous at room temper=
ature and have limited solubilitiec in water. Ethylenedlamine, as
well as monomethylamine and dimethylamine, is corrosive in contact
with copg%r.

In an offort to find a good antiknock-coolant additive with mor
degirable physical properties than those of the nine coupounds
previously investigated, vater solutions of four aliyl aminos, three
alkanolamines, six amides, and eight heterocyclic compounds were
invegtigated and the results are pregented,
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INTERNAL, COOLANTS AND BASE FUEL

Fach additlve~water solutlon contained 3C-percent additive by
welght, Boiling points and solubilities of the pure additives are
presented in the following table:

{ Physical properties
Additive ‘ Boiling Solubility
'point (2)
(°C) |Water  ‘Alcohol!Ether
Alkyl amines
Tsopropylamine 34 @ ~o =s
Isobutylamine 68 @ o =
fert-Butylamine 46 & beo® =
Monocanmylamine , i
(nixed isomers) 84-110 Vs mmmmmee | -
Alkanolamines i
Ethanolamine b7z o o vss
Diethannlamine - 268 co o sg
2-Amino-2~metiyl~l-vropancli 165 o PEPR DR
Amides ; :
Formamide 2L 4 = » . 88
N-Ethylformnamide 128 . e o
N-Ethylacetamide Z205 o e
N-EthylpropionamideP |-~-a- S ST R R P
N,N~Dimethylformamide 155 g <3 g
N,N-Diethylacetamide 187 8 s 8
Heterocycliic couzpounds
2,2-Dimethylethyienimine 1 e R AL I TS [ =mom e
Morpholine 128 Lo : 8 | S
Pyridine 115 | o : o on
Z-Methylpyridine 1283 ve i e | o
3-Methylpyridine 144 =0 | o e
4-Methylpyridine 143 @ | @ ! .
2,6~Dinethylpyridine 143 oo coldg =} .8
\e hot | |
2-Vinylpyridine 159 ves ., vs | Vs

SThe following abbreviations are used to indicate tho solu-
bilities of the ad iitives; o, Infinitely soluble;
ve, very soluble 8, oolable; gg, slightly soluble;
ves, very “l¢@n11 solubls.

bio data are available for this coMpqund
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In addition to rmns made with additive-water solutions as internal
coolants, runs were also made with water alone as the internal coolant.

The additive-wator solutions were prepared at this laberatory from
comaercial-grade compounds and distilled water, The 2,2-dimethylethylen-
Imine and the teri-butylamine compounds wers not avallable commercially
and were prepared at this laboratory. The correct concontration of
2,6-dimethylpyridine could be maintained only at temperatures of 20° C
or less, This solution was kept in an lce bath while being run.

The werits of the internal-coolant solvtions were determined by
the effect of the coolant on the krock-limited performance of AN-F-28,
Amendment-2, fuel. A single batch of this fuel was used in this present
investigation and in the investigations reportsd in refersnces 2 and 3.

In order to avoild confusion, the following definiticns are uged:
(1) Fusl: AN-F-28, Amendment-2, used as base fuel

(2) Water-fuel ratio: weight ratio of water comtaining no
additive to AN-F-26, Amsndment-2, fuel

(3) Additive~water ratio: weight ratio of pure additive to waber

(4) Internal coolant: either pure water or additive-water solution

APPARATUS AND PROCEDURE

The engine, auxiliary equipment, and procedure of investigating
the Internal coolants were the same as described in reference 3. The
additive-water solutions were run at a coolant-fusl ratio of 0.50.
Water alone was run at coolant-fuel ratlos of 0,35 and 0.50 by weight.

The following enginc conditions were maintained constant through-
out the program:

Engine speed, TDIM. & o o « o « s = o o s s o & o + a « s « & - 2500
Compression ratlio. o o v 4w 4w o 4 ¢ 5 o » 4 « 4 2 s 0 o s « o 1.0
Spark advance, deg BaTeCu v 4 v v 4 v v 4 v 4 v 8 v e a e e e 30
Inlet-air temperature, °F . . . o 4 ¢ v o v 4+ o v 4w . 4 . . 250
Jacket tempsrature, OF . « ¢ . . v ¢ ¢ v & 4 4 ¢ s o s s & o.s 250




R

P

NACA RM No., EBLOSa S

PRESENTATION AND DISCUSSION OF RESULTS

Knock-limited indicated mean effective pressures and indicated
gpecific fuel consumptions plotted against fuel-alr ratio for fusl
with and without water as an internal coolant ave presented in
flgure 1. Similar data for fuel with internal-coolant solutions
containing 70-percent water by weight and 30-percent of each of the
21 additives are prescutsd in figures 2 to 4.

