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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO, 675 

THE CHARGING PROCESS 

IN A HIGH-SPEED, SINGLE-CYLINDER, FOUR-STROKE ENGINE 

By Blake Reynolds, Harry Schecter, and E. S. Taylor 

SUMMARY 

Experimental measurements and theoretical calcula- 
tions have been made on an aircraft-type, single-cylinder 
engine, in order to determfne the physical nature of the 
inlet process, especially at high piston speeds. The on- 
gine was run at speeds from 1,500 to 2,600 r.p.m. (mean 
piston speeds 1,370 to 2,380 feet per minute). Measure: 
ments were made of the cylinder pressure during the inlet - 
stroke, and of the power output and volumetric efficiency. 
deasurements were also made, with the engine not running, 
to determfne the resistance and aass of the air in the in- 
let-valve port at various crank angles. 

- 

A theoretical analysis of the process was made, on a 
purely mechanical basis (no account being taken of thermal 
effects). The results of this analysis indicate that, as 
far as the mechanics is concerned, mass has an appreciable 
effect but friction plays the major part in restricting 
flow. 

From the pressure records 

(Similar results 
g at piston speeds 

up to 2,750 feet per ztinute.) The observed fact that the - 
volumetrfc efficiency is considerably less than 100 -per- 
cent is therefore attributed to thermal effects. An esti- 
mate was made of the magnitude of these effects in the 
present case, and their general nature discussed. . 

In connection with the analysis, it was necessary to ‘ 
obtain accurate records of the absolute cylinder pressure. 
Xodifications of the X.I.T. indicator for this purpose are 
described fn an appendix. 
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INTRODUCTION : ',1.: : 

*For convenience, the word "air" f.s u,sed to denote the 
fuel-air mixture in the inlet system,, 

The maximum power:.output of anengine is closely re- 
lated to the quantity of air which it can pump, At ,high 
piston's'peeBs;. th~'..giiriritity'm$y.'be. lirrifted.,bz the flow 
characteristics of the inlet valve. Previous experimenters, 
recogni,zing th.i',s .l~imitat.ion, have devate$ c.onsiderab.le ef- 
fort to determine the characteristics of steady flow (ref- 
erences 1, 2) and dynamic flow (references 3, 4, 5, 6) 
through valves, Work has also been done (references 3, 7, 
8, 9) on the effect of inlet pipes of various lengths on 
the dynamics of air flow. This work has been largely de- 
voted to en.gin.e,s:operating at lower p4ston speeds;and in- 
formation relating,to.the flow in the.valve itself under 
actual operating coud$tions is incompl,ete. " 

,- " 
The pu&ose of, the present inve's,tigation is to estab-, 

lish ,th,e f'actprs'q.ov.erning the flow of.,airf in,fo the cyl- 
inder. of an intsrnal,,combustion engine. operating at high 
piston'spe,ed, ivith p,articular attention to the relative 
importance of.mass and .frfctfon.in controlling the flow. 
It was expected that'results of such a study might very 
well lead to a better,understand,ing of-.the .inlet process, 
if not to modifications of the conventional inlet arrange- 
nent for;the purpo..ss.~f increasing air capacity:.. 

APPARATUS'AND EXPERIXXNTAL PROCEDURE ' 
.' ., : 

The engine used was an experimental Pratt and Whitney 
Wasp, jr. air-cooled,a.ir,oraft engine cylinder mounted on a 
universal single-cyl,inder crankcase (fig, 1). (Dlmunsions 
are given In appendix.1.) 
blown) over the cylinder, 

Cooling air was drawn, (not 
to,avoid the possibility of pre- 

heated air enteripg the inlet port. 
.' 

Indicator diagr,amswere taken by.-means of an improved 
X.I.T. balanced-pressure indicator, using a,Farnboro type 
cylinder unitdeveloped especially for these tests. (See 
appendix.111.) 

During the,tests the inlet pipe was removed, the fuel 
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. Volumetrfc efficiency e, is herein defined as the 

being injected directly Lnto the inlet port by means of,a 
nozzle located as. shown in figure 1 and supplied from a. 
special.high-speed Bosch fuel-injection pump. Spark tlm- 
ing and fuel-air ratio were adjusted for best power con- 
ditions, The exhaust pipe was also removed during the 
tests, since it was found that the exhaust system caused 
considerable bac,k pressure on 'the engine (see fig. 2). 

