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THE TRACER GAS iETHOD OF
DETERMINING THE CHARGING EFFICIENCY
OF TWO-STROKE~CYCLE DIESEL EWGINES

By P. E. Schweitzer and Frank Delucsa, Jr. o CT LT
SUNMARY o

A convenient method has been developed for determin-
ing the scavenging efficiency or the charging efficlency
of two-stroke—cycle engines. The moethod consists of intro~ —
ducing a suitable tracer gas into the inlet air of the o
running engine and nmeasuring chemically its concen%rdﬁion
both in the inlet =nd oxhaust gas. Honomethylamine CH WE_

was found suitable for the purpose as i1t dburns alnost com—
pletely durilng combustionr, wherseas the "short-circgitod '
tatively in the exhaust. The mothod was tested bath on _
four—-stroko and on two-stroke engines and i1s considered
accurate withlin 1 poercent. : - - S

IJTRODUCTION ' : : Tl raes

The dovolopment of two-stroke—cycle englncs ysually
conters around the problen of obtainingz good. scavenging

clency" is, however, rather elusive. ¥No generally ‘accept- T
ed definition exists and attenpts tec measure the success )
of scavenging experimentally have beéen unsatisfactory.

The object of this paper is first to establish a consist-
ent terninology and then to describe a simple experimeﬁ%af
method to méasure and evaluate the succéss of scavenging
and charging a two stroke—cvcle engine._.“

This work was ‘done in the Engineering Elperiment Sta-—
tion of The Pennsylvania State College under the dirsc-
tion of Professor F. G. Hechler who followed the progress -
of and assisted in the work. : : R
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The primary phase of the prelininary investigation
wag done by Dr, Xuo Ping, research assistant, MHr, W. H,
Hough and Kr, I. Zipkin, senior snd graduate students,
helped in the chemnical phase of the work, Valuable advice
was given by Dr. €. C. Wright, assoclats professor of
Fuel Technology and Dr, J. D. Aston, professor of organlc
chenistry, The Pennesylvania State College, Thelr assist-
ance 1ls gratefully acknowledged. o

TERHMINOLOGY

In any internaleconbustion engine the output is large-
ly detornlined by the nunber of oxygen molecules that can be
packed into the cylinder every ninute, The nmaxinmun anount
of fucl burned will Dbe controllocd by the amount of oxygen
available and the power output wlll vary in direct ratio to
1t provided that the thermal efficiency and the excoss—ailr
factor are constant,. ' ‘

In a four-stroke~cycle engine burning liquid fuel with et~
nospheric air, the volunetrlc efficiency may serve as a
measure of the success of filling the cylinder with oxy-
gen, Volunetric efficiency is defined as the amount of
fresh alr in the cylinder when the inlet valve closes, GX-
pressed in units of volune at normal tenperaturs-pressuroc
conditions (60° F tonperature and 29.92 in. He pressure),
divided by tho displaceznent volune. Thils valuoc 1s a truc
indox of the filling success becausce the nunbor of oxygen
noleceoules trappod 1in the cylinder and availablo for con-
bustion will bo in direct ratio to the volunoctric offl-
clency. It can be shown that in a four-stroke—cyclo one
gino a linear relation oxists botwecon theo brake moan of-
foctlive prossure and the volunmetric cfficiency as followsg

0.4 14,5 .
briem = 180 2= LZe2 1
nep _ £ Argn. Mvol . (1)

whore TMyo1 donotos the volumetriec officiency as dofinod,
f the spociflc fucl consunption, pounds per brako Borso-
power-houry and A tho oxcosg—alr factor, which is tho
ratio betwoon the actuanl air~fuel ratio and the thscorotile
cal, or stoichiometric, alr-fuel ratio =r/ryn., Since tho
actual aire-fucl ratio is the ratio betwoon the wolght of
alr avalilable for conbustion .vpure and tho woight of

fuel burncd, and the stolchiometric air-fuoel ratio 1s
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equal to ‘the ratio of the weight of the theoretical anmount
of air V.3, -required to completely burn the samne amount

of fuel to the woeight of fuel, - -

r vpure

A = = : : e

Tth Vin

For an average Diesel fucl the thoorebtical air-—fuel
ratlio is 14.5 and the specifiec fuel consunpition of an av-
crage cngine is 0.4 pound per brake horsepower~hour; for
an average case, ocquation (1) can, therefore, be written
as o

bmep = 180 3§2L

If tho specific fuel consunption £ _is cxpresscd as
pounds of fuel per indicabted horsepower, equation (1)
gives the nean indicaoted pressure nip instead of brake
nean e¢ffective pressuro. ' _

For an engine in WJich the cylinder charge 1is pure air,
equation (1) holds exactly. Even in four—stroke—cycle en-—
gines, however, there is some contanination of the charge
by the residual gases of the- preccding combustlion and in a
two—~stroke—~cycle engine the contanlnation is appreciable.
Equation, (1) no longer holds in that case because :the
brake nean effective pressure is much affected by an add1~
tional factor, the scavenging efficiency, which. expresseés
the degree of contamination of the cylinder charge.

In the English literature the. term "scavenging effi-
ciency" has been variously defirned and frequently used in
.an esquivocal manner without definition, The value of a
consistent system of definitions becomes apparent by an
analysis of the charging and scavenging processes.

Figure 1 is a diagrannatic representation of the
charging process in the engine. The hatched areas repre-
sont pure alr and the cross-hatched areas, combustion
gases., The widths of the channels represcnt the quantity
of the gases expressed by volunc at normal tomperature~
pressure conditions, '

e

In a two-stroke—cycle cngine, air is deliverocd.to the
cylinderg either by a soparate blowor or by the piston of
the working cylinder acting as & blower, In cither case
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the alr delivery V3,1 1s split into two parts: tho ailr _
shortecirculted Vehortr Wwhich loaves through the exhaust

port wlthout romaining in the cylinder and the alr retained
Veots which stays in tho eylindor after port closurc and

participates in the subsoquent combustion. The alr ro-
tained vrot togothor with the residual gas Viogg ronalne

ing 1n the cylinder after scavenging constitutes the cyl-
inder charge Vsn. This charge may be more or less than

the displacement volune Vdisp depending on the volumetric
officiency, which is

Ven
Vdisp

Vret * Vros (2)

vdisp )

Nyvol

The volunetric efficiency ls a measure of -the success in .
filling the cylinder irrespective of the comnposition of

the charge. It is predoninantly controlled by the scave

enging pressure and by the port heights.

During conbustion, part of the air contained in the
cylinder charge burns but part of it, the excese air, 1is
not involved in the attendant chenical reactions. Part of ’
this oxcess air oscapss through the exhaust ports with the

combustion products and part of it, V., . = ch (ch rop=—

rosonts conbustion products in the roesidual gas), ronains
in the cylindor and participatoe in the subscquent cycle.
Therefore, the cylindor charge consists of threo parts:
the rotailned portion of the air deliverod, part of tho
conbustlion products from the proceding cyecle, and part of
tho excess air fronm the preceding cycle.

The scavenging efficiency is a rnoasurc of the succoss
in cloaring tho cylinder fron the rosidual gases of theo .
proccding cyclo, and is definocd as

v . v . .
Neo = R0t & —zob_ . (3)
ch “"rot res . .

This efficlency is an indication of tho contamination of ‘
the air charge. WNaturally it incroases when the retained

portion of the air delivery lncrceascs, or the short-

circulted portion docreases, and also when the residual

gas decroascs, Tho motaod of scavenging will have a predom- -
inant effect on the scavenging officiency and the morit of
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the various scavenging arrangemcnts {cross, 1oop, nnd unie
flow) can well be Jjudged by .it. - T

Another useful concept is the utilization factor de~
fined as :

Nys = Vrot - Vrot (4)
b Vaol1 Vret * Vshort

The utilization factor is a mecasure of the success in
utiliging the delivored s~ir without much waste. The snall-
er thoe amount of air short—circuited tho higher the utiliz-

ation factor., It 1is largely controlled by the scavenging
arrangement, '

High utilization factor is one way to incroasc the
alr in the cylinder, another way is high total delivery.
DBelivery ratio ig defined as

I - Yael _ Vret * Vshort , (5)
vdisp vdisp

Delivery ratio is predoninantly controlled by the capaclty
of the scavenging punp or blower,

The total fresh air available for conbustlon is de-
scribed by the tern "charging efficiency:"

v
Nop = vagi_ e .. (8)
disp
Charging efficiency in a two-stroke-cycle engine is s
guantity which is parallel to the volunetric efficlency of
a four~stroke—cycle. engine, The engine output is epproxi—
nately proportional to it.

