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THE TRACER GAS IETHOD OF
DETERNINIKG TEE CHARGING EFFICIEZNCY
OF TWO—STROKE—QYCLE DIESEL ENGINES

By P. H. Schweitzer and Frank Deluca, Jr.
SUIMARY

A convenient method has been developed for determin-
ing the scavenging efficiency or the charging efficiency
of two—-stroke—cycle engines. The method consists of intro-
ducing a suitable tracer gas into the inlet air of the
running engine and neasuring chenically its concentration
both in the inlet and oxhaust gas. ilonomethylamine CH,UH,
was found suitable for the purpose as it burns almost come-
pletely during combustion, whereas the "short-circuited”
portion does not burn at all and can be deternined quantie
tatively in the exhaust, The mothod was tested beth on
four-strokec and on two-stroke cngines and is considecred
accurate within 1 percent.

INTRODUCTION

The development of two-stroke—cycle engincs ysually
conters around the problem of obtaining good scavenging
officioney (refercnce 1). The concept "scavenging effi-
ciency" is, however, rather elusive. o generally accepte
ed definition exists and attenpts to measure the success
of scavenging experinentally have been unsatisfactory.

The object of this paper is first to establish a consist-
ent terninology and then to describe a sinple experimental
method to measure and evaluate the succéss of scavenging
and charging a two-stroke—~cycle engine,

This work was done in the Engineering Experinent Sta-
tion of The Pemnsylvania State College under the dirsc-
tion of Professor F. G. Hechler who followed the progress
of and assisted in the work. e R
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The prinary phase of the preliminary investigation
was done by Dr, Kuo Pingz, research assistant, MNr, W. H.
Hough and Kr., I. Zipkin, senior and graduate students,
helped in the chemical phase of the work, Valuable advice
was given by Dr, C. C, Wright, associate professor of
Fuel Technology and Dr. J. D. Aston, professor of organic
chenistry, The Pennsylvania State College. Thelr assist—
ance is gratefully acknowledged.

ERMINOLOGY

In any internal—conbustion engine the output is large-—
ly deternined by the nunber of oxygen molecules that can be
packed into the cylinder evory ninute, The naxinun amount
of fuel burned will be controlled by the amount of oxygen
availabdle and the power output will vary in direct ratio to
it provided that the thermal efficiency and the excoss-air
factor are constant. :

In a four-stroke-~cycle engine durning liguid fucl with at-

nospheric air, the volumetric efficiency may serve as a
neasure of the success of filling the cylinder with oxy-
gen. Volunetric efficiency is defined as the anouxnt of
fresh air in the cylinder when thec inlet valve closes, exX=-
pressed in units of volume at nornal tenperature-pressure
conditions (60° F tonperature and 29.92 in. Hg pressure),

~divided by the displacenent volunme, This value is a truec

index of the filling success becausc the nunber of oxygen
nolccules trappod in the cylinder and available for con-
bustion will bo in dirocct ratio to the volunmetric offi-
cicncys It can be shown that in a four-stroke-cycle one
gino a linear relation oxists between tho dbrake mcan cf-
foetive prossurc and the volumetric cfficiency as followss

bmep = 180 9§i %ffi Mol = L)

where Tyo1 denotos the volunctric cfficiency as defined,
f the spocific fuol consunption, pounds per brako horsc-
power-houry and A he oxcoss—air factor, which is the
ratio betwoen the actual air-fuecl ratio and the theorctie
cal, or stoichiometric, air-fucl ratio T/rth- Since the
actual air-fucl ratio ig the ratio betwoen the weight of
air available for conbustion Voure @and tho woeight of

fuel durncd, and the stoichionectric air-fuel ratio is
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equal to the ratio of tho weight of the theorctical anount
of air V., required to completely burn the same anount

of fuel to the weight of fuel,

& L Vpure
Tth  V4n

For an avorage Diesel fucl the thooretical air-fuel
ratio is 14.5 and the specific fuel consunption of an av—
crage cngine is 0.4 pound per brake horsepower~hour; for
an average casc, cqmation (1) can, therofore, be written
as

boep = 180 E%El

If the specific fuel consunption £ 1is cxpresscd as
pounds of fucl per indicated horsepower, cquation (1)
gives the nean indicated pressure nip instead of brake
nean cffective pressure.

For an engine in which the cylinder charge is pure air,
equation (1) holds exactly. Even in four-stroke-cycle en-
zines, however, there is some contamination of the charge
by the residual gases of the preccding combustion and in a
two-stroke~cycle engine the contamination is appreciable.
Equation, (1) no longer holds in that case because the
brake mean effective pressure is much affected by an addi-
tional factor, the scavenging efficiency, which. expresses
the degree of contamination of the cylinder charge.

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

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

In a twvo-stroke—cycle cngine, air is delivercd to the
cylinders either by a soparate blower or by the piston of
the working cylinder acting as = blower. In cither case
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the air delivery Yool 1is spo
hi

1it into two parts: tho air
shortecircuited 7 vhic ]

¥V shorte h loaves rough the exhaust
port without romainirng in the cylinder and the air retained
Veets which stays in tho cylindor after port closurc and
participates in the subscquent combustion.
tained vrct

The air rc-
togother with the residual gas Veog Tomaine
ing in the cylinder after scavenging constitutes the cyl-
inder charge Vene This charge nay be nore or less than
the displacement volune vdisp depending on the volunmetric
efficiency, which is

v v + 7V
- cho ¥ s Vinof ‘res
nVol = T = T (2)
disp disp
73 ; netri - S o 1 3
;4e Yolu;et‘lc efficiency is a measure of the success in
filling the cylinder irrespective of the comnposition of
the charge It 1 doni ¥ t ¥
harge. is predoninantly controlled by the scave
erging pressure and by the port Leights,

During conbustion, part of the air contained in the
cylinder charge burns Iut pért of it, the excess air, is

not involved in the attendant chenical roactions, Part of
this excess air cscapos through the cexhaust ports with the
conbustion nroducts and part of it V

Vres F vcp (ch L.0pe=
resonts combustion products in the residual gas), renains
En th? cylinder and particivates in the subscquent cycle.
Therefore, the cylinder charge consists of tharoo parts:

the rctained portion of the air deliverod, part o} the
conbustion products from tho preceding cyclé, and part of

the excess air fron the proceding cycle.

my o e £ 2 &

-hc scavenging cfficiency is a measurc of the succoss
in cleoaringz tho cylinder fronm the residual gases of the
preceding cycle, and is definecd as

b o vrct (3)

o
ch Trot * Tres

L

Nge =

v
v

This ?fficiency is an indication of the contanination of

the air charge. Naturally it incrcases when the retaincd
p?rtlon of the air delivery increascs, or the short—
circuited portion decreases, and also when the residual

gas decreascs, The metaod of scavenging will have a predom-
inant effeect on the scavenging officiency and the dmerit of

at

ACA Tochnical Note No. 838

the various scavenging arrangements (cross, loop, and uni-
3

flow) can well bec judged by .it.
Another useful conccpt is the utilization factor dow-

fined as

= Vrot _ Yreb (2

Tael Tret + Vshort

"
h
<7

Tt

The utilization factor is a measure of the success in
utilizing the deliveored n~ir without muchk waste. The small-
er the amount of air short-circuitecd the higher the utiliz-
ation factor., It is largely controlled by the scavenging
arrangecnment

nee ¢ the

High utilization factor is onc way to i cas
total delivery.

air in the cylindor, another way is high
Delivery ratio is defined os

-
1. - ‘del Vret * Vsnors (5)
A Vag

disp disp

Delivery ratio is predoninantly controlled by the capacity
of the scavenging punp or bdlower,

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

= ‘ret (6)

Charging efficiency in a two-stroke-cycle engine is a
quantity which is parallel to the volumetric efficiency of
o four~stroke—cycle engine., The engine output is approxi-
nately proportional to it.

There are definite and useful relations between these
indices. From equations (2), (3), (4), (5), ana (6)

L (7)

T n T

MTen = Tige Mvol = Mut
the significance of which will be nade clear later.