The following table indicates the reproducibility of the data
by giving ratios of arithwetical-wean deviation to average knock-
limited indicated mean effective pressure (expressed as percentage)
as detormined from the runs of fuel alone and with water as an
internal coolant:

Ratio of aritlmetlical-mean deviation
Tumber to knock-limited imep
Wat?r-fuel of (percent)
ratio i
runs Fuel-alr ratio
0.05]0,06:0,07 O,GS§0,0S 0.10
0 4 3.4 (3.3 ,2.8 |3.8 12,0 |2.7
0.50 2 mmmement 5,5 (1.0 L8 12,0 1.8

The values in thig table were detsrmined from runs made at intervals
throughout the program and indicate that a good degree of reproduci-
bility was obtained. The reproducibility of the knock-limited
performance when using internal~coolant additives, however, wag not
checked because of limited supplies,

The results obtained in this investigation are presented in
table I in terms of the ratios of the knock-limited indicated mean
effective pressures obtained when using cooclant additives to those
obtained when using waber alone at two different water-fuel ratios.
The upper and lower values were determined by the following ratios:

upper value,

knock-1limited imep of 0.50 (0.30 additive + v,70 water) + 0.50 fuel
knock-limited imep of 0.35 water + 0.85 fuel
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lower value,

knock-limited imep of 0,50 (0.30 additive + 0.70 water) + 0.50 fuel
knock-lirited imep of 0.50 water + 0,50 fuel

An upper value above 1.00 indicates that the addition of the
additive raised the knock limit. This improvement in knock-limited
periormance can be attributed to the effect of the asdditive as an
antiknock agent and to the improvement in cooling resulting from the
addition of more internal coolant per pound of fuel. A lower value
above 1,00 indicates that the additive ralsed the knock limit a
greater amount than an equivalent amount of water. As before, this
improvement may result from the antiknock quality of the additive as
well as the cooling properties. From this discussion,an upper value
above 1.00 together with a lower value below 1,00 thererfore denotes
that the additive raised the knock limit but not as much as an
equivalent amount of water,

Monoamylamine, diethanolamine, 2,2-dimethylethylenimine, and
morpholine were less effective than water as internal coolants for
all values of fuelwair ratio., Ethanolamine and Z-amino-2-methyl-
l-propanocl were more effective than water as Internal coolants at
fuel-air ratios greater than 0,083 but were less effective than
water at lower fuel-air ratios. The alkyl amines {(with the excep-
tion of monoamylamine), the amides, and the heterocyclic compounds
(with the exception of 2,2-dimethylethylenimine and morpholine) were
more effective than water as internal coolants for most values of
fusl=air ratio, '

The bar graph (fig. 5) compares at fuel-ailr ratios of 0.06,
0.08, and 0,10 the effectiveness of the internal-coolant additives
run during this investigation with that of six internal coolants
previously reported in reference 3, The values used in the graph
are ratios of the knock-limited indicated mean effective pressure
permitted with an additive-water solution as the internal coolant
to that permitted with water alone as the internal coolant at a
coolant~fuel ratio of 0.,50. Monomethylamine, dimethylamine, and
gthylenediamine are more effective as internal-ccolant additives
than any of the other 24 compounds,

SUMMARY OF RESULTS

The results of investigations of water solutions of four alkyl
amines, three alkanolamines, six amides, and eight heterocyclic
compounds as internal-coolant additives in a CFR engine may be
sunmarized ag follows:
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1, Three alkyl emines, thé six amides, and six heterccyclic
compounds were more effective than water ag internal coolants fer
most values of fuel-air ratio.

2. Monoamylemine, diethanolesmine, 2,2-dimethylethylenimine,
and morpholine were less effective than water as internal coolants
for all values of fuel-alr ratio, Ethanolamine and 2-amino-
2-methyl-l~propancl raised the knock limit at fuel-alr ratios
greater than 0.093,

3. The 21 compounds investigated were less efTective in
raising the knock limit than monomethylemine, dimethylamine, and
ethylenediamine, which were previously investigated.

~ Aircrsft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio,
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TABLE T - SUMMARY OF ANTIKNOCK EFFECTIVENESS OF VARIOUS
COIPOUNDS AS INIFERWAL-COOLANT ADDITIVES
{CFR engine; AN-F=-26, Amendment-2, fuel; enginc speed, 2500 rpm;
compression ratio, 7.0; epark advance, 30° B,T.C.; inlet-air temper-
ature, 250° F; jacket temperatuve, 250° F. Tor each additive there

are two rows of values, The upper valve is ths ratio

knock-limited imep of 0,30 (0,30 additive + 0.7C water) + 0.50 fuel

knoclk-linited imep of 0.35 water + 0.65 fuel

The lower wvalue is the ravio

knock-1limited imeo of C.50 {0,30 additive + 0.70 water) + 0,50 fue%j
knocik-limited imsp of 0.50 water + 0,50 fuel