There are definiite and useful relations between these
indices, From equations (2), (3), (4}, (5), and (6)

Ten = Mge Mvo1r = Mug T (7)

the significance of which will be made clear later,

When the scavenging efficicncy 1s 100 perceant, cqua-
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tion (1) expresses the relation between the brake neon efw-
fectlve pressure and the scavenging factors. When the
scavenging efficiency is less than 100 percent the brake
nean effective prossure is naturally less. The corre-—
sponding formula, the derivation of which i1s given in
appendix A, 1s

0.4 14,5 Nye

y : 8
f rip 1o+ (A=l) Mge Mvol (e)

brmep = 180

When eguation (7) is considerod, this equation can be writ-
ten also asg

0.4 14.5 1
brnep = 180 2 2 1%}
? £ orgp o4 A= (e

lnch Nvo1

This reoletion is useful as it pernits the prediction
of the output of a two~stroke~cycle engine, The naxinun
value 1s obtained if M,y = 1 and A = 1. Then, with 14.5
theoretical alir-fuel ratio and 0,4 pound per brake horsew
power speciflic fuel counsunption, the brake mean effective
pressure = 180 pounds per square inch, This represents the
upyper linit but any decrease in Nen 2and TNygyy or ine-
crease in A will reduce the attainable brake nean offec-
tive pregsuro, , ..

It 15 also evident that if Nge = 1y, as is approxi.

nately true in four-stroke-cyclo engincs, equation (8)
gives 1

0.4 14,5

bI‘.le = 180 X_I_'--t—h— n’V’OJI.

which is identical with equation (1) and also gives 180
pounds por square inch for top limlt with nvol = 1,

HEASUREMENRT OF SCAVENGIUG EFFICIENCY

Tosts for tho exporimontal deternination of the scave
enging officiency have been masdoc on running enginecs, on
notored engines, and on nodels., No onc tost mothod has
becone popular and, in practical enginc developnent, the
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neasuring of the scavenging officiency has been gonorally
ignorcd. . . - .

Tho sanpling-valve nothod has been used nore than any
other, porhaps first by Sulzor Brothors (rofeoronce 2). By
a synchronized valve that opens every cycle for a short
period betwecen port closure and injoction beginning, san-
ples are withdrawn fron the cylinder and analyzed for oxy-
gen or GO, content, ‘A sinilar test on 2 nobored engine

with artificial (O, contanmination was nade by DeJuhass

(reference 3). Specially unade scavenglng nachines were
used by Ourtis (reference 4), and by Sulzer (reference 5)
and perforned useful service in the study of the resultis
obtainable with various scavoenging arrangenents.

The chicf objeection to tho sampling-valve nothod is
the difficulty of obtaining a representative sanple be-
causc the conposition of the cylindor chargo is not uni-
forn at differcnt points of tho cylinder, Another objoc-
tion to the nothod is that it is laborious. The neodel.
tests suffer, in addition, fron the fact that the tonpora-
ture, the density, and tho viscosity of the gasos approci-
ably influencoe their motion and actual conditiocns cannot
be roproduced in a cold model,

In order to aqvercons these objections, List (refer—
ence 6) emnployed o btwo-part piston in a specially built
test engine. While the engine was running, during a coD-
pression stroke, the cylinder content was pushed into a h
large contalner by -suddenly opening a valve in the cylin-
der head, When the pressure was renoved, the loose top
part of the piston stayed at top dead center, lsolating
the cylinder charge. The composition of, the cylinder con-
tent could then be leisurely ananlyzed, This nethod prob-
ably gave dopendable results but, because of its conpli-
cation, cannot be expectod to.becone popular. -

Because of tho lack of a sinple nethod, information
on scavenging efficiency sonetines was obtained in a round-
about way by power neasurcnonts. ZEquation (8) can be uscd
for this purposc, T } — -

The excess—alr factor is close to 1,0 in gas and car-—
buretor engines, In those engines, therefore, power neas-—
wrenent can be substituted for necasurement of scavenging
efficiency if the volunetric efficiency is known or can be
estinated, :
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In 2 Diesel engine the excess-alr factor may vary fron
1.2 to 2.2 at full load and, its value being unknown, &
possible solution is to run the engine as a gas ongine with
porting and operating conditions unchkanged, Then, on the
assunption that the. scavenging efficiency is still the sane,
it can be calculated fron eguation (8).

Another possible solution ig to deternine the excess-—
air factor A from a four-stroke-cycle engine, which is
sinilar to the investigated two-~stroke-cycle engine in its
conbustion characteristics., TFor such an engine A can
be deternined fron equatien (1), By substitution of the
thus~deternined A in equation (8), the scavenging effi-
clency can be calculated fronm powsr neesurenent.

Utilization Factor

l The scavonging efficiency 6f a fwo~strokeec&cle engslne
may be deterninod 1n an entirely different way. Fron equa-

tion (7)

_ My L

= (10)
nvol

nSG

If Mygs. L, and MNy,p &aroc easior to detoraine than TMga,
the diroct dotormination of TNy, nay be dispensed with,

Another point favors this course, Scavenglng effi-
clency 1s the term most widely used in characterlgzing the
guccess of scavenging but, as has been correctly pointod
out in reference 1l,* the significant quantity is not tho
scavengling efflcloncy but tho -charging efficiency,

nch = Mge Nvol

bocause the onginc output is approxinately proportional to
it. The succoss, therefore, of the scavenging and tho rele

*In referencoe 1 the tern "scavonging cfficicnecy" is used

in almost the sane sensc as the ternm Ycharging efficloncy®
1s used in this paper. The authors defino scavonging effi-
cloney as the weight of alr chargo in the cylinder at the
tine the inloet valve closes divided by tho product of to-
tal cylinder volumo and inlet density. Excopt for the use
of inlot density instead of the denslity of normal atnos~
phoric air and thoe use of total cylinder volune instocad of
displacenent volune, that definiftion agrees with the defi-
nition of ecquation (6). ,
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ative nerit of-varlous scavenging arrangonents can better
be ovaluated by tho charging efficiency, which hzppens to
be tho product of tho conventional scavenging efficioncy
"and the convontional voluncetric efficicency., If charging
efficicnecy is tho gquantity in which interest is centered,
the deternmination of ftho veoluunectric eofficicency ¢an be onit-
ted and tho charging efflcioncy can be doternined accord-
ing to cquation (7) as . .

nch = Myg T

The deolivery ratio I can be very convenisntly dcoter-—

nined by neasuring the air flow with a gas neter or a stand-

ardized flowneter nozzle on the intake side of the engine
or on the intake side of the scavenging blower, A conven-
ient determination of nut will be descridbed.,

The utilization factor nut alone is a very slgnifi-

cant incdex as it shows the ratio between air retained and
alr delivered and 1s, thereofore, the best poesible index
of the noerit of the scavenging proper. The other factor
I 1is largely controlled by the scavenging blower and is
an index of the success in supplying a large air charge.

Tho product of the two TMNeh 1is o neasure of the anount of

fresh alir introduced into the cyllinder and of the power
attainable fron it,

The Tracer Gas Method

Formnula (4) for thoe utilization factor can also be
written as - _

Va: - 7 v L
nut - daol short = 1 - shorst (11)

Vael Vael

Accordingly, if the ratio between the anount of air short-
circultod and the total zir delivered 1s known, the probs
len is solved. Thec relative amount of short-circunited
alr can be deoeternincd by a tracor gas.