Vhen the scavenging efficicancy is 100 percent, cqua-
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glon 51) expresses the relation between the brake nean ofw
ective pressure and the scavenging factors. Vhen +:; g
scavenging efficiency is less than 100 percent +h; gh k

nean effective pressure is naturally 1e;s. fhevcor*:i‘e

sponding fornul £ z
appendi§ P ay the derivation of which is givien —in

0.4 14,5
baep = 180 ——— nsc

‘ T rgn 1+ (A1) Mg

Mvo1 (8)

When equation (7 4 ; -
X% 260 ne (7) is conmsidered, this equation can be writ-

(9)

bnep = 180 9;& 14.5 1
4

Ty & A =1
_nch Mvol
This rolation is useful
as it pernits the predi i
3f1the output of a two-stroke~cycle engine, Th;rga;;;;gn
ti ue is obtained if Neh =1 and ¢A = 1. Then, with 14,5
osoreuical air-fuel ratio and 0.4 Pound per brake horse-
prezz specific fuel consunption, the brake nean effective
E ru;: = 180 pounds Per square inch, This represents the
pye nit but any decrease in Nen and Myol or ine

crease in A
| b4 Pressuro.Will reduce theAattainablo brake nean effec-

It is also evident that if MNge =1, as is approxie-

mately true in four-stroke-cyclo engincs, equation (8)

gives :

bnep = 180 9§é -

| which is identical with equation (1) and also gives 180

‘ bounds per square inch for top linit with nvOl S

| HEASUREHENT OF SCAVENGING EFFICIENCY

‘ Tests for the experize
‘ - ). X7 2ental deternination of the scave
[ Z:fingdc¢ficicncy have been nmade on running engines, ona
becz;g cngines, and on nodels. No onc test nethod has
Popular and, in practical engine developnent, the

T —

4,5 n
Xrth Vol .
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neasuring of the scavenging efficicncy has becen gonerally
ignorecd. )

The sanpling-valve ncthod has been used nore than any
other, porhaps first by Sulzer Brothers (recfercnce 2). 3By
a synchronized valve that opens every cycle for a short
period betwecen port closure and injection beginning, san-
ples are withdrawn fron the cylinder and analyzed for oxXy-
gen or 002 content, - A sinilar test on a notored engine
with artificial CO, contanination was nade by DeJduhasz
(reference 3). Speciaily nade scavenging machines were
used by Curtis (reference 4), and by Sulzer (referencc 5)
and perforned useful service in the study of the results
obtainablo with various scavenging arrangencats,

The chiocf objoction to the sanpling-valve ncthod is
the difficulty of obtaining a represcntative sample be-
causc the conposition of the cylinder charge is not uni-
forn at differcnt points of tho cylindor. Anothor objocw-
tion to the nethod is that it is laborious. Thc nodel
tests suffer, in addition, fron the fact that the tenpora-
ture, the donsity, and the viscosity of the gases approcie
ably influonce their notion and actual conditions cannot
be reproduced in a cold model,

In order to overcone these objections, List (refer—
ence 6) enployed a two-part piston in a specially built
test engine. While the engine was running, during a con-
pression stroke, the cylinder content was pushed into a
large container by ‘suddenly opening a valve in the cyline
der head., When the pressure was renoved, the loose top
part of the piston stayed at top dead center, isolating
the cylinder charge. The composition of. the cylinder con-
tent could then be leisurely analyzed., This nethod prob-
ably gave dependable results but, because of its conpli-
cation, cannot be expectod to.becone popular.

Because of tho lack of a simple nothod, information
on scavenging efficiency sonctimes was obtained in a round-
about way by power neasurcncnts. ZEquation (8) can be uscd
for this purpose. -

The excess—air factor is close to 1.0 in gas and car-
buretor engines. In those cngines, therefore, power neas-
urenent can be substituted for ncasurenent of scavenging
efficiency if the volunetric efficiency is known or can be
estinated,
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In a Diesel engine the excess—air factor nay vary fron
7188 ?o 2.2 at full load and, its value being unknown, a 3
possible solution is to run the engine as a zas engiée with
porting and operating conditions unckanged, )Then on the
assunption that the scavenging efficiency is stili the sane
it can be calculated from equation (8). % ey

ﬁAnother Possible solution is to deternine t

alr factor " A from a four-stroke-cycle engine, 3§12§cizs—

sinilar to the investigated two—-stroke-cycle engine in its

gozbustion characteristics, For such an engine i can -

tf deternined from oquation (1). 3y substitution of the
1us~deternined A in equation (8), the scavenging effi-

clency can be calculated fron power neasurenent.

Utilization Factor

The scavenging efficiency of a two-stroke-cycle engine

nay be deterni 2 5
el A ned in an entirely different way. Fron equa-

Myt L
Nee = p— 10
Mvol Fih
e T ey ang: Mol are casicr to detornine than Nges

the direct deternination of Nge =2ay be dispensed with,

Another point favors this course. Scavenging effi-
ciency is the tern nost widely used in characterizing the
success of' scavenging but, as has been correcctly pointed
out in reference 1,* the significant quantity is not the
scavenging cfficioncy dut the charging efficiency,

Nexn = Nse Mvol

Ezcau;; the enginc output is approximately proportional to
- ¢ succecss, thercfore, of the scavenging and the rele

*

iinaiifczefcc 1 the tern "scavenging cfficioncy" is used

o us;gsinu§zisanc sense as the tern "charging efficicney"
s asAtf s paper. The authors defino scavenging effi-
s Zke . ;e weight of air chargo in the cylinder at the
t“i cvii dn et valve closes divided by the product of to-
o; inictndcr Yolunc and inlot density., Except for the usec
= i 3 cnsity instead of the density of normal atmos—
Pacriec air and the use of total cylinder volune instcad of

displacenent volunoe, I iti
kS I hat definition ag i
nition of cquation ZS). ke e g
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ative nerit of various scavenging arrangcnents can botter
be ovaluated by the charging cfficiency, which hzappens to
be the product of the conventional scavenging efficioncey
“and the conventional volumetric eofficicncy. If charging
efficioncy is the quantity in which interest is centeorecd,
tho deternmination of the volunctric efficiency can be onit-
ted and the charging efficicncy can be dcternined accord-—
ing to cquation (7) -as .

hch = Ty L

The delivery ratio L can be very conveniently deter-—
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 deternination of nut will be described.

The utilization factor T, alone is a very signifi-
cant index as it shows the ratio between air retained and
air delivercd and is, therefore, the best possible index
of the nerit of the scavenging proper. The other factor
I 1is largely controlled by tkhe scavenging blower and is
an index of the success in supplying a large air charge.
The product of the two Ten 1is a neasure of the anount of
fresh ailr introduced into the cylinder and of the power
attainable fronm it.

The Tracer Gas Method

Formula (4) for the utilization factor can also be
written as

e Vaol = Vshort _ ; _ Vshort (11)
ut Va_el v(lel

Accordingly, if the ratio between the anount of air short-—
circuitcd and the total air delivered is known, the probse
len is solved., The relativo amount of short-circuited

air can be doternincd by a tracer gas.

If a snall anount of a suitable tracer gas is contin-
wously fed into and nixed with the inlet air of a running
twomstroke—cycle cngine, the zas will divide in the sanc
proportion as the air delivercd., Part of it will be
short-circuited and part of it will be retaincd in the
cylinder, The trapped portion of the tracer gas is assuned
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to burn in the cylinder during conbustion. The short-
circuited vortion is assumed to be present in the exhaust
gases, By measurement of the amount of tracer gas nresent
in the exhaust, the utilization factor can te determined.

It is usually simpler to measure the concentration of
a trocer gas in the diluent than its absolute quantity.
If the volume of the exhaust gas is equal to the volume of
the inlet air (both volumes beinz at normal temperature-
pressure conditions), if the %racer gas that is trappcd in
the cylinder burns completely during the co:bustion,_and
if none of the tracer gas deconmposes or oxifizes during
the scavenging or the exhaust period, the ratio of the con-
centration of the tracer gas in the cxhaust gas to the con-
centration of the tracer gas in the inlet air is cqual to
the ratio of the amount of air shortecircuitcd to theo
anount of air delivercd., The utilizution factor, nay
therefore be cxpressocd as

Mug = 1

. concentration tracer gas in the cxhaust gas _q (12)
concentration tracer gas in the inlet air "

The assumptions nmentioncd nay not hold oxactly, but
the utilization foctor may 'still bo calculated on tho
basis of equation (12) if the assuuptions hold approxi-
nately or if appropriate. corrections arc nado.