. 
Figure 3 shows a set-of records of cylinder pressure, 

taken at various speeds from 1,500 to -2,600 r.p.m. .These 
pressure curves are traced from light-spring indicator. 
diagrams ,which'were taken'with a pointer speed of approxi- 
mately 0.1 inch'per second, The fndicator contained S.A.I. 
No : 20 oil,' and the corresponding.error due to indicator 
piston friction is'about 0.03 inch or 0.15 pound per square 
inch. (See ap-pepdix II, and figure 23.) 

Quantities' required for the theoretical analysis were 
determined as follows. 

The natural frequency, w,/2n; ,of the cylfnier,and 
"valve acting .as'a Helmholtz resonator was determined at . 
various points over the inlet stroke by exciting the reso- 
nator by means of a loudspeaker placed near the valve port, 
and actuated by a calibrated beat-frequency oscillator 
(General Radio type 713-B). The results are accurate to 
within a few cycles per second, as resonance was quite 
sharp and easily discernible. Figure 4 shoas the variation 
of the natural frequency with crank angle. 

The effective valve area. A defined as'the area of 
an equivalent, rounded-edge orifice, was determined from 
steady state flow data, The cylinder was evacuated to 
maintain a pressure drop across the intake valve and port 
of 12 inches of water by an'exhauster connected to the ex- 
haust port, the exhaust valve being held open. The quan- 
tity of air passed per unit time was measured by an air . 
meter in the exhaust line. The meter was an N.A.C.A. 
Roots supercharger with a capacity of 0.180 cub&c foot-per 
revolution. Figure 5 shows the'variation of the lift and 
of the effective area with crank angle, 

, . . 
Volumetric Efficiency 
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ratio of the.mass of air taken .in during one suction stroke, 
to the mass .of air which would fill the piston displacement 
at inlet pressure and te,mpersture.* For convenience in the 
discussion, the term 
(1 - e,>, 

"volumetric deficiency," defined as 
will also be used. 

Because of: the difficulty of making a direct measura- 
ment of volumetric efficiency without disturbing the phe- 
noulena under investigation, it was decided to compute the 
volunetric .efficiency from power measurements. 

T/i.th the inletpipe connected, the engine was operated 
at the same speeds as in tie tests with no inlet pipe, A 
Nash "HyTor I’ co;flpressor, which delivered air at a?proxi- 
QateZy atmospheric temperature, was used to increase inlet 
pressure until ths power was approximately the sa!no as had 
been recorded with the inlet pipe off, From air measure- 
;nents -made by-cleans of an 5.A .C.A. .Roots supercharger used 
as a dieter, it was found that the volumetric efficiency 
was very nearly equal to 6.0058 (i.m.e.p.>, where the 
i.m.e.p. was determined by adding the brake m.e.p. to the 
motoring friction m.e.p. The volumetric efficiencies used 
in this report are all computed from the above relation,, 
and should be accurate to about 2 parcont. , 

I'SLOX2TICAL A3hLYSIS 

According to the si;nplest vi’ew, the velocity of the 
air in the inlet valve is proportional to the piston ve- 
locity, the proporti,onality coefficient being the ratio of 
piston area to effective valve area, ‘Such a view has beon 
usod in a previous invostigation (r,oforonco 9), tho results 
of which show.that this gives a good approximation to the 
actual motion. A :dore careful exaalination requires that 
t>lo impedance to flow at the valve be taken into 'account. 
Bori the flow may be impeded by the inertia' of tho air in 
tha,vaSvo,' and by the friction escountorod by the air in 
going through the valve. 

For the purpo'so of analyzing the motion, the air in 
the valve is considered to move: as a solid plug, of mass 
Q . This plug is acted upon by t;lree forces; 

*For the experimental conditions usod, inlet grc+soura and. 
to;llperaturo are atmospheric, 

‘ 
1 

I. 

. 

. 
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, 

.‘F, , ths force',due to the pressure outside the dyl- 
inder, 

-F2 t the force due to the pressure inside the cyl-. 
inder, l 

F 3 ' the force due 'to the resistance to flow through 
the, valve, 

If u denotes the velocity of flow through the valve 
(measured positiLve for flow into the cylinder}, the equa- 
tion of motion fs 

. 

‘. 

the forces being measured positfve in the direction of u. 

* i The effective mass m may be found, approximately, 
from engine dimensions and the measurenents described on 
page 3. The stiffness of tho air in the cylinder is (ref- 

. erence 10, pp. 201-202). 
. . 