. If a small anount of a suitable tracor zas is contin-
uously fed into and nixed with the inlet alr of a running
two—stroke~cycle ongine, the gas will divide in the samne
proportion as the air delivered, Part of it will be
short-circultod ané part of it will be retained in the
cylinder, Thec trapped portion of the bracer gas is assuned
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to burn in the cylindor during conbustion, The short-
circuitod portion is assumed tao be present in the exhaust
gases. By measurement of the amount of tracer gas present
in the exhaust, the utilization factor can b determined.

It is usually simpler to measure the concentration of
a trocer gas in the diluent than iits absolute quantity,
If the volume of the exhaust gas 1s equal to the volume of
the inlet air (both volumes beinz at normal tomperature-—
pressure conditions), if the tracer gas that is trappcd in
the cylinder burns completely during tho combustion, and
if nono of the tracer gas decomposos or oxidizoes during
tho scavengling or the exhaust poriod, the ratio of the con-
contration of the tracer gas in. the exhaust gos to tho con-
centration of the tracor gas in the inlet air is oqual to
the ratio of the amount of alr shortecircuitcd to tho
amnount of alr delivered. Tho uwtilizutlon factor, moy
therefore be ecxpressed as :

Mt = 1

. concentration tracer gas in the oxhaust gas =1l-o (12)
concentration tracer gas in the inlot air _

Tho assumptions mentionocd nmay not hold oxactly, but
the utilization foctor may still be caleculated on the
basis of equation (12) if tho assunptions hold approxi-
nately or 1f appropriate. corrections arc nado,

The first problom is thoe selection of a suitablo
tracor gmase. The gas should moot the following roquiro-
nents:

l, I% should be ecasy and safo to handle

2. It should be conveniontly detorninablo quantita-
tivoly

3., It should bdburn conplately when exposed to the coniw
bustion in the cylinder

4, It should remaln unchanged in the cylinder during
the scavenging peried and in the exhaust pipe

Experimental work to deternine their suitability as
tracer gases has been done with ammonia, carbon nonoxide,
carbureted water gas, monomethylamine and dimethylanine.
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Correction for Change in Volume After Conbustion

Petroleum fuels used in 1nternal—combustion enginos
consist of hydrogen and carbon, The carbon-hydrogen ratio
nay vary between 6 and 8, the variation deponding on the
source and the processing of the fuol., Ono pound of hy-
drogen requiros 32/4 or 8 pounds of oxygen for its complote
combustion and 1 pound .of ecarbon requlres 32/12 or 2,666
pounds of oxygen for its conplote combustion, Onc pound
of atnospherlc air containg 0.2315 pound of oxygen; 1 pound
of hydrogen will consequently require 8 % 0,2315 or 34,5572
pounds of air and 1 pound of carbon will require 2.667 +
0.2315 or 11.5191 pounds of ‘air for conplete conbustion,

A pound of fuel that contains 1 weilght of hydrogen

and 7 weights of carbon will require e e

34.5572 + 7 x 11.5191

5 = 14,4 pounds of air

for its conplete conbustion, -

The quantities of combustion products that will re-
sult fron the conplete combustlon'of this fuel will be as
" followss: =

%«x %? % 1.125 pounds of_ sz_ .
z 44 = 3.205 pounds of 003'
8 12 .

The anount of nitrogen renains unchanged e

76.8 -
14,4 X 1005 # 1l1.1 pounds of _Hz

The volune of 14,4 pounds of ailr under nornal tenpora= .
ture-pressure conditions will occupy 178.6 cubic feot, If

the fuel 1s liguid its volune nay be neblocted. After con-
bustion, at normal tenperaturo-pressurec conditions
1.125 pounds H;0 will occcupy 22.42 cubic foet
3.205_pounds C_O2 will occupy 26.12 cubic feet
11,1 pounds N, will occupy 142,2 _cﬁbic foeot

Total 190.75 cubic feot
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As conpared with the original volume of 178.6 cuble
feet, this volume represents an increase of 6.5 percent
With the water vapor condensod out, howover, the total oxX-
haust gas volume is 190.74 -~ 22.42 = 168.32 cublc foet, '
which represcnts a decrease of 6.percont,

If the air-fuol ratlo is greater than tho stolchio-
netric ratio, as is the case in Diesel engines, tho chango
in volune after conbustion will be less, Figuroc 2 shows
the changoe in volune due to conbustion of fuel with a
carbon-hydrogen ratio of 6, 7, and 8 to 1 and at an air-
fuel ratio fronm 14.,5:1 to 50:1. A typical Diesel fuel
with a carbon~hydrogoen ratio of 7:1 dburncd with an air-
fuel ratio of 20:1 would cause a loss of 4 percent in vol-
uneg, i1f the water~freo sxhaust gas is conpared with tho
inlet air, both at normal temperature-pressure conditions,
This anount is the correction that must be applied to tho
ratlio of ftracer-gas concentrations in the inlet air and
in the thaust gasocs.

Proliminary Tosts

iiost of the prelininary work was done with anmonia
and with nethylamines, The work included bench and engilne
tests, Cne bench test was made to determine the dﬁcompo-
sition of annonia at various tenperatures, other tests
were nade to check the effectiveness of amnonla and meth-
ylanine absorption by sulphuric-acid solution. Prelini- |
nary engine tests were conducted on various four-stroke-
cycle engines, A four-stroke-cycle engine with no valve
overlap nust have a utilization factor of 100 percent; +the
anount of-tracer gas found in the exhaust could therofore
be used as a check on the nethod, Load, spoocd, coapres-—
sion ratio, intake-air tenperaturec, and tracer-gas concone-
tratlon were varied in the tosts,

The results of those prolininary tosts can be sumna-
.rized as follows:

1, Annonia and nononethylanino do not burn or docon-
pose undor temperaturcs oxisting in the exhaoust of two-
stroke~cycloc enginecs, -

2, Annonia and its derivatés are readily and con-
pletely absorbed by aqueous sulphuric-acid solutlion held
in a Van Slyke-Cullen urea flask, which nakes their quan-
titAtive deternination caonvenient, as it neasures, by a
gas neter, the amount of gas neéeséary to neutralize the
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sulphuric—acid solution, If a few drops of indicator solu-
tion are added to the sulphuric-acid solution, the neutral-
igation p01nt can be convenlertly detected by & sharp color
change, .

"3+ Honounethylanine. was found to burn alnost conplete-
ly in the cylinder if the engine load was 75 percent or
higher, irrespsctive of the engine speed and the compres-
sion ratio, A typical test performed on a four~stroke-
cycle engine is represented by figure 3.

4, The concentration of the nononethylamine had 1it-
tle effect on its burning efficiency and a concentration
of 0.5 to 1 poercont was found nost satisfactory as a
tracer gas. :
[y
5, No other gas was found to fill the requirenents
of .a tracor gas as satisfeoctorily as monomethylanine,
Annonia was found to burn only incompletely in the cylinder
during the available short-tine intorval. Dimocthylanlne
partly dcconposced in the cxhaust pipe. Carbon nonoxido,
hyOrogen, and ncthane were found to require laborious anal~
yeis and to give insufficient acecuracy.

T
The Mothylanine Mothod

The inlet air and the exhaust gas are anclyszed for
their monomethylamine content by withdrawing, under a
slight vacuum, a sample through a Van Slyke-Cullen urea
apparatus (fig. 4) containing & known quantity of standard-
ized sulphuric-acid ‘solution, which retains the monometh-
vlamine, The amimp-free gas sample then continues on to a
flowmeter, A fow drops of mixoed indicabtor solution aro
ndded to the sulphuric-acid soclution as an indicator. When
the acid solution bocomes neutraligzed by the monomethyl-
aminc, the color changos from purple to grecen and at this
point the quantity of monomethylamine frece gas that passod
through the sulphuric-acid solution and tho flowmefor is row-
corded. The..quantity of sulphuric-acid solution uscd being
known, the poercontage  ammonia in tho gas mixture can bo .,
calculated.