The first problem is the selection of o suitablo

tracer gas, The gas should moct the following roquiro-
nents:

1, It should be easy and safe %o handle

2. It should be conveniontly detcrnminadle quantita-
tively

3. It should burn completely when exposed to the com-
bustion in the cylinder

4, It should remain unchanged in the cylinder during
the scavenging period and in the exhgust pipe

Experimental work o deternine their guitadbility as
tracer gases has been done with anaonia, carbon nonoxide,
carbureted water gas, nononethylanine and dimethylanine.
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Correction for Change in Volume After Conbustion

Petroloum fuels used in internal-conbustion engincs
consist of hydrogen and carbon, The carbon-hydrogen ratio
nay vary betwcen 6 and 8, the variation deponding on the
source and the processing of the fuol, One pound of hy-
drogen rcquiros 32/4 or 8 pounds of oxygen for its complcte
combustion and 1 pound of carbon requires 32/12 or 2.668
pounds of oxygen for its conplecte combustion, Onc pound
of atnospheric air comrtaing 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 weight of hydrogen
and 7 weights of carbon will require

34,5572 + *+ x 11,5191

3 = 14,4 pounds of air

for its conplete conmbustion,

The quantities of conbustion products that will re-
sult fronm the conplete conbustion of this fuel will be as
followss * ) : 5

% X %? = 1,125 pounds of Hz0
ks X . A 3.205 pounds of GOZ'
8 12
The anount of nitrogen renains unchanged sl

14,4 x 26485 £ 17,1 pounds of N, -
100 :

The volune of 14,4 pounds of air under normal tenpera=.
ture-pressure conditions will occupy 178.6 cubic feet., If
the fuel is liguid its volume nay be neglected. After con—
bustion, at normal tenperaturc-pressurc conditions

1.125 pounds H;0 will occupy =22.42 cubic fcet
3.205 pounds CO, will occupy R6.12 cubic fcet

1L +% pounds ¥N_ will occupy 1l42.2 _cublic foot

2
Total 190.75 cubic feot
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As conmpared with the original volume of 178.6 cubic
feet, this volume represents an increase of 6.5 percent.
With the water vapor condenscd out, however, the total exXe
haust gas volune is 180,74 - 22.42 = 168,32 cubic feet,
which represcnts a decrease of 6.percent,

If the air-fuel ratio is greater than the stoichio=-
netric ratio, as is the case in Dicsel engines, the change
in volune after combustion will be less, Figurc 2 shows
the change in volune duc to conbustion of fuel with a
carbon-hydrogen ratio of 6, 7, and 8 to' 'l and at an air-
fuel ratio from 14.5:1 to 50:1., A typical Diesel fuol
with a carbon-hydrogon ratio of 7:1 burncd with an air-
fuel ratio of 20:1 would cause a loss of 4 percent in vol-
une, if the water-freec exhaust gas is comparcd with the
inlet 2ir, botk at normal temperature-pressure conditions,
This arount is the correction that nust be applied to the
ratio of tracer—-gas concentrations in the inlet air and
in the exhaust gasocs.

llost of the prelininary work was done with annonia
and with nethylanines. The worl included bench and engine
tests, Cne bench test was nade to deternine the deconpo-
sition of ammonia at varicus tenperatures, other tests
were nade to check the effectiveness of annonia and meth-
ylanine absorption by sulphuric-zcid solution. Prelini-
nary ensine tests were conducted on various four-strokxe-
cycle cngines., A four-stroke-cycle engine with no valve
overlap nust have a utiligzation factor of 100 percent; the
anount of tracer gas found in the cxhaust could therefore
be used as a check on the nethod. Load, specd, coapres-
sion ratio, intake-air tenperaturc, aand tracer-gas concen-—
tration were varied in the tests.,

The results of these preclinirary tests can be sunna-
rized as follows:

1, Annonia and nononethylanine do not burn or decone
pose undor tenmperaturcs existing in thc exhaust of two-
stroke—~cyclec engincs,

2. Annoniz and its derivatés are readily ané con-
pletely absorbed by aqueous sulphuric-acid solution held
in a Van Slyke-Cullen urea flask, which nakes their quane-
titatdive deternination convenient, as it neasures, by a
gas neter, the anount of gas necessary to neutralize the
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sulphuric—acid solution. If o few drops of indicator solu-
tion are added to the sulphuric-acid solution, the neutral-
jgation point can be conveniently detected by a sharp color
change.

3, Hononethylanine was found %o burn. alnost complete-
1y in the cylinder if the engine load was 75 percent or
higher, irrespective of, the engine speed and the conpres-
sion ratio., A typical test perfornecd on a four—stroke-
cycle engine is represented oY figure 3.

4, The concentration of the nononethylanine had 1it-
t1e effect on its burning efficiency and a concentration
of 0.5 to 1 percent was found nost satisfactory as 2o
tracer gase.

.
5, No other gas was found to £i111 the requirenents
of .a tracer gas es satisfactorily as nonomethylanine.
Annonia was found %o burn only inconplctely in the cy%indcr
during the aveilable short-tine intocrval. Di:ethylaylne
partly dcconposcd in the cxhaust pipe. OCarbon no?ox1do,
hydrogen, and nethanc werc found to requirc laborious angl=-
ysig amdito” glvo insufficicnt accuracy.

The Meothylamine Method

The inlet air and the exhzust gas are analyzed for

eir monomethylamine content by withdrawing, under a
ht vacuum, 2 sample through a Van Slyke-Cullen urea
ratus (fig. 4) containing a known gquantity of standard-

sulphuric-acid solution, which retains the monometh-
vlamine, The amimp-freec gas sample then continues on to a
flowmeter. A fow drops of mixed indicator solutior arc
added to the sulphuric-acid solution as an indicator. Vhen
the acid solution beccomes neutralizecd by the monomctnylt
amine, the color changes from purple to green an at this
point the guantity of monomethylanine free gos that pa?scd
through the sulphuric-acid solution and the flowmetcr 1s_ro—
cordcd, The -quantity of sulphuric-acid solution uscd~belng
known, the percentage ammonia in the gas mixture can DO
calculated. :

P n

hel
slig
PO
zed

here is any suspicion that a greater volume of :

sscd through the su phuric-acid solution than is
ary to neutralize the acid, the actual guantity of
acid nocutralized can be determined, by titration, by add-
inz a few morc cubic centimetors of sulphuric acid and

o
1

back-titrating with standardized HaOH.




14 WACA Technical Note No. 838

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
volume of the exhaust gases were equal to the volume of
the inlet air at normal temperaturec-pressure conditions
then, according to equation (12), the utilization factor
could be calculatcd from the measured amine concentra-
tions, as

Mot =1 = a
where

_ percent tracer gas in the cxhaust gas
percent tracer gas in the inlet air

It is known, however, that the volume of the water-
froe oxhaust 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. 5.9
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 lergely on the combustion
temperature. As regards the burning of monomethylamine in
the exhaust pipe, the evidence indicates that this condi-
tion need not be considered because the amount burned is
either zero or negligible.

If the volume shrinkage of the water-free exhaust gas
relative to the inlet air is dcnoted by s and the burn-
ing cfficiency of the tracer gas by e, it can be shown
that the true utilization factor is

l -«
= == 13
nut RS ( )

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

Moyt = 1 = 0.2 = 0.8

whereas the true utilization factor would be
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0.8 ;
R wata . = 0.8%
uwt = 596 - (0.2 X 0,05)

The deternination would therefore be in grro;'by 4 percent.