Fucl-air ratio®

0.05!0.06{0.07]0.C8/0,09{1,10

Additive

t 4

Alkyl amines

[
Isopropylamine 1.0111.14}1,.30{1.1411.,121,0L
L9711,001,10{1.07 98] .99
| ;
s
Isobutylanine 1.,17)1.2311.39{1,28{1.,32]1.09
1,12{1.0811,1811.2011,15]1.07

tert-Butylemine 1.05/1.16{1,37{1.21/1.21{1,02
1.00{1.02{1.17{1.14{1,07,1.00

Monoamylamine (mixed isomers)| .84| ,96:1,09:11,04]1.02] .92 |
o

o
801 840 931 ,97) ,90{ .90
Alkanolamines |
Bthancolamine 0.77,0.6611.13{1,04;1,0911.25
L7441 761,967 .98 ,9611.253
Diethanolemine 6G fmmmn | meme| 620 ,77] .73

66 mmnl e 53] L87] 72
|

2~Amino-2-methyi-l-propancl | .77! .86| .96! ,07,1,08

1
741 L7681 .81 .91 L9511,

0O §>

@The compounds were not congidered ag fuels and the hsats of
combustion were neglected in computing the fuel~air ratios,

NATIONAL ADVISORY COMMITTEE FOR AWRONAUTICS
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TABLE I - SUMIARY OF AITTTIINOCK TPFFECTIVENESS OF VARIOUS

COMPQUNDS AS INTERNAL-COOLANT ADDITIVES - Continued

Fuel-air ratio?

|
10.05]0.0610.07/0.06}0,09 10,10
Auides P i !
Formamide (1,04 {21.04!1.3041.19{1.27{1.13
| o9} ,92]1.1111,11|1,12/1.10
| N-Ethylformanide 11.07/1.19{1.331.26|1.241.07
(1.0211.,05|1.132.21 1,0911,05
N-Ethylacetamnide i L9911,1811.,2611,2011.22,1.04
. | .9571.0411.08{1,12]1,071,02
N-Ethylnropionamide {1,0311.22;1.38!1.25/1.28{1.09
i .99 lQOS§l.l7 1.16{2,12:1.06
N,N~-Dimethyliormamide f ,93|1.1111.26{1.13{1.12] .96
5891 .9811,07{1.06] ,991 .94
N,N-Diethylacectanide L8311, 1011,2811.18 lolOi .96
L350 ,e7!1,0011,10 ,961 .94
Heterocyclic compounds

2,2-Dimethylethylenimine; 0,22{0.91i1,0510.09}1,05]0,97
L7901 .801 931 .93! .91} ,95
Morpholine L,79¢ .6811.0612.01] .S8) .89
761 .77) .90] .95¢ ,851 ,87
Pyridine ,9811.1811,3811.2711.25{1.03
.94 1q02;1,17 1.,19{1.,10{1,01
2-Methylpyridine L9611.1211.3711.3011.25;1.06
.32 99,1.18(1.2211,10!1.05
3-Methylpyridine I .93 1.12:1.3202.19/1,2611,05
L8891 ,9911.1211.,121.10;2.03
4-Mathyloyvridine L9601.,1211.36811,32(1.2711,06
9z) .98)1.18 1,2411,12,2,03
2,8-Dimethylpyridine .90 1013%1,37 1.2511,2811.05
; .86) ,99,1.186 l.l?ilQJS 1.03

1 1
* 2-Vinylpyridine 1,081 1, 24’1 3L11,2411.22] 1,07
1,05V1,09{2,12{1,16/1.0711,04

@The compounds were not considered as fuels and the heats
of combustion were negiected in computing the fuel-alr

ratios.
NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS
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Figure 1, - Effect of water as internal coolant on Mnock-limited performance of An-ip-zs. Amend-
ment=2, fuel, CFR engine; englne speed, 2500 rpm; compression ratio, 7.0; spark advance,
300 B,T.C.j inlet-alr temperature, 250° F3 jacket temperature, 250° P,
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Flgure 2, - Effect of various alkyl amines and alkanolamines as lnternal-coolant additives
on knock-limited performance of AN-~F-28;, Amendment-2, fuel. CFR englne; engine speed,
2500 rpm; compression ratio, 7.0; spark advance, 30° B.T.C.: inlet-air temperature, 250° Fj
jacket temperature, 250° F.
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Figure 3, - Effect of various amides as internal-coolant additives on knock-limited performance
of AN-F-28, Amendment-2, fuel. CFR engine; engine speed, 2500 rpm; compression ratio,
7.0; spark advance, 30° B.T.C.; inlet-alr temperature, 2509 F; jacket temperature, 250° F,
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Figure 4, -~ Effect of warious heterocyclic compounds as intermal-coolant additives on Mnock-—
limited performance of AN-F-28, Amendment-2, fuel. CFR engine; engine speed, 2500 rpm;
compression ratio. 7.0; spark advance; 30° B.T.C.3 inlet-air temperature, 250° P; jacket
temperature, 250° F.
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Figure 5. - Relative knock-limited powers permitted by various internal-ocoolant additives at ocoolant-fuel ratio
of O.go. Values & %raph are ratios of knock-limited indicated mean effective pressure germitted with additive-

a. n
water”solution as internal cocolant to that permitted with water alone as internal coolan