If thore is any suspicion that a greater volume of
gas has passed through the sulphuric-—acid solution than is
necessary to noutralize the acld, the actual guantity of
acid ncutralized can be detormined, by titration, by adds-
ing a few moro cubic contimotors of sulphuric acid and
back-titrating with standardized WaOH.
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Correcting the Experimental Results

If the monomethylamine burned completely in the cylin- -
der and none of it burned in the exhaust pipe and if the
volune of the exhaust gases were equal to the volume of
the inlet air at normal tempoerature-pressure counditions
then, according to equation (12), the utilization factor
could be calculatoed from the measured amninc concentra-
tions, as

Mut =1 - @
where

percent tracer gas in the cxhaust gas
porcent tracor gas in the inlet ailr

It ig known, howover, that the volume of the water-
froe exhaust gas is 1 to 6 percent less than the volume of
inlet air, depending on the air-fuel ratio of the charge
and the carbon-hydrogen ratio of the fuel. (See fig. 2.) :
It is also known that the combustion of the monomethyl-
amine is not complete in the cylinder but varies between
95 and 100 percent, depending largely on the combustlon
temperature. As regards the burning of monomethylamine in
the exhaust pipe, the evidence indicates that this condil~
tion need not be cpnsidered because the amount burned is
either gzero or negligibdle, '

If the volume shrinkage of the water-£free exhaust gas
relative to the inlet air is donoted by s and the burn-

ing efficiency of the tracer gas by e, 1t can be shown
that the true utilization factor is

Tt = oI og (12) |

The ‘derivation of this formula is found in appendix B.

If the burning efficiency were 96 percent and the
volume shrinkage 5 percent (rather extreme cases), with an
o of 0,2 the uncorrected formula would give

nu_t = 1 e Oo2= 0.8

whereas the true utillzatlion factor would be
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0.8

— S = 0,8%
0.96 - (0.2 X 0,05)

Mut =

The determination would therefore be in error by 4 percent.

The determination can, however, be inproved consider-
ably by the use of equation (13). It is casy to estimate
the volume shrinkage from figure 2. TFor a typical Dicsel
fuel with a carbon-hydrogon ratio of 7:1 and an air-fuel

ratio of 203 l, the volunoc shrinkage is approxinately 4 por-
cent, It is also possidlec to ostimate the burning offi-
cilency of the nononcthylanine as about 97 percent, nore or
loss, depending on the combustion temperature, Applica-
tion of the correction formula, oquation (13), would give

Mpg = 0.8 | = 0,83
0.97 - (0.2 X 0,04)

his gomount is 1lilkely %o be correct within 1 porcent,

Testing a Pwo-Stroke-Cycle Bngine .
The noethod dovelopod was considorcd satlisfactory for
testing tho scavengling of a two-siroke—cycle ongino.

The first problen cncountered in adopting theo nono~
nethylanine nethod was: Whoro along the exhaust line
shall the oxhaust saonplc be withdrawn? When tho exhaust
port Jjust opens, oxhaust gasgs issuc from the oxhaust
ports at a very hilgh velocity. After the blow-down peri-
od, whon scaveongling takes plgcey, the velocitios'thrqugh
the exhaust ports have decreasod considerably and later
the air that is short—circuited flows through the oxhaust
ports at a relatively slow rate until the cexhaoust ports
closoc. TFrom the tine of exhaust-port closing to Tho next
exhaust~port openlng, pressure and veclocity osclllations
continuce all along the exhaust duct, If a sanple is withe
drawn a fow inches fronm the exhaust port, thesco considor—
ations would indicate that the concontration of tho tracer
gas at this point would be higher tkan the truc valup,
which would bec obtained if thorough nixing had occurred.

Exporinonts on a 104~ by 12-inch singlo—cylindor,
tvo~stroko~cyclo, crankcasc—scavonged Vonn Sgvorin Diesol
ongzine (fig, 5) have shown that the concentration of mono-
nethylanine withdrawn -at various points along tho cxhaust
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lino varied, as had boon cxpocted. Very high concontra-
tions wore found in Saqples withdrawn 6 inchos fron the ox-
haust port. Tho concontration of nmonomothylanine in san-
prles withdrawn 3 feot fronm the cxhaust ports was approci-
ably loss than the concentration found 6 inchoes fron the
exhaust ports, TFurther along the exhaust line, the concone
tratlions increcascd again and then fluctuanted slightly all
along tho exhaust linec mp to 15 feot away fron tho oxhaust
ports. No sanples wore wilthdrawan at a distanco greater
than 15 feot from tho ongine,

In ordor %o get o roprosontativo concentration of
nononocthylanine 1n the oxhaust gas, the cxhausted products
of conbustlion amd the short~circuited air and nonomethyle-
anine should bc completeoly nixed. This rosult could be
acconplished if a nixing chanbor were introduccd into the
oxhaust line, The addlition of a chanboer, however, affocts
the tuning of the exhaust nnd the rosults obtained would
not be roprosontative of normal operating conditions,

Anothor neaanor in wvhieh a reliable sanple nay boc obw-
tained would be to take an averago of tho concentrations
of the nononethylanino all plong the exhauvst lino. This
sanple can bo taken vory easlly without disturbing the
nornal ongine exhaust systoms Tho least nunbor of san-
pling points noecosgsary to obtain p reliable sample has notb
been ascortained., Four locations, howevor, cvonly dis-~
tributed along the oxhaust line oro conslderod to bo adeo-
gquate to give a reliadlo average concentration, tho first
sanple tube being locatcd at o distance not less than that
distance corrcosponding to an exhaust-pipc velune cqual to
1.5 timos piston displaconent,

In the final tosts on the Vonn Sovorin ongine, oneo
inlet and four cxhaust sanples wore withdrawn in cach tost.

Two tosts woro nade with cach ailr dclivery and the
air cdelivory was vearicd by placing a restricting orifice
in the inlot-pir duct next to the cngine. Tho Van Slyko-
Cullon urca apparatus was used for absorbing the nononothyle-
anlne in the inlet and oxhaust sanplos. Figure 6 shows
the arrangomont usced to withdraw an inlet sanple through
the Van Slyke-Cullen apparatus, All four oxhaust sanplos
were withérawn simultancously. Theo senpling tube and tho
stopcock are shown in flgure 7, The anine-frece sanplo
issulng: fron oach aocration tubo flowed to o header fron
which the conbined nononethylanine~froe exhaust sanplos
flowed to a gos ncter with which the volunc of the combined
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sanples wans debternined. The sample flow to each exhaust
sanple aneratieon tube was stopped, one at a tinme, as the

ns the color of the solution in the individual tubes
changel fron purple to green, The volune of the conbined
gsanple was then corrected by titration, All exhaust-
sanple volunes were corrected by tltration because of
noisture that had condenscd out of tho exhaust sanple and
had been deoposited along the inner walls .of the glass tub-
ing through which the sanple flowed before energing in the
forn of bubbles into the sulphuric-~acid solution in the
aeration test tubo, This condonsation absorbs sone of the
nononothylanine in the ecxhaust sanple and doos not take
any part ln causing the initial color change, It is,
thorefore, inportant that tho aseration tubes bo washod and
the nixture of the original contents of tho tuboe and the
products of the washing oporation be titrated to detornine
the corrcct quantity of nonomethylanino containod by the
neasurocd sanple,

The value of o was then calculated by the use of
the inlet and the conbined exhaust-sample volumes and the
quantity of sulphuric acid neoutralized by each sanple.
The procedure is described in the next section.

Whoen a burning efficiency of e = 0.97 ' and a voluno
shrinkage of s = 0,04 was assuned T,y was calculated

fron oquation (13)., The tost rosulte and the calcula—
tions are listed 1n table 1.

With no throttling of the intake air, the utilization
factor was 84 percont; with a 3-inch-diancter orifice used
in the inlet duct, the utillzation factor was 82 percent
and, with a 2-inch-diameter orifice, 86.8 percent according
to the tests,

As s further step, the respective charging efficien~
cies were determined according to equation %7); For this
equation, the delivery ratio nust be known, Thils procedure
involves the neasurement of alr deliveries, '

L flowmeter nozzle of 3,145=inch dianeter was insert-
ed in the intake side of a surge tank, The pressure drop
across the nozzle was neasured by a nlcromanometer. The
nicromanometer shown on figure 8 was developed by Professor
F, C, Stewart of the Pennsylvania Stabte College., It con=-
sists of two conmnected equal-diameter tubes, cne eXposed
to the atmosphere and the other connected to the pressure
hole of the flownebter nozzle, The height of the water
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level in the open tube ig measured by a dial indicator to
which a sharp pointer is attached. When the pointer
touches the water level, an electric circuit is closed
through a neon lanp and the neon glows, With this inetru-
ment the difference in water levels can be convenlently
determined with an accuracy of 0,002 inch and the necesw
sity of using small nozzles for accentuating the pressure
drop disappears. The neasured alr delivery was 125 cuble
feet per ninute at 381 rpon or 0,328 cuble feet peor cycle.
Thisg wvalue gave a delivary ratio of O. 544 with no throt-
tling,.