The determination can, however, De inproved consider~
ably by the use of cquation (13). It is casy %o estimate
the volunmc shrinkage from figure 2. For a typical Dicsel
fuel with a carbon-hydrogon ratio of 7:1 and an air-fuel
ratio of 20:1, the volunme shrinkage is approxinately 4 per-
cont, It is alsgo possiblec to cstimate the burning cffi-
cicncy of the nononcthylanine as about 97 pcrcent, more or
less, depending on the conbustion temperaturc, Applica-
tion of the correction formula, cquation (13), would give

= 0.8 = 0,83

n =
ut " 5,97 .~ {0,2:% 0.04)

This anount is likely to be corrcct within 1 percent,

Testing a Two-Stroke-Cycle Engirne

The method dovelopod was considered satisfactory for
testing the scavenging of 2 two—stroke—cycle engine.

The first problon cncountered in adopting the nono=
nethylanine method wasi Whore along the exhaust line
shall the cxhaust sanple be withdrawn? When the cxhaust
port Jjust opens, cxhaust gases issuc fron the cxhaust
ports at a very high velocity. After the blow-down peri-
od, when scavenging takes place, the velocitics tharough
the exhaust ports have decreascd consideradbly and later
the air that is short—circuited flows through the coxhaust
ports at a relzatively slow rate until the cxhaust ports
closc, Fron the time of exhaust-port closing to the next
cxhaust—~port opening, pressure and velocity oscillations
continue 211 along the exhaust duct. If a sanple is with-
drawn a fow inches frono the exhaust port, these consider-
ations would indicate that the concentration of theo tracer
gas at this point would be higher tkan the true valuce,
whick would bc obtained if thorough rnixing had occurred.

Expcerinents on a 10%7 by 1l2-inch singlo~cylinder,
two-stroke-cycle, crankecasc=scavenged Venn Scverin Diesel
cnzine (fig. 5) have shown that the concentration of mono-
nethylanine withdrawn at various points along the cxhaust



e L A s . DB At ' - e B Al 50

o

st

16 NACA Technical Notc No, 838

l%nc variedy as had been cxpoctod. Very high concontrae-

tions were found in sanples withdrawn 6 inches from the cx-
haust port. The concentration of nonomethylanine in sane t
ples withdrawn 3 fcet from the cxhaust ports was approci=- !
ably loss than the concontration found 6 inches from the
exhaust ports. Further along the exhaust line, the concen- }
trations increased again and then fluctuated slightly all ;
along the exhaust linc mp to 15 feoet away fron the cxhaust
ports. Ho sanples wore withdrawn at 2 distance greater

than 15 feet from the ongine,

In order to get a roprescntativo concentration of
nononcthylanine in the cxhaust gas, the cxhausted products
of conbustion and the short-circuited air and nononethyl-
anine should be conrpletely nixod. This result could be
acconplished if a nixing chanber werc introduced into the
exhaust line, The addition of a& chanber, however, affects
the tuning of the exhaust and tho resunlits obtained would
not be rcproscntative of nornmal operating conditions,

2 Anothor manner in vhiech a reliadble sanple nay be ob-
tained would be to take an average of the conccnt;ations
of the nononethylanine all plong the exhaust linc. This
sanple can be taken vory cecasily without disturbing the
nornal engine cxhaust syston, The lcast nunbor of san-
pling points nccossary to obtain a reliablc sanple has not
bc?n ascertained., Four locations, howevor, cvenly dis~
tributed along the oxhaust linec arc consideroed to be ado-
quate to give a reliablec average concentration, the first
s?uple tubec being located at a distance not less than that
distance corrcsponding to an exhaust-pipc velune cqual to
1,5 tincs piston displaconent. ¥

: In the final tests on the Venn Severin engine, ono
inlet and four cxhaust sanpleos were withdrawn in cach test.

7 Two tcsts werc nade with cach ailr dclivery and the
air deliveory was voericed by placing a rcstrictihg orifice
in the inlet-air cduct next to the canginc., The Van Slyko-
Cu}lcn urca apparatus was used for absorbing the nononcthyle-
:ilnc in the inlet and oxhaust sanples. Figure 6 shows

A - a 1 :
L e e i el i e e
o 3 Ppara . our exhaust sanples

wverc withdrawn simultancously, The sanpling tube and the
Ftop?ock are shown in figure 7. The anine—;rec sanple
1s§u1ng fron cach acration tubc flowed to a header fron
thch the conbined nononecthylamine—-frce exhaust sanples
flowed %o a gas ncter witk which the volunc of the combined
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sanples was deternined. The sanple flow to each exhaust
sanple neration tube was stopped, one at a tine, as the

as the color of the solution in the individual tubes
changel fron purple to green. The volune of the combined
sanple was then corrected by titration, All exhaust-
sonple Volunes werse corrected by titration Dbecause of
noisture that had condensed out of the exhaust sanple and
had been deposited along tho 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 tube, This condonsation absorbs sonmec of the
nononcthylanine in the cxhaust sanple and doos not take
any part in causing the initial color change. It is,
thercfore, important that the acration tubes be washod and
the nixture of the original contonts of the -tubo and the
products of the washing operation be. titrated to detornine
the corrcct quantity of nononethylanine contained dy the
neasurod sanploc.

The value of « was then calculated by the use of
the inlet and the conbined exhaust-sanple volunes and the
quantity of sulphuric acid noutralized by each sanple.
The procedure is described in the next section,

When a burning efficiency of e = 0.97 and a volune
shrinkage of s = 0,04 was assuned Tyy was calculated

fron ogquation (13). The tost rosults and the calcula-~
tions are listed in tadble I. 5

With no throttling of the intake air, the utilization
factor was 84 percent; with a 3-inch-diancter orificc used
in the inlet duct, the utilization factor was 82 percent
and, wit: a 2~inch-dianeter orifice, 86.8 percent according
to the tests.

As o further step, the respective charging efficien-
cies were determined according to equation (7). Tor this
equation, the delivery ratio nust be known, This procedure
involves the measurement of air 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 nmeasured Dy a micromanoneter, The
nicromanometer shown on figure 8 was developed by Professor
F. C. Stewart of the Pennsylvania State College. It con=-
sists of two connected equal-dianeter tubes, one exposed
to the atmosphere and the other connected to the pressure
hole of the flowneter nozzle., The height of the water




drop disappears.
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level in the open tube is 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 lanmp and the neon glows. With this instru-
ment the difference in water levels can be gonveniently
deternined with an accuracy of 0,002 inch and the neces=
sity of using small nozzles for accentuating the pressure
The neasured air delivery was 125 cubic
feet per ninute at 381 rpno or 0.328 cubic feet per cycle.
This value gave a delivery ratio of 0.544 with no throt-
tlinge. :

The charging efficiency is equal to the utilization
factor times the delivery ratio. The charging efficiency
was calculated as 46 percent for no throttling, 41 percent
for the B3-inch-diameter throttling orifice, and 38 percent
for the 2=inch-diameter throttling orifice.

The load was about full load in these tests, as evie
denced by a smoke density of about 80 percent by the Penn
State smokemeter (refercnce 7). The power output was not
measurcd,

The vglues show that the utilization factor does not
always dcteriorate when the delivery is increascd., When
o change was madc from a 3=inch throttling orifice to no
orifico, both the air delivery and the utilization factor
improved., Of course, if the air delivery is considerabdly
increcased, as by supercharging, the utilization factor
must nccossarily fall off becausc the eylinder cannot kcep
all the extra air supplied.

The low delivery ratios and charging efficicncies 00~
tained in thoso tosts arc not typical of tho engine but
arc the reosult of an inadeguatc surge—-tank capacity and a
short 2-inch-diametor tube insertcd Dbetween the tanks to
mininize the pressure fluctuations. This small tube re-—
stricted the air delivery to below normal, Subseguently,
the air-delivery tests wore rcpcated with a larger surge
tank (about 27 times displacement volume), frec of re-
strictions and having two 20-inch-diameter rubber membrancs,
in addition, to minimize pressure fluctugtions. The air
delivery thus mcasured corrcsponds to a declivery ratio of
0.72. If tho utilization factor worc the same (0.84),
this set—up would give a normal charging officiency of 60
percent,

e ———T T AT T T
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RECOMMENDED PROCEDURE
FTor Decternining the Cﬁar@ipg Efficiency of
a Two-Stroke-Cycle Dicscl Engine with
fonomecthylanine as a Tracer Gas

Tost Equipnent

Material and cquipnent:
1. Anhydrous mononcthylanino
2., Concentratod sulphuric-acid solution (9 1v)

3. Standard volumctric solution of /10 sodium hydrox-
ide (32 oz) : .

The sodiun-hydroxide solution nust be kept scalcd
fron the air (as much as possible) to prevont cd, in the
air fronm beimg absorbded, thercby changing the normality of
the solution.