. 
k =' &A" 

v (2) 

where Y is ratio of specific heats cplcv 

P, pressure in cylinder 

., A, effective valv‘e area 

V, volume of cylinder 

The angular'frequency of the free vibrations of the air in 
the valve is 

FhuEi m may be obtained from the relation In = k/.Jg. The 
vLlue of k is calculated from equation (2). using atmos- 
pheric Y and P since the frequency measurements were 
made at atmospheric conditions; and the value of ~bne is 

;. . obtained from ffgure 4. The resulting curve'showing the 
variation of m with e is given in figure 5. * 
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The force due to'the pressure outside the cyl?nder 
is simply 

Fl = AP, (4) 

where PO is atmospheric pres,sure. 

The force due to the pressure inside t'ne cylinder is 

F, = -BP (5) 

In order to determine P it 1s assumed that the expansion 
of the air in tune cylinder takes place isentropically. 
The relation between press&s and volume, for the cylinder 
contents at any instant, is then 

Li;e ..= 
P -ydV -vAudL 

since the change in voluino of the cylinder contents is 
(dV-Audt) and the volume is V. Integrating, and solving 
for P, 

P =P 
v; y 

0 ( > v 
E dt wdlv ')dt 

(7) 

where PO is initial,pressuro, assumed atmospherfc, 

v 2’ initial volume, assumed equal to clearance 
volume 

The force due to the resistance to flow through tho 
valve may be approximated by , 

F, '= -A(O) (8) 
. 

where AP is the ,pressure difference (measured positive 
in direction of u) required 'to overcome the resistance. 
and maintain steady flow of velocity u. For ion veloci- 
ties of flow this pressure drop is equal to +pu2 (where L 

t 
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p 'is the density of the air in the valve). Under actual 
running conditions, however, 
large values, 

the velocity. reaches quit8 
so that-it is desirable to use the more ex- 

act expression. This expression may readily be derived if 
it fs assumed that the expansi-on of 'the qir from atmospher- 
ic conditions up to the conditions in the valve takes place 
isentropically and in accordance with the perfect-gas lams. 
The relation is (reference 11, p, 226) 

I 

\ where PO ,is atmospheric density, .. 
..' 

r 

FJr convenience, the equation of motion mill be written 
in terms of a velocity ratio (instead of the velocity), 
namely 

' 
: .I'. $E 1 U/C WJJ) . . .. 

.. . 

Xaking appropriate subs*titutions, 
is obtained in the;.form 

. . .' : 

tha equati,qnYmof mot%on ' 
.:'; . 

6 ,i ,.. 

n-here 6 is crankLangle (ds~re8sA.T.C.) 

, I?, engine speed (r.p.m.> I. 

.i 
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XEAP,/mc 

The equation representing the motion is a nonlinear 
differential-integral equation with variable coefficients. 
Since the coefficients cannot readily be expressed analyt- 
ically, it is practically impossible to solve the equation 
except by graphical-numerical methods. This can be done 
rather simply, since the equation gives the slope @+3/d@) 
in tor;ns of 5 and 0. 

In order to solve the equation of motion (13), it is 
necessary to determine how the coefficients M, X, Z, 
and Q vary with 8. l?rom the solution of the equation, 
the pressure in the cylinder may be obtained simply by us- 
ing equation (7). 

. 

c 

Determination of Coefficients 

The coefficient M may readily be determined from m 
(e.g., graphically, by plotting log m against 0 and 
measuring the slope of the resulting curve), The variation 
of iii with 0 is shown in figure 6. 

Tne coefficient X may readily be obtained from the 
data in figure 6. The variation of X with 8 is shown 
in figure 7. 

The function Y may readily be calculated, A bino- 
mial expansion is convenient, three terms being sufficient 
(i.e., up to p6). This function is plotted in figure 8, 
for three different values of Y. 

The coefficient Z is readily obtained from engine 
dimensions; this coeffi'cient is plotted in figure 9, 

The coefficient Q, plotted in figure 10, is readily 
obtained from engine dimensions and the data in fipure 5. 

Careful examination roveals that the Mp torm belongs 
in the equation of motion only when M is positive. When 
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g is positive the plug of air is picking ilp,nass from 
~es$,.,and the force.Vhi ch accele.rate,s this mass is a part 
of tLe force acting on ths plug, so that the Mf3 term must 
be retained in tile eauation. 

th8 'nass' lbst by' 
On the other hand, W:lSn Ii 

iB nogatfve, the plug is acte,i.' upon by a 
force, bnt this force is not a,part of the force on the 
plug, and is irrslevant to the motion of the plug;, Thcre- 
fore when ?K is‘nGgative;ti:e X,3- term does not belong 
in tha equation of motion. 