The chearging cefficioency is equal to thoe utilization
factor times the delivery ratio., The charglng effliclency
was calculated as 46 percent for no throttling, 41 percent
for the 3~inch-diamster throttling orifice, and 38 percent
for the 2winch-dlameter throttling orifice.

The load was about full load in these tests, as evi-
denced by a smoke density of about 80 percent by the Penn
State smokemetor (reference 7Y. Tho power output was not
measgurecd, '

The vglues show that the utilization factor does not
always doterlorate when the delivery is increascd, Vhen
a changoe wag mado from a 3-~inch throttling oriflce to no
orifico, both tho air delivery and the utilization factor
improved. Of course, if tho air delivery is consideradly
incroascd, as by suporcharging, the utillgation factor
must neoecossarily fall off because tho cylinder cannot keep
all the extra air suppliod.

The low delivory ratbtlos and charging efficioncies ob-
talned in theso tosts aro not typlcal of tho engine dbut
are the rosult of an linadequatoc surge—tank capacity and a
short 2einch-diametor tube inserted betwecon the tanks to
minlmlzo the pressure fluctuations, This small tube re-
strictod the air declivery to bolow normal., Subseguently,
the air-dolivery tosts wore repcated with a larger surgo
tank (about 27 times displacement volume), freoc of re-
sbtrictions and having two 20-~inchw~dlameter rubbor membrancs,
in addition, to mininmige pressure fluctuations, The air
dolivery thus measured corrosponds to a delivery ratio of
. 0,72, If tho utilization factor wore tho same (0.84),
this set-up would givo a normal charging officiency of 60
percent.
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RECOMMENDED PﬁOCEDUBE
For Doternining the Charging Efficiency of
a Two-Stroke~Cycle Diescl Engino with
Honomethylanine as a Tracer Gas

Tost Equipnmont

Yatorial and equipnent:
1. Anhydrous mononothylanino
2. Concentratod sulphuric-acid solution (9 1b)

3, Standard voluneobric solution of W/10 sodiun hydrox-
ide (32 oz) .

The scodiun-hydroxlde solution nust e kopt sealod
fron the air (as much as poassible) to prevent CO0, in tho
air from boing absorbed, theredby changing the nornality of
the solution, .

4, Hixod indicator v L.

ixed indicator is a nixture of 0,625 gram nmethyl rod
indicator and 0.413 gran methyl bluc indicator nade up
with 500 cubic ccatimetors of othyl alcohol, that is, the
pixturc of nethyl Dlue and nothyl red npust bo dissolved in
500 cubic contineters of othyl alcohol, This indicator
nay be obtained, on request, fron a chonical house, tho
propeor spoecifications being givon.

5., Digtilled water

All chonical equipnent nust be washed with distilled
water, OCity tap water is not a satisfactory substitute,

6. Van Slyke-Cullcn urea apparatus (18 sots)

Each set consists of a Van Slyke test tube and inlet
bubbling tube (acration tube) and ard outlet tube with a
trap to separate any entraincd liquiad,

7. Burettes (2) - One for sulphuric acid and the othor
for sodiun hydroxide, Straight stopcock 50 cc
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8. Burette support (1)
9, Gas washing bottle (1000 cc)

10. Beakers, Griffin low-forn, Pyrex (two 1500 cc, two
1000 cc, one 600 ce, one 250 ce, and one 100 cc)

11, Autonatic pipette (25 cc capacity)

12, Aspirator, water (to produce suction for withdrawing
sanples)

13, Sargent wet-test gas meter (precision)

14, Thick-wall tubing (48 £t of 3/16-in., bore; 48 f%
of 3/8-in. bore)

15, Annonia flow control (lodel LH)

Sources of supply?

Iten 1, Rohn and Haas Co., 22 W, Washington Squarc,
Philadelphian, Pennsylvanls

Itens 2 to 14, The Fisher Scicantific Co,, Pitts-
burgh, Pennsylvania

Iten 15, Hokeo Inc., 122 Flfth Avonue, Now York, N.Y,

Accossory oquipnont:

1. Horcury nanonctcer for accurate deteramination of
pressures at the high side of thes nonomnethylanine neter-—
ing orifice. With a nercury nanoiteter relatively snall
pregsure- fluctuations are easlily noticed.

2. Vacuun recelver with needle-~control valve and
vacuull-pressure gage.

Physical Properties of Mononethylanine

Tenp%rature. Vapor preasure Speclfic Latent heat

("F) (1v/=q in,) - gravity (Btu/1D)
50 - 29,8 0.6746 362.6

70 45,2 ' .6610 356.5

90 66.1 «6471 350,11

110 . 94,1 .6331 342,.9

130 ' 129 .6188 339

150 174 : «6042 327

170 228 - .B5892 317

180 293 «5740 307
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Filling Cylindeor with Hononethylanine

Extrene carc should Do used in filling -any type of
eylinder with any liguified gas. Unless care is uged, %the
cylinder is likely to be completely filled, no provision
beoing made for the thernal expansion of the liquid caused
by slight tenperature changes. In such cases there is
no alternative for the confined liguid but to rupture the
cylinder, ZRuptures of thig kind are particularly dangeru
ous and severe personal injuries nay be incurred.

The precautions to be observed are sinple. First the
weight of the enpty cylindor nust be detornimed., Then the
capacity, in volune, nust bo known or estinatecd. Fron the
speclfic gravity of tho liguid, which is given in the pro-
ceding table, the weight of the volunc of .tho nonomethyl-
anine (which is cqual o0 two~thirds of the total volune -
of tho cylindor) may be dotornincd. - In othor words, only
two-thirds of tho total volune of tho cyllndor nust bo oc~
cupied Dby the liguid nononethylanlno.

If the cylinder to be cnarged is at the ‘sanc tonpofa—
ture as the supply cylindor, the liquid nmonomothylanine
will not flow frem the supply cylinder to the cylinder to
be charged. 'When a small quantity of monomethylamine
first enters the cylinder, 1t vaporizes and establishes a
vapor pressure equal %o that in the supply cvlinden‘and
flow immediately ceases,

There are.two satisfactory means by which flow may be
accomplished:

1. Allow the 1iquid to. flow by means of eravitye

2e¢ Cool the cylinder to he charged to a temperature
below that of the supply cylinder. Do not heat the supply
cylinder. . . . ;

Honomethylamine is vory soluble in water,  Tubes
filled with monomethylamine may therefore be blod by mcans
of bubbllng the gas into a bucket of wator.= C

If thao eyes should become exposod to monomcthylamine,
very serious burns may be received., Goggles must there-
fore be worn as a safety measure when monomnethylamine is
transforrcd from one c¢cylinder %o another, :
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Tecest Set-Up

Figurc 5 shows thoe arrangeront and the nocossary
cquipment for meking an ongino scavonging-officiloncy test.
A morcury manomebter 1g¢ usod to detoernine tho monomothyle
aninec netoring prossurces so that the nonomethylamine flow
can be aceurately controlled. The sigo of tho notoring
crifico should be soloctod teo glvo a tracer concentration
botwoen 0.3 and 0.6 percont by woight mononothylamlne in
the inloet air, -

Air Moasuroment

A nicromanometer (fig. 8) (an inclined manometer nay
be used) is used to measure the pressure drop through the
alr-flow meter., It consists of two cylinders that serve
as nanoneter legs, one of glass, open to the atmosphere
and the other of brass, accurately machined to the sane
dlameter as the glass manometer leg; a microneter screw 1sg
nounted above thoe dial indicator to control the motion of
the fecler pin. A neon lanp is insorted in an clectrical
circult through the instrunent so that, when the feoler
pin picrces the water lovel in the open leg of tho manonc—
ter, the neon lanp glows. Tho pressurc drop ig twlco tho
drop in water level in tho open log of the manonotor,

Surgoe Voluno

The size of tho surge volune nccessary for naking air
measurcnonts dopends upon the spood of the cngine and tho
nunbor of cylindors in the cenglno undor toeet, Satisfactory
rosults nay bec obtained. by using the following reclation:

Surge volunec ' .