4, Hixed indicator R

Hixed indicator is a mixturc of 0,625 gran nethyl recd
indicator and 0,413 granm nmethyl bluc indicator nade up
with 500 cubic centimeters of ethyl alcohol, that is, the
pixturc of methyl blue and methyl red nust be dissolved in
500 cubic centineters of cthyl alcohol. This indicator
nay be obtained, on request, from a chenical house, the
proper specifications being gsiven.

5, Distilled water

411 chenical cquipnent nust be washed with distilled
water. City tap water is not a satisfactory substitute.

6, Van Slyke-Cullen urca apparatus (18 sots)
Bach set consists of a Van Slyke test tube and inlect
bubbling tube (acration tube) and an outlet tube with a

trap to scparate any entrained ligquid.

7. Burettes (2) - One for sulphuric acid and the other
for sodiun hydroxide,. Straight stopcock 50 cc
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(1)

9. Gas washing bottle (1000 ce)

8. Burette support

Beakers, Griffin low-forn, Pyrex (two 1500 cc, two

10
1000 cc, one 600 cc, one 250 cc, and one 100 cc)

11. Autonatic pipette (25 cc capacity)

Aspirator, water (to produce suction for withdrawing
samiples)

12,

13, Sargent uetatést gas neter (precision)

Thick-wall tubing (48 ft of 3/16-in, bore; 48 ft
of 3/8-in. bdore)

14,
15, Annonia flow control (llodel L)

Sources of supply?

Iten 1, Rohn and Haas Co., 22 W, Washington Squaroc,
Philndelphia, Peannsylvania

Ttens 2 to 14, The Fisher Scientific Co,, Pitts-
burgh, Pennsylvania

Iten 15, Hoke Inc., 122 Fifth Avenue, N¥ew York, N.T.

Accossory cquipnent:

1. llcrcury manometer for accurate deternination of
pressures at the high side of the nononethylanine neter-—
ing orifice. Wit: a nercury nanoneter relatively snall
pressure- fluctuations are easily“noticed.

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

Physical Properties of Moncnethylanine

Tcnp%raturc Vapor pressure Specific Latent heat
("F) (1b/sq in.) sravity (Btu/1v)
50 29,8 0,6746 362.6
70 45,2 .6610 356.5
20 661 .6471 350,1
110 94,1 .6331 342.9
130 129 .5188 339
120 174 .6042 327
LHO 228 .5882 317
190 293 5740 { 307
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Filling Cylinder with Mononmethylanine

Extrene carc should Dbe used in filling -any type of
cylinder with any liguified gas. Unless care is used, the
cylinder is likely to De conpletely‘filled, no provision
being nade for the thernal expansion of the liquid caused
by slight tenperature changes. In such cases there is
no alternative for the econfined liquid but to rupture the
cylinder. Ruptures of thig kind are particularly danger-
ous and severe personal injuries nay be incurred. -

The precautions to be observed are sinple. First the
weight of the empty cylinder nust be deternined., Then the
in volume, nmust be known or cstinated, From the

capacityy
specific gravity of tho 1liquid, which is given in the pre-
ceding table, the weight of the volune of -tho nonomcthyl-
anino (which is cqual to two—thirds of thc total volunc -
of the cylindcr) nay be dctornincd, In other words, only
two-thirds of the total volune of the cylinder rast be oc—
cupied Dby the ligquid nononethylaninec. Y :

If the cylinder to De chargod is at the sane tonpera-
ture as the supply cylinder, the liquid nononothylanine
will not flow from the supply cylinder to the cylinder to
be charged. When a small quantity of monomethylamine
first enters the cylinder, it vaporizes and establishes a
vapor pressure equal %o that in the supply cylinder and
flow immediately ceases. o 2

There are. two satisfactory means by which flow may be

accomplished:

1. Allow the liquid to flow by means of gravity.

Cool the cylinder to de charged to a temperature
Do not heat the supply

L]

“e
below that of the supply cylinder.
cylinder. :

Honomethylaminc is very soluble in water. Tubes
filled with monomcthylanine may therefore be bled by mcans
of dbubbling the gas into a bucket of watore®

If the eves should bccome ecxposced to mononcthylamine,
very serious burns nay bve received., Gogales nust there-
fore be worn as 2 safety measurc when monomethylanine is
transferred from one cylinder to another, .
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Test Set-Up

: Figurc 5 shows the arrangement and the nccessar
cquipnent for meking an engine scavcnging-cfficic:ivytest
A nmercury manometer is used to deterninc the monomo%hyl- :
armine netering pressurcs so that the nononcthylamine flow
can be accurately controlled. The sizo of the nctering
gziiizo Shsuld be sclected to give a tracer concentration
s in§°t.:i:?d 0.6 percontvby weight “monomcthylanine in

Air Mcasurcnent

. Ad?i?romanometer (fig. 8) (an inclined menometer may
e use is used to measure the pressure drop through the
air—-flow meter., It consists of two cylinders that serve
as manometer legs, one of glass, open to the atmdsphere
and the other of brass, accurately machined to the sane
diameter as the glass manometer leg; a nicroneter screw is
nounted above the dial indicator to control the motion of
the feeler pin., A neon lanp is inscrted in an electrical
circu?t through the instrument so that, wvhen the fecler
gin pierces the water level in the open leg of the nanone-
dcr, the neon lanp glows, Tho pressurc drop is twice the
rop in water level in the open leg of the manoncter,

Surge Volunc

The size of the surge volune

. nccessary for making air

zigzurcqints depends upon the spoed of the cngine andgthc

rosuii of cylinders in tho cngine under test., Satisfactory
s may be obtained by using the following rclation?

Surge volune

(40000) (displaccnent volunme)

(rpn)_(nunbcr of cylinders in engine under tost)

When crankcasc scavengod cnglnes ¢

lar carc should be talken, wvhen tic sirgzcszzszgdgspziiicuu
§tallcd, to avold rostrictions to air flow: Only a fow
:Eghcs of watc?—prossurc drop in the syston will adversely
u} e?t the ongine breathing-and will invalidate the result
of thc tost. The air-flow zmeter should be the snallest
izzzréction in tho systen, The orifice should ;; souso~
thancl ;i:z zgewzizjfurc drop through it is no groater
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Load

lonomethylamine 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 almost completely if this method of determin-
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 threc—~quarter l1o0ad the burning efficiency of
monomethylamine does not appreciably increase. From the
point of view of the possibility of the occurrence of oxi-
dation and decomposition of mqnomethylamino during the
scavenging and exhaust period until the oxhaust sample is
withdrawn, it is desiradle to keep the ongine load down.
The engine must, therefore, be operated between three-—
aquarter and full load in order that bpetween 95 and 98 per-
cent of the mononethylamine trapped in the combustion
chamber will burn during the combustion period. If the
exhaust temperature of the engine is extraordinarily high,
the load should bde reduced so that the exhaus?t temperature

is pelow 800° F.
Withdrawing the Sample

The inlet and exhaust samples are withdrawn through

the Sargent wet—-test gas flowymeter. It is desirable to

use a suction receiver because of the ease with which the

sample flow may be regulated. The receiver nay. be evacu-=

ated by means of an aspirator, which operates on either

air or water; operation on water is preferable because of

the increased evacuating capacity that may be obtained.