(40000) (displaconont voluno)

(rpn) (number of cylinders in enginc undor tost)

When crankcasce scavengod engincs arc testod, particuw-
lar carc should beo taken, when the surgo systonm is in-
stallod, to avolid rostrictions to air flow. Only a fow
inches of water-prossurc drop in the systom will adversely
affect the ongino breathing -and will invalidate the rosult
of the tost. The air-—flow moetor should be the snallest
rostrictlon in the system, Tho prificc should bo so 80w
leocctod that the prossure drop through it is no groatoer
than 1 inch of wator,
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and . e -

Honomethylamine does not burn completely during the
combustion period regardless of the tracer concentration
used, It is Important that the monomethylamine fed to the
engine burn almogt completely if this method of determine
ing the scavenging efficiency of an engine is to be reli-
able, Figure 3 shows that monomethylamine burns much more
completely at high engine load than it does at low engine
load., Above three—quartcr load the burning efficiency of
monomethylamine doses not appreciably increase., From tho
point of view of tho possibility of the occurrence of oxi-
dation and decomposition of monomethylamine during the
scavenging and exhaust period until tho oxhaust sample is
withdrawn, it 1s desirable to kesep the ongine load down.
The engine must, therefore, be operated between three~
quarter and full load in order that hetween S5 and 98 per-
cent of the monomethylamine trapped in the combustion
chamber will burn during the combustion period., If the
exhaust temperature of the engine 1s extracrdinarily high,
the load should be reduced so that the exhaust temperature
is below 800° P,

Withdrawing the Sample
The inlet and exhaust samnples are withdrawn through

the Sargent wet-test gas flowmeter., It is desirable %o

use a suction receiver because of the ease with which the

sanple flow may be regulated. The receiver nmay. be evacuw~

ated by means of an aspirator, which operates on sither

alr or water; operation on water is preferable because of

the increased evacuating capacity that may be obtained.

A needle valve is used %o regulate the rate of sample flow.

Care of the MHonomethylanmine Absorption Apparatus

A1l Van-Slyke test tubos and acration tubes must be
washed with dilstilled water before the. tubes are filled or
refilled wlth sulphuric-—azcid solution, The acration tubes
muet also be dried beforoc being re-used. This drying nay
be accomplished by means of compressed air,

Charging the Absorption Test Tubes

The inlet-sample test tube is usually charged with
25 cublc contineters of 0,1 ¥ sulphuric-acid solution ~
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by means of an automatic pipette and distilled water is
added until the %test tube is half full; three drops of
nmixed indicator are then added tao the. solution. When a
sanple ig being bubbled through the solution, the sanple
bubbles displace the sulphuric-acid solution and ralse the
level of the solution alnost to the top of the tubeq

If 25 cubic centimeters of acid are used in the inlet-
sample tost tubes, 5 cubic centimeters of acld should prof-
erably be used in sach exhaust-sanple tudbs, so that when
testing an engine with a utilizasion factor of aboubt 80
percent, approximately the same voluue of senplc will be
used to neutralize tho acid 1a the oxhaust~sanple tesd
tube as wag necessary in thoe inlet-sanple tost tube. If
an engine of 60 porcent utilization factor is boilng testod,
25 cublc centineters should bo used in the inlot—sanple
test tube and 10 cubic ceantineters in the cxhaust-sanplo
test tube, If tho sanpling is planned in this nanner,
both time and monomethylanine will bo conserved. Froco car-
bon is a dogolorizing ageant: therefore, with snoky exhaust
slx drops of nixed indicator nust be added to tho cxhaust—
sanple test-tuboe solution,

Inlet-Gas and Exhaust~Gas Analysis

‘It nust be borzne in uind that the rosults of the anale-
ysls of a gas samplo are no norc accurate than the sanplo
.analyzed. The nonomoethylanine should be adoguately nlxed
before withdrawing an inlet. sampleo. This condition nay be
acconplished by introducing the nongnethylanine in a rola-
tivoly high-veolocity soction in the.surgo tank, (Seo fig.
5.) A1l inlet and cxhaust Sanples should be withdrawn
fron the inlet and oxhaust ducts through sanpling tubes in
order that the sanplo obtained be .ropresontative of the
gas at that particular location. TFiguroc 7 shows a type of
sanpling tube that nay be uscd,

At least four oxhaust geanples nmust bo withdrawn, oach
at a difforont location along the exhaust line, Thoe flrst
snunple should be withdrawn at a distanco cgual to a length
of exhaust lino corresponding to about onc and onc~half
tines tho disvplaconcent volume of the engi ¢ cylindor. Tho
renaining sanpling tubecs should bo evonly distributed along
the oxhaust 1ino in about 1lg-foot intorvals, Tho anino-
frec oxhaust samnples fronm sach sanpling tubo should foed
into a heoadcr so that onc pmas noter nay be usocd to measuro
the total volune of the oxhaust sanples,.
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It is not necessary to take inlet and exhaust sanples
sinultaneously unless the engine speed does not remain
constant for the duration of one complete test (the tine
necessary %o withdraw one-inlet and the four sinmultaneous
exhaust sazmples). In that case two gas nebers will be
necessary. ' ' '

If the engine under test will run at a constant speed
for the duration of one test, one gas neter is sufficient.
The inlet sanple should be w1thdrawn first to deternine
the concentration of nononethylanmine in the inlet air, If
all the exhaust sanples are withdrawn sinultaneously and
the rate of sample flow through cach tube is regulated to
be relatively tho sane, considerable time will be saved.
The rate of the conbined sample flow through the gas netor
should be about 0.4 cubic foot mer ninute. 4As tho color
of the sulphuric-—acid solution in each oxhauét-saﬁpiiﬁg
test tube changes from a purple to a light grcon, the san-—
Ple flow of that test tube should be stopped. This prece~_
dure nust be repeated until the acid solution in all four
exhaust-sanple test tubes have becn neutralized. When the

flow through the last exhaust-sanplo acration tube has beon

stopped, the volume of the conbined sapplcs that passod
through the neter should be reccorded.

Correction of the Exhaust-Sanmple Volume by Titration

When the exhaust sanple (containing nononcthylani ne
and wator vapor) passcs through the aeration tube that is
at roomn tenmperaturoc, somec of the water vapor Is condomnsoed
out of the aeration~tube wall, The condenscd water vapor
is very effective in absorbing whatever nonomethylanine
cozes in contact with it. The recorded volure of the sx-~
haust sanples withdrawn is therefors larger than the true

volune necessary to neutralize the sulphuric-acid solution

and a correction should be applied. -
The solutions in all four exhaust-sanpling test tubes
should be collected in a large bosker and nixed with the
solutions obtained by washing the acration tubes and the
test tubes with distilled water., This washing procedure_
nust be carried out or the results obtained will not be
valid. Add 5 cubic centineters of acid to the solution in
the beaker (the color should changs fron grcen to purple)
and titrate the contents with standardized ¥/10 sodiun-
hydroxide solution, When the solution has beon titrated,
the operator should have the definite number of cubic cen-
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timeters of 0,1 ¥ sulphuric—acid solution that were neu-
tralized by the exhaust samples flowing thraugh the var
ious asratlon tubes.

Calculation

According to appendix C, o is determined as follows:

Vinl <O= 35 cc 0,1 § H,S50, X

® % Voxn <= X cc 0.1 N H, 50, 25
where the numerator is the number of cubic feet of inletd
sample that neutralizes 25 cuble centimeters of approxi-
nately O,1 N acid solution and the denominator ies the num-
ber of cubic feet of exhaust sample that neutrallges X
cubic centimeters of the same acid solution, From equa~
tion (13) :

1l - o
nuﬁ 8 - a8

where e 1s the burning efficiency of the tracer gas, and
8 the volume shrinkage, which is dependent upon the OC/HE
ratio of the fuel and the air-fuel ratioc. (Sac fig. 2.)