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

Care of the lonomethylanine Absorption Apparatus

jon tubcs must be

A11 Van-Slyke test tubes and acrat
tubes are filled or

washed with digtilled water befo re the
refilled with sulphuric-acid solution, The acrabtion tubes
muet also be dried beforc being ro—usecd. This drying nay

be asccomplished by means of comprossed air.
Charging the Absorption Test Tubes

The inlet-sanple test tube is usually charged with
25 cubic centineters of 0oL SN gsulphuric-acid solution ’




_analyzed.
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by means of an automatic pipette and distilled water is
added until the btest tube is half full; three drops of
nized@ indicator are then added to the solution. Vhen a
sanple is Dbeing bubbled through the solution, the sanple
bubbles displace the sulphuric-acid solution and raise the
level of the solution almost to the top of the tubes

If 25 cubic centimeters of acid are used in the inlet-
sample test tubes, 5 cubic centincters of acid should pref-
erably be used in each exhaust-sanple tube, so that when
testing an engine with a2 utilization factor of about 80
percent, approximately the same volune of senple will De
used to neutralize the acid in the exhaust-sanple test
tube as was nocessary in the inlet-sanple tost tube. If
an engine of 60 percent utilization factor is being tested,
25 cubic centimeters should be used in the inlct-sanple
tost tube and 10 cubic centineters in the cxhaust-sanple
teost tube., If the sampling is planned in this nanner,
both time and monomothylanine will be conscrved. Frece car-
bon is & dccolorizing agent; therefore, with snoky exhaust
six drops of nixed indicator nust be added to the cxhaust—
sanple tost-tube solution,

-

Inlet-Gas and Exhaust-Gas Analysis

n
2ind that the rosults of the anale-
no morc accurate than the sanple
The nonomethylamnine should Te adcouately nixed
before withdrawing an inlet samplo. This condition nay be
acconplished by introducing the rnononcthylanine in a recla-
tilvely high-velocity scction in the surgo tank, (Sec fig.
5.) A1l inlet and cxhaust sanmples should Do withdrawn
fron the inlet and oxbaust ducts fhrough sanpling tubes in
order that thc sanplc obtained beo ropresontative of tho
gas at that particular location, Figzurc 7 shows a type of
sanpling tube that nay be uscd,

It nust be bornec in
ysis of a gas sanple are

L%t least four cxhaust sanples nmust be withdrawn, ococh
at o differont location along the exhoust 1ine, Tho fixs®
sanple should be withdrawn at a distance cqual to a length

and

of exhaust linc correspoanding to about onc onc-half
tines the displacement volune of the enginc cylindor. The
renaining sampling tubes should be cvenly distributed along
the cxhaust linc in about 14-foot intcrvals. The aninoc-
frec cxhaust sanples fron cach s ing tubc skhould foed
into a headcr so that one gas noter may be used to ncasuro
the total volunme of the cxhaust sanple

R

et =
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It is not necessary to take inlet and exhaust sanples
simultaneously unless the engine speed does not remain
constant for the duration of one conplete test (the tine
necessary to withdraw one-inlet and the four sinmultaneous
exhaust sa:ples). In that case two gas neters will De
necessarye

If the engine under test will run at a constant speed
the duration of one test, one gas neter is sufficient,
inlet sanple should be withdrawn first to deternine
concentration of nononethylanine in the inlet air.
all the exhaust sanples are withdrawn simultancously and
the rate of sample flow through cach tube is regulated to
be relatively the sanme, considerable tine will be saved.
The ratc of the conbined sample flow through the gas neter
should be about 0,4 cubic foot per ninute. 4s the color
of the sulphuric—acid solution in each cxhaust-sanpling
test tube changes from a purple to a 1light grcen, 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 boen neutralized. When the
flow through the las% exhaust-sanple acration tube has been
stopped, the volume of the conbined samples that passed
throuzh the meter should be recorded,

foxr
The

the It

Correction of the Exhaust-Sanplc Volunc by Titration

When the exhaust sanple (containing nononcthylanine
and water vapor) passcs through the aeration tube that is
at room tompcraturc, somc of the water vapor is condecnsed
out of the aeration-tube wall, The condenscd water vapor
is very cffective in absorbing whatecver rononethylanine
cones in contact with it. The recorded volune of the ex-
haust sanples withdrawn is therefore larger than the true
volumne 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 boaker and nixed with the
solutions obtained by washing the aeration tubes and the
test tubes with distilled water. This washing procedure
must be carried out or the resulis obtained will not bde
valid, Add 5 cubic centineters of acid to the solution in
the beoker (the color should change fron green to purple)
and titratc the contents with standardized I/10 sodiun-
hydroxide solution, When the solution has becn titrated,
the operator should have the @efinite nunmber of cubic cen-
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timeters of 0,1 N sulphuric—acid solution that were neu-

tralized by the exhaust sanpl
jous zeration tubes.

es flowing through the vare

Calculation

According to appendix C,

i Vinl 25 ecc

o 1is determined as follows:

c.1 W HpSQ X

=T
= N
Vexh = X ec

0.1 W H,50, 25

where the numerator is the number of cubic feet of inlet

sample that neutralizes 25 cu
an

mately O.1 N acid solution
ber of cubic feet of exhaust
cubic centimeters of the same
tion (13)

Ty =

ut,

wvhere e 1is the durning effi

s the volume shrinkage, which is dependent upon the

ratio of the fuel and the air

The charging efficiency

bic centimeters of approxi-
4 the denominator is the num-

sample that neutralizes X
acid solution, From equa=

1l -
o e
e = oS

ciency of the tracer gas, and
¢/E
2e)

_fuel ratio. {Scc fig.

is then obtained from equa=

tion (7)
Men = Mut &
wvhere
i = Jdel
Vaisp
If the air delivery is determined by flowmeter meas—

urement and a rounded nozzle
flowing through the nozzle pe

Q = CA

wvhere &
zle, 7p the pressure drop ac
cific weight of the air, and

which is about 0,98 in case o

is used, the gquantity of eir
r second is

/ P
28 v

is the cross—section area of the flowmeter naz—

ross the nozzle, 7Y the spe-
C the aischarge cocfficient,
f a standard flowmeter nozzle,

INE———————____
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is expressod in inches of water, ¥ 4in pounds

I& =D
is in squarc inches,

per cubic foot, and &

/2% 385 % p/21.5
98 &
O ¥/1728

0.98 A 220,/ % cubic inches

O
1}

and the delivery ratio is

60 Q
i i
2
ol B
&
where D
cylinder bore, S
nunber of cylinders in

is the cngine revolutions Dper minutc, D ¢the
tho strokc, both in inches, and N +the
the enginc.

CONCLUSIONS

1, The tracer-—gas method of dctormining the charging
cfficicncy of two-stroke=cycle Diesel cngincs, in which
approximately 0.5 percent monomethylanine is used as a
tracer gas, 1S convenient and sufficiently accurate.

engine
Under
and 97
in the

oper—
such
per-—
cylin-

2, The test is ©o be performed with the
ating at between three—quarter and full load.
conditions, it may be assumed that between 95
cent of the nononmethylamine, which is trapped
der, burns during the combushion period.

%3, Oxidation or deconposition of the nononethylanine
during the scavenging and exhaust period could not be de-
tected and nay De neglected for all practical purposese

correction fornula for volune shrinkage
and inconplete combustion of the nononothylanine should De
applied in evaluating tho test results for better accuracye
With such correction the detcrmination of the charging cf=-
ficiency is expoctod to be accurate witkin %] percente

4, A simple

School of Engincering,
The Ponnsylvania
State College, Pa.,

Statc College,

Novenbor 154 1941.

S b e e O et = e
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APPENDIX A
RELATION BETWEEN SCAVENGING EFFICIENCY AND

BRAKE-IEAN-EFFECTIVE PRESSURE

The horsepower output of an engine is

Vais 2n
SO S Dy i
15 bmep

A
33000 S

hp =

is the displacement volume in cubic inches,
the number of

where vdisp

n the revolutions per minute, and ¢
strokes per cycle.

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

= Fh vpure P %; 60 Vpure P %g 60 s
P = — = =

£ r. £ 1728 r¢n N E 1728
where vpure is the volume of pure air under normal

temperature-pressure conditions in the cylinder before
combustion (see fig, 1), r the actual, T4 the theo-
retical ratio, A = r/rth the excess~alr factor, and p

the weight of 1 cubic foot of eir wnder normal tcemperature-
pressurec conditions,

From cquations (41) and (A2)

P Vpure

bmep = 13,750 ———
4 g AT rgn Vaisp

One cubic foot of dry air under normal temperature-pressurse

conditions weighs 0,0765 pound, therefore

1050 Vpure

bmep = (A3)

NI rey Vaiep

It should Dbe realiged that Vyure is morc than that

I—_——————_ L
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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 previous cycle. it figupe I8 i1c reo—
ferred to0, the following definitions and relations can be
written:
v :
Nee = T—t— (44)
e Vret + Tres

Vrot + Vres

Nvo1 = Vise (45)
iy
N NEEEE . X (46)
Tin Tth
Voure = Vret * Vres = Vep (47)
v v

th

VCP - (48)
res vret

In equations (44) to (48) there are five unknowns:

vpure’ e Wy ch, and Vip. These eguations can be
solved for Vpure to give
nVol nsc
v = Vony s - (49)
pure di 8D e ) Bys
Equations (A3) and (A9) result in
il n
bHep = 1050 vol 'sc (410)
£

*rthl"'()‘“‘l)nsc

which can also be written as

Tisc
T O =-2) "TNgp

0.4 14,5

bmep = 180 Nvol

x 2 i 1
th

This expression is identical with caquation (8) of the toxt.
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APPENDIX B
CORRECTION FOR UTILIZATION FACTDR
If the amount of unburned tracer gas in the cylinder

is gero and the volume shrinkage due to combustion is also
zero, the utilization factor

=
Mgy = 7 (31)
ret ¥ Vshort
is equal to (=" ) " Swhenetio e sthe ratio of tracer-

zas concentration in the ezhaust to the tracer-gas concen=
tration in the inlet and is deternined directly by a chem-
ical method.,

Becaouse the air retained in the cylinder undergoes 2
volume shrinkage during combustion, volume shrinkage may
be expresscd as >

v =0y
i _zsg____g (32)
‘ret

where Ve represents the volume under nornal temperature~
pressure conditions of that portion of the water-free
exhoust gas that was contributed by the combustion in the
cylinder, The total exhaust is

M oxhes 's." Venert (33)

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

+
s ret nb (Ba)
ret
where t..¢ and tpy denote the retained portion of the
tracer gas and the nonburned portion of the tracer gas,
respectively.

Pinally, o is the ratio of the actually measured
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concentrations in the exhaust and inlet

Yexh

o o Jexn . lael Zexh
Yael Vexn tael
Vdel

A fornula is sought

'ﬂut = f {a, s, 9)‘

correction factors.
Known relations are:

Vret o tret

Vshort Sshort
Vel = Veet * Venort
- tclel 2 b Ssnort
texh % tshort L tnb
Vexh = Ve * Vghort

From equations (Bl) and (36)

1
1 TR e —r———
T:ut e .
i shor
tret

that would give the utilization factor in terns of the

e “short
vdcl = vret * Vshort = trot
vexh g ve s Vsnort vc 5 Ysnort

Tret trc‘

31

(35)

(B6)

(87)
(38)
(29)

(310)

GRASE)

(B12)
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But from cquation (35)

vd.el td.ol
= O ee————

vcxh texn

Fron o conparison of (312) =nd (313)

%oy, o
i 1 4+ _shord
S, S e
exh vc i terors
Trot trot

on the other rand, frou eguation (32)

e
\Y

T———l—s
Vrot
and from cquation (B1l1)
benort - o ik
Sret Tut

Tron equations (314), (3157,

rivod
g 1 i -1
5 ~eol . Tut = 1
B S ek o S5 ke ® Nut
Tt =~

Dividing cguation (38) by cquation (39) gives

fies
3 o short
tael " Yret * Yshort ‘ret
= =___,_——-————_‘
texh tnb it tshort tnb short
— +
tret tret

and if equation (316) is considered

{313)

(B14)

(315)

(B15)

(317)

(318)
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1 = B
tdel 2 Mt = ____E_____
p - - S (B19)
Sogh 1 <8 4 —=meildl e fut

Tt

When eguation (317) is conmpared with equation (319)
- = (320}

) e e
1 -8 Myt

s metes
1 = @ My

fron which
1 -a

e

e - as

This equation is jdentical with equation (13) used in the

text.
ALPPENDIX C
DETERUIFATION OF o
Chenical Reaction between Yononethylanine and
Sulphuric—Acid Solution
A convenient solution to usc for reaction with the
monomethylamine in-the absorption apparatus is an approx-

jmately 0.1 ¥ solution of H, S04,

jon is one that contains the gran
equivalent weight of a substance in 1000 cubic centimeters
of solution. The equivalent weight of a substance 1is the
weight of it which combinecs with, or replaces, 1,008 grams
of hydrogen. Inasnmuch as K504 contains two replaceablc
hydrogen atoms, its Oquivalent weight is the molecular
weight divided by 2 (98/2 or 49 grams) . Gonsequently, any
solution containing 49 grams of sulphuric acid per liter
is a normal solution of K504, and any solution contain-—
ing 4.9 grams of H- S0 =pos liter is a 0%1 N solution.

A normal solut

percent pure and
pic centimefer of
ntaing 1.77 grams
d that contains

Concentrated sulphuric acid is 96
has a specific gravity o7 1284, Onsech
concentrated sulphuric acid therefore co
of S HoS0 0T the volume of gulphuric aci

4,9 grans of E,50, is




.
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4.9 _ 5,77 cubic centimeters concentrated H, S04

1.%%7

Then, by the addition of 2,77 cubic centimeters of concen-
trated sulphuric acid %o distilled water to make a total
of 1000-cubic-centimeter solution, a 0.1 ¥ solution

of sulphuric acid will be obtained.

A solution of this kind nay not be exactly 0.1 ¥ and,
therefore, the exact normality may be determined by titra-
tion with a standardized solution of 0.1 ¥ IaOH, which may
be obtained from a chemical company.

The actual concentration of EzS04 used in the tests
was 0.121 T.

Concentration of lMonomethylanmine in Air

When monomethylamine rcacts with sulphuric acid, mono-
methylanmine sulphate is formed as indicated by the follow-

ing rcaction:

CE;NHy + 2,504 —> CHzTH, 12504

Since a 1 N aqueous solution of 4,50, contains 49 grams
E,50, per 1000 cubic centimeters of total solution, 1 cubic
centimeter of 1 ¥ H S0, solution contains 0,049 gram of
E;SO4. Hence, 1 cubic cenbimeter of 2 () normality HzS04
solution contains 0.049 (W) gram of H;S04. According to
the forcgoing stoichiometric eguation, the quantity of
monomethylanine equivalent to 1 cubic centimeter of (IF)
E,S04 may be calculated, as indicated, by the following

methnd: -
(0.049) (¥) _ w
98 31

where 98 and 31 represent the nolecular weights of HEz50,
and CHzNH,, respectively, the eguivalent weight of
CH,NH, , which gives

and W

v = 3} (0L072) (W) g CHsIE;

is the volume of (II) H 50, solution used for the
of CEzWHz equivalent %o it

L aXece

sample test, the weight W
would Te
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W=

S A (e (B1)630°) 1w
SoT (10 3)(1')(X) g = -—‘E—m (1)(X) i 5 o)
W L= X cc (W) E804

The == synbol represents that the quantitiecs on
the right and ;eft side neutralizc each other.,

This weight of nononethylanine is contained in a vol-
The concentration is

gyne V of gas.
-3
EUEED @
Concentration CHzNH; = St é
where

(¥) normality of acid solution ’

= =

"X ©e

v volune of mononethylanine free sanple
of (I') normality E;S04.

If the volune occupied by the anine in the gas is neg-—

lected, only the fourth decinal will de affected.