The charging efficiency is then obtained from equa=
tion (7)

Meh = Mt T
where

L = vdel . R
vdisp

If the alr delivery is determined by flowmetor measw-
urement and a rounded nogzzle is used, the quantity of air
flowing through the nozzle per second is

- P
Q = CA 2g ™
where A 1s the crosswsection area of tho flownmeter nmz-
zley p +tho pressure drop across the nozzle, Y the spe-
cific woight of the air, and C +the discharge coofficient,
which is about 0,98 in case of a standard flowmobtoer nozzlo,
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If p is expressed in inches of water, Y in pounds
per cubic foot, and A is in squarc inchos, ' e

0'9857/2 X 385 X p/27.5
Y/1728

‘O .
i

il

0.98 A 220,/ % cubic inches

and the delivery ratio is

2
T Dm s
4

where n 1s the .ongine revolutions per minutge, D the
cylinder borey; 8 the stroko, both in inches, and N the
number of cylinders in the engilne,

COMCLUSIOUS . : S

1. The tracer-gas method of dotermining the charging
efflcicncy of two-stroke~cycle Dicsel engincs, in which
approximately 0.5 percent monomethylanine is used as a
tracer gas, 1s convenient and sufficiently accurate.

2. The test is %o be performed with the engine oper-
ating at between three~gquarter and full load. Under such
conditions, it may be assumed that between 95 and 97 per-
cent of the monomethylamine, which i1s trapped in the cylin-
der, burns during the combustion periocd,

3. Oxldation or decomnosition of the nonomethylamine
during the scavenging and exhaust period could not be de—
tected and nay be neglected for all practlcal purposes.

4. A simple corrsction formula for volunme shrinkage
and incomplete combustion of the momnomethylanine should be
applied in evaluating the test results for better accuracy.,
With such correction the detormination of tho charging of-
ficiency is expocted %0 be aceurato within &1 parcent .,

School of Engineering,
The Pennsylvania Statec Collego,
State Collego, Pa,, Novenbeor 15, 1941,
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APPENDIX A
RELATION BETWEEBN SCAVENGING EFFICIENCY AND

BRAKE-MEAN~-EFFECTIVE PRESSURE

The horsepower output of an engine is

where vdisp is the dieplacement volume in cubic inches,

n the revolutions per mlnute, and ¢ the number of
strokes per cycle,.

Naturally, the horsepower ls also equal to the total
fuel consumption divided by the specific fuel consumption

2
W Fy - Voure P j§’60 Vpure P %? 60 (42)
PEy r f 1728 = Ttn A £ 1728
wherse Vpure 1e the volume of pure air under normal

temperature-pressure conditions in the cylinder before
combustion (see fig, 1), r +the actual, Tyy the theo-

retical ratio, A = r/rth the oxcess~air factor, and p

the welght of 1 cubic foot of air unhder normal tempoerature-
prossure conditions,

From.équations (A1) and (A2)

P Vpure
AMNf oryn Vasep

bmep = 13,750

One cuble foot of dry air under normal temperature-~pressurec
conditions weighs 0,0765 pound, therefore

1050 V -
bmep = pure : (A3)
NI ren Vaiep

It should be realiged that vpuro is more than that
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part of the air delivered and retained in the cylinder,

It includes some pure air of the residual gas remaining in

the cylinder from the previocas cycle., If figure 1 is re-
ferred to, the following definitions and relations can be
written: o ’

. ]
ret
Nee = T . o (A4)
vret * vI'es
v + 7
Nyoy = ret res ._ (45)
vdisp
\ = 'pure _ _T .. (AB)
Vin Tth
vpure = Vret ¥ Vres = VGP L (ﬁz}
Vep  Vin ' (a8)
Vres Vret

In equations (44) to (A8) there are five unknowns:

Vpure’ vret’ vres' ch, and vth' Thesg.equatiops:?an_be_
solved for vpure to give _ '
nvol nsc
v =V (A9)
puroe disp 1 + (A = 1) nsc
Equations (A3) and (A9) rosult in
T I '
bmep = 1080 vol sC - (AlO)

fregp L+ (N = 1) Nge

which can also be written as

0.4 14,5 Nge

bmep = 180
ren 10 (N = 1) Nge

nvol

This expression is identical with eguation (8) of the toxt.
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APPENDIX B

. CORRECTION FOR UTILIZATION FACTDR

If the amount of unburned tracer gas in the cylinder
ie zero and the volume shrinkage due to combustion ls also
zero, the utlligation factor

v
reb
Nug = = (31)
Voot ¥ Vghort

is equal to (1 ~ o), where « is the ratio of tracer-
gos concentratlion in the exhaust %o the tracer-gas concen-
tration in the inlet and 1s determined directly by a chem-
ical method,

Because the air rotained in the cylinder undergoes o
"volume shrinkage during conbustion, volume shrinkage may
be expressed as C L

v - Y
g = —Xet = "o _ (B2)
Vrot
whore V represents the volume under normal teumperature-—~

e
pressure conditions of that portion of the water-free

exhaust gas that was contributed by the combustion in the
cylinder, The total exhaust 1is

Voxn = Ve * Vgnert (83)

The next thing to consider is that a small portion
of the tracer gas escapes combustion in the cylinder.
This gas can be accounted for in the burning efficiency
e of the tratcer gas:

t - t
6 = ret nb (B4)

tre'b

where 6., and +t,; denote the retained portion of the

tracer gas and the nonburned portion of the tracer gas,
respectively.

IFinallyﬂ o I1s the ratio of the actually megsured
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concentrations in the exhaust and inlet

Yoxh - L -
@ = Vexh = vd.el texh : (B5)
$de1 Vexh Pael
vdel
A formula is sought
Myt = £ {a, s, e).

that would give the utilization factor in terns of the
correction factors. :

Known relatlionsg are:

Voo %
ret _ ret N ... (BSB)
vshort tshort
Viel = Vret * Vehort (87)
Yae1 = Yret F Ysnord (38)
Yexh T Psnort T Pap - (39)
Vexn = Vg & vshort ' ’ (810)
From equations (Bl) ana (36)
1
- B11l) .
nut tshort ( )
1 o+ —S20TD
tret . - - . -
Fronm equations (B7), (B10), and (36)
1+ tshort B
Vael - Vet * Vshort - tret ) (Blé)
vez:h 7'e + vshort vc + tshort
v v

ret
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But from equation (3B5)

Vaer _  Faoz
Voxh Yoxh
Fron a conparison of (Bl2) and (B13)

1 + tshort

/] tdol = - t..rOt
texh v0 + tohort
vrot trot

On the other hand, frou equation (B2)

T
—E 1l - 8

vrot

and fron cquation (Bll)

Senort - 1. 1

trot Tut

Fron equations (314), (B15), and (B16), thorefore, is

rived
. 1 o+ 2 .1
g —dol _ Nut = 1
Boxn 1 - 8 + . 1 1 =8 Myt

Nt

Dividing cquation (38) by cquation (39) givos

1 + t.short

tdel - tret + tshort_= . tret
texh thb * tshort tnb + tshort
tret b

and if equation (316) is considered

(B13)

(314)-

(B15)

(B15)

do—

(B17)

(B18)
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1
1 4+ o =1
Yae1 Nt _ 1 |
- = T = (B19)
exh 1 = e + —— w1 + = © Tus

nut

When equation (B17) is compared with equasion (B19)

(o7 L = 1

(320}
1-=8Mys 1 =58 My l

fron which

1 -«
Tut = — R R
e - o8

This equation is identical with eguation (13) used in the
text. :

APPENDIX C
DETERMINATION .OF o
Chenical Reaction between Honomethylanine and

Sulphuric-Acid Solution

A convenient solution to use for reaction with the
monomethylamine in.the absorption apparatus is an approx—
imately 0,1 N solution of H_S0,.