Calculation of the Goncentration Ratio of lononethylanine

in the Exhaust and Inlet Saaples

The symbol a denotos the ratio

concontration CE WHp in the cxhaus?t

concontration CE NEp in the inlet

If substitution is nade, there is obtaired

o 212 % ap s AHiE

i ¥ exh
z.414 x 10 2 AL 2
V iml

@
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TABLE I
If the same solution of H§0, of about 0.1 7 i | DETERNINATION OF THE CEARGING EFFICIENCY OF 4 VENN SEVIRIN
usod for both tho inlet and the oxhaust tosts and, if the PWO-STROKE-CYCLE CRANKCASE SCAVENGED DIESEL ENGINE
specific weights of the two nononcthylanine frcc gas sal=
ples arc egual (Rated 30 hp at 400 rpm; 10.5-in. bore; l2-in. strole; inlet port opens
: 132° A.T.C.; exhaust port opens 117 A.T.C.; inlet port closes 228
o Vint == Xim (1) EpS0, Xgxh ~ A,T.C.; exhaust port closes 242° A.T.C.; barometer, 28.85 in. Hg)
= i == (¥) E;50, X
bl X ind B el i i o i o e e a6 e el e e s e 1 2 3 L 5 6
Engine speed, TPM « o o s o+ oo v s s s e 378 | 378 | 380 | 378 | 382| 380
Exhaust temperature, O R L i e 580 | 575| 610| 620|595| 590
RITERTNCES Water-jacket temperature, °F . . . . . . . . 158 |136| 150 | 150 1k46| 152
glean erankcase pressure, pounds per square inch 1-:— 1—‘5 2 % 1% 1-15
{jaximum cylinder pressure, pounds per square t
1. Taylor, C. Fayettc, and Taylor, Edward S.: The Inter- BERTIECS . . a0 o e e e (0 eeei e e @ arie cn 575| 575| 570| 575| 585| 590
nal Conbustion Zngine. International Textbook Co., Inlet-air temperature, L e L e o e ST g 93 9L 95| 102|101 101
1938, p. 248. Relative smoke density obtained with Penn State |
R AICEIELOT - oy i o oiie & o o io W aioe, o s g2l .76 .86 .84| .g4| .84 |
2, Nagel, A.: The Diesel Engine of To-day. Zanglish Monomethylemine feed, orifice 5, « « « - « .« - 5 b 5 ) 5 5 |
translation of Diesel-liaschinen, VDI-Verlag G.m.b.H. inches Hg pressure . . . 30{. 30 22 22N IS 58 I
(Berlin) 1923, pp. 5-35. Inlet sample == 20 cc 0.09873 N HS04, cubic i
TR R T PO e SRR T Dl RO .202 |.2021 .200 | .197 |.202].207 i
5. DeJduhasz, K. J.: lieasuring the Scavenging Efficlency Semple through sample header =0= 16 cc 0.09873 |
of Two-Stroke Diesel Engines. Auto. Ind., vol. 73, N H_S0, (4 cc 0.09873 N H_SG, in each aera- ,‘
no. 26, Dec. 28, 1935, tion tube) four such tubes used - one with- ‘
drawing a sample 6 feet from exhaust port and !
4, Ourtis, C.: Inprovements in Scavenging and Super- the others each withdrawing samples at loca- %
charging Two-Cycle Diesel Engines. Diesel Power, tions 9 feet, 12 feet, and 15 feet from the 1
vol. XI, no., 9, Sept. 1935, pp. 545-549. exhaust ports, respectively, all leading to a ]
common header which leads to a wet-test gas |
5. Anon.: The Scavenging of Two-Cycle Engines, Sulzer meter, cubic feet ¢ o o o o e mie e o0 e o .852 |.802{1.000 [1.031 |.898].911 |
Tech. Rev., no. 4, 1933, Volume of sample passing through header cor-
rected by titration 16 cc 0.09873 W E SO, . 761 |.761] .970| .996 |.840|.855
6., List, E.: Versuche an der Zweitaktdieselnaschine, o percent tracer in exhaust |, , 212].212] .165] .158 |.192 .194
Diesclnmaschinen VII. 2Z.Y.D.I., Sept. 1938, pp. 2-14, percent tracer in inlet
Average a for each Tun . . « o » + + « « ¢ .212 .162 193
7. Schveitzer, P. E., and Klinge, E. R.3 Oxygen~Boosting Size of thin-plate orifice placed in the 4.5~
of Diesel Bngines for Take-0ff. Eng. Ixp. Sta. inch-diameter inlet sir duct at the crank- none |none
Bull. ¥o. 54, Penn. Statc Col. Bull., vol. XXXV, PEASIRINOREEE o = o o v ) e leide aSkegie Seiie e Z 3 2 2 tused{used
No, 14, Appid—1, 19413 Pressure drop through 3.145-inch-diameter air-
flow orifice (discharge coefficient 0.98),
ANChes WALET o « o « o o s s o s s o » o o o 284 .272| .202| .200 |.32k4|.316
Inlet-air specific weight, pounds per cubdic
S RIS B e e e .0703 .0686 .0689
Ai§ velocity through the air-flow orifice, "
eet per d . 1. .
Air-del?ver;e;;:io SN S e e e 3.5% 3.1%% 3?523
.. 362 .8 .
- e e e Aty 3% 2
‘ &
E
e —.

e —E I ST — T o ———— meE—— - e ——————————— . = -
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isp
Vret

Utilization factor: '7 " L
re +

‘:’::" % Delivery rafio: L = Seet * Yhort
Woledededed Wis,
oot : 5
Ko Charging efficiancy: % = 7t
\ / .:’.. harging efficiency : y 7
R O remereres
RESTTTS
g REREERSALLK
3 ORE555
N Residual gas Vo 'I,;’«. SRS
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Figse. 2,3
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i ——— USING TOTAL EXHAUST GAS
i 4 ——— USING WATER FREE EXHAUST GAS
1.0 5 g O ‘
..::::.;’s“ (=5
« CARBON - HYDROGEN RAT/O-G—/f;‘/: S S Fm==cICEscZcssssammas
3 « 7
5= 00 4
fs —
ﬁ 2 // —
¥ s é/ CARBON ~HYDROGEN RAT/O-6-—/
3 E 095 = ;7
g
8800 /5 20 25 30 35 40 45 50
AIR - FUEL  RATIO
FIG. 2 CHANGE IN VOLUME AF TER COMBUSTION. VOLUMES
HAVE BEEN COMPUTED AT N.T.R CONDITIONS WITH AND
WITHOUT WATER VAPOR
0.08 : ; T
5 ~ « TEST CONDUCTED 4 -2/-41
E ; 5. 7 . & -22-41
x x » . 4-23-41
E E 0.06 <] 'l } Il
QYR L EXHAUST SAMPLES WITHORAWN
Y ? * 1 IN. FROM EXHAUST VALVE
|
. \ l
E 0.04 O A
x |
§ 002 I~ GARDNER FOUR STROKE CYCLE DIESEL i . 7
% INLET VALVE OPENS /5 DEG. B.T.D.C. 1 z
EXHAUST \WALVE CLOSES /506G.A.T.D.C. Q!
§|§ 590-620 RPM 3
- 8 | se-mxerowr MONOMETHYLAMINE N THE INLET AR |,
< ) < 50 55 60 65 70 75

ENGINE BMEP, LB PER SQ IN.

FIG. 3.BURNING EFFICIENCY OF MONOMETHYLAMINE IN A
GARDNER DIESEL ENGINE. Ven Slyke-Cullen Urea apparatus.
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FIG. 4. VAN SLYKE — CULLEN
UREA FLASK
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ME THYLAMINE

WASTE, } WATER

SURGE TANK

SLYKE -CULLEN UREA APPARATUS

B —~ EXHAUST (O
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N_SAMALING TUBE
SHOP
AR MICRO-
MANOMETER
EMETER

SAMPLING  TUBE_

etaml

[ GENERATOR

STOP COCK
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F1G. 5. VENN SEVERIN ENGINE TEST SET-UP

FIG. 7. SAMPLING TUBE AND STOP COCK
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Figure 6.~

Arrangement

used to withdraw

& sample through

the Van Slyke-

Cullen urea

apparatus.

I, inlet-air duct

a, sampling-tube
stopcock

b, aeration tube

¢, test tube containing
sulphuric-acid
solution

d, trep to separate any
entrained liquid

e, outlet tube to
gas-flow meter

—_—
Figure 8.-
Micromanometer.
a, micrometer screw
b, dial indicator
c, neon lamp
d, connection to
low pressure
side of air-flow
nozzle
e, alternating-
current power
source
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