A normal solution 1s one that contains the gram
equivalent weight of a substance in 1000 cublc centimeters
of solution, The equivalent weight of a substance is the
weight of it which combines with, or replaces, 1,008 grams
of hydrogen., Inasmuch as Hy;50, contains two replaceable
hydrogen atoms, its oqulvalent weight is the molecular
weight divided by 2 (98/2 or 49 grams). Consequently, any
solution containing 49 grams of sulphuric acid per liter
1s a normal solution of H,SO0,, and any solution contain-
ing 4.9 grams of H;50, per llter is a 0.1 N solution.

Concentrated sulphurlc acid is 96 percent pure and
has a specific gravity of 1,84, One cubic centimeter of
concentrated sulphuric acid therefore contalns 1,77 grams
of H;5043 or the volume of sulphuric acid that contalns

4,9 grams of H_S80, 1is
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£.9 - 2.77 cublc centimeters concentrated H_ SO0,

Then, by the addition of 2.77 cudbic centimeters of concen-
trated sulphuric acid to distilled water to make a total
of 1000-cubic-centimetser solution, a 0.1 ¥ solution ~

of sulphurlec acid will be obtained. :

A solution of this kind may not be exactly 0,1 N and,
therefore, the exact normality may be determined by tltra-
tion with a standardized solution of 0,1 W NaOH, which may
be obtalned from a chemical company.

The actual concentration of HyS04 used in the tests
was 0,121 ¥. : ’

Concentration of MHonomethylamine in Air

When monomethylamine reacts with sulphurlc acid, mono-
methylamnine sulphate is formed as indicated by the follow-
ing roactlon:

CH,NH; + HzS04—> CH,NHp; HzSOa

Since a 1 ¥ aqueous solution of HySO, contains 49 grams
H;S804 per 1000 cublec ecentineters of total solution, 1 cuble
centimoter of 1 ¥ H;80, solution contains 0,049 gram of
HyS04. BHence, 1 cubic centimeter of a (N) normality H S0,
solution containg 0.049 (N) gram of Hp504. According to
the forcgoing stoichiometric eguation, the quantity of
monomothylamine equivalent to 1 cubic centimeter of (W)
o504 may be calculagted, as indicated, by the following

method:

(0.049) (W) _ v
98 31

where 98 and 31 reprosent the molecular weights of HpS50,

and CHzNH,, respectively, and w the equivalent weilght of
CEzNH;, which gives - ' :

v = %; (1073) (%) g CHLFH,
If Xce is the volume of (If) HzS0, solution used for the

sample test, the weight W of CHzNHp .equivalent to it
would be .
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_ 31 —3y (0 _ (31)(10 %)
Vo= == (1o "Y(E)(X) g = (5Y 145D ()(X) 1

W = X cc (N) H 80,

Thoe == synbol represcnts that the quantities on
the right and left side neutralizoc sach other,

This weight of nononethylanine is contained in a vol-
une V of gas. The concentration is . e

(31)(107%) ¢y
1) (w)(X)
v

Concentration CHzNH; =

whers
(¥) nornality of acid solution

v volune of monomethylanine free sanple == X cec
of (¥) normality E;SO0,.

If the volume occupied hy the anmine in the gas is negé'

lected, only the fourth decinal will be affected.

Calculation of the Concentration Ratio of Hononethylanine

in the Exhaust ané Inlet Saﬁples

The synbol o denotos the ratio

_ conceontration CH,.FHp in the exhaust
concontration CH NE; in the inlet

If substitution is mado, therc is obtaine@

3.414 x 103 Hv X

o = exh
3.414 x 10 > {H) X
Vo oin1
¥) X o
A exh
o = =
q) % -
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i

If the same scolution of H;S0, of about 0.1 N is

uscd for both the inlot and the oxhaust tosts and, if the
speclfic welghts of thoe two mononothylanine froo gas solle
plces are equal . ) S

= Viny = Xyma (W) Hz80, Xoxp
-\

Voxn < Zsxn (N) HaS04 Xipa
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TABLE I

DETERMINATION OF THE CEARGING EFFICIENCY OF A VEHN SEVERIN
TWO~STROKE~CYCLE CRANKCASE SCAVENGED DIESEL ENGINE

{Rated 30 hp at Y00 rpm; 10.5-in. bore; 12-in. stroke; inlet port opens
132° A.T.C.; exhaust port opens 117 A.7.C.; inlet port closes 228°
A.T.C.; exhaust port closes Ehﬁ A.T.C.; barometer, 28.85 in. Hg)

Test LJ L4 - - - L] L] - L] - L]
Engine speed, rpm o e v s e e

. 1 2 3 )11 5 6
o . - 378 | 378 380 | 378 | 382| 380
Bxhaust temperature, F « o « « « o+ « 580 | 575| 610} 620} 595| 530
Water-jacket temperature, °F . . 15¢ {136 | 150] 150 146| 152
Mean crankcase pressure, pounds per squars inch 1%- ZL% % 2 1% 1l
Haximum cylinder pressure, pounds per squarse .
Inch o 4 & ¢« & 6 6 v 2 s e e e s e s s s e 5751 5751 B70| %75 1| 585] 590

Inlet-air temperature, °F . « . « + « v « + o 93| 94{ 95| 102|101} 101
Relative smoke density obtained with Penn State
smokemeter . . . . . e et e e e e e .82 .76| .86| .84} .84| .84
Monomethylamine feed, orifice By o a o ¢ s o o 5 5 5 5 5 ]
inches Hg pressure . . . 301 30 22 22| 33 33
Inlet sample =C= 20 cc O. 09873 NEH SO4, cubic
66t o « v o 4 4 4 . . .202 {.202| .200| .197 |.202}.207

Sample through sample header == 16 ce O 09873
¥ E_80, (4 cc 0.09873 ¥ H so4 in each aera-
tion tdbe) four such tubes used — one with-
drawing a sample 6 feet from exheust port and
the others each withdrawing samples at loce-
tions 9 feet, 12 feet, and 15 feet from the
exhaust ports, respectively, all leading to a
common header which leads to a wet-test gas
meter, cubic feet +» » « & 2+ ¢ « o ¢ 2 4 5 . .8521.802{1.0001!1.031 |.898{.911

Volume of sample passing through header cor-
rected by titration 16 cc 0.09873 N H so, . «J61{.761} .970| .996 {.840].855

Qercent tracer in exhaust '

' bercent bracer in iniet e e e e e e .2121.212| .165} .158|.192|.194
Average o foreachrun . . . . . . 212 .162 .193%
Size of thin-nlate orifice placed in tne L.5—

inchsdlameter inlet air duct at the crank- noneinone

cage, inches « « ¢ ¢« o« o ¢ o = . e . 3 3 2 2 lusediused

Pressure drop through 3. 145—1nch—diameter air-
flow orifice (discharge coefficient 0.98),
inches water « « « o o« o o 2 o « + o« - « . |.284 .272{ .202| .200|.324].316

Intet-air specific weight, pounds per cubic |

foot « . . . e . . . e e e s e e e e e .0703 .0686 .0689
Air velocity through the air-flow orlfice,

feet per second 36 33 31.35 39.33
Air—delgvery TAE10 o + v ¢« 4 e v o e s 4w o US} .5
Mg - - - e a s e e e e e e s e e e .82 .87 .83

Moh* * » * ® © o + s ¢ v o o n o s s s o o oo A1 .38 | fy6
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FIG. 3.BURNING EFFICIENCY OF MONOMETHYLAMINE IN A
GARDNER DIESEL ENGINE. Van Sjyke-Cullen Urea goparotus.
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FIG. 4, VAN SLYKE — CULLEN
UREA  FLASK

FIG. 5. VENN SEVERIN ENGINE TEST SET-UP
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Figurs 6.~

Arrangement

used to withdraw

& sample through

the Van Slyke-

Cullen urea

apparatus.

I, Inlet-alr auct

a, sampling-tube
stopcock

b, aeraticn tube

c, test tube containing
sulpmric-acid
soluiion

4, trap to seperate any
entrained liquid

e, outlet tube to
gas-flow meter

| +—

__.__+-

Figure 8.~

Micromanometer.

a, micromster screw

b, diasl indicator

¢, neon lamp

d, connectlon to
low pressure
pide of eir-flow
no3z%le

e, alternating-
current power
source
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