A sinipliffcd analogy is the Case' of a moving train 
picking up or discharging bags of sand. If the moving 
train has bags tL~bwn onto it (from rest), the .train will 
bo decelerated (m >-9,' m& 4 -mu); 4ut if the moving 
train has.bags'thrQwn off it, the train will not be accel- 
erated (~11 < 0, Q-0. k 0). 

Tne whole argument, of course, hinges on the suppdsi- 
tion'that the moving mass disc,ardod by the plug (when 
Ld < 0) is brought to rust by'sxternal forces"which act on 
the discarded mass witilout affecting the resaining mass 
(i.e., the plug). This will notalwa;rs bs true; e.g., if 
thsre is a sizable inlet.pipe, the moving 3a6s will be - 
broughtt'o rest partly by tha containing Tails adjacent to 
the valve, and partly b:- mixing with tiie'air along the 
walls of the pipe; this latter part nil1 affect the pres- 
sure acting on the plug. In such casss the sffect is ;3rop- 
6rly cxpresscd by reta.ining some portion of tho UIB term. 

In the exporimontal mork .hGrsin Sescrib,ed, however, . 
the inlet pipe was completely removed, Since the -length ' 
of the port is only a few inches, 'the IQ term mas omitted 
wl;en ii < 0. 

3'igure 11 (dotted line) is a prsasure curve resulting 
from the solution of equation (13) for 2,300 r.p.m., erith 
the exgerimGnta1 pressure r ocord superinposod for compari- 
son. It appears that the pressure is much too 10~ except 
at tlLe beginning of tile suction stroke. This led to an in- 
vestigation of nonmechanical Gffects on volumetric sffi- 
cioncy. 

Examination of, tho e,qcrime,ntal indicator diagrams ro- 
vcalcd t-he rather astonishing fact that the pr-assure at the 
time of inlst closinq Crag nearly constant ovor the rang8 of 
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speeds inveskigated. In order to check this observation, 
the pressure PC 'was measured at a number of points along 
the early part of the compression stroke. From each of 
these pressures, ,an equivalent pressure at bottom center 

p', was obtained by means of the relation pCV$'ss = 
p v 1.35 where V, 
t&land 'VC 

Is the cylinder volume at bottom cen- 
is the cylinder volume at the crank angle 8 

for which PC . toas moasured. The values obtained by this 
method were consistent with each Other, indicating that 
the exponent 1 :3 s .was properly chosen for the cylinder 
contents at this-time. The average of the equivalent P, 
is plotted in figure 12. (It should be noted that the ac- 
tual pressure at bottom center is not 'P1 since' the inlet 
valve is still open and the flow is continuing after bot- 
tom center.) Results of this measurement show that P, 
is nearly 14.7 pounds per square inch and changes little 
over the speed range investigated. Further confirmation 
of this fact was found by noting.tnat the.cospression lines 
of diagrams taken at various speeds appeared to be identi- 
cal when superimposed. A serios of throe.indlcator dia- 
grams taken from a pright Cyclone engine vith inlet pipe 
r emo.ved, at 1,600, 2,000; and 2,400 r.p.m; (piston speeds 
1,830, 2,290, 2,750 feet per minute), showed a similar 
lack of variation in P,. 

The auestion immediately arises as to rrhat causes the 
volumetrfE deficiency and what makes it vary with r.p.m. 
It is clear that the cause must be either an increase in 
temperature as the air comes into the cylinder, or a re- 
duction of the partial pressure of fresh air in the cylin- 
der due to dilution with fuel or residual exhaust gas. 

Effect of Residual Gas 

Part of'the volumetric deficiency could be due to the 
effect of (1) the residual gas in the.clearance space be- 
ing at a pressure higher than atmospheric (2) the fact that 
the specific heat of the residual gas is so.XSWhat different 
from that of the fresh charge, whi,ch will result in a dif- . 
fersnt volume before and after mixing the two gases, These 
effects have been investigated (appendix III) and found to 
be negligible for the cases under consideration., 

. 
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. Effect of Fuel Evaporation 

The addition of fuel also has an effect on volumetric 
efficiency. If no fuel evaporation occurs the effect is 
negligible. Evaporation causes a decrease in partial pres- 
sure of'ai:r.and a deerease in the temperature of the mix- 
turo. The latter effect is much larger. Complete evapor- 
ation of fuel: under ,adiabatic.co.nditions and at the fuel- 
air ratio used (0.080) would cause a net volumetric defi- 
cienc.y of -0.04. (Sea reference 12.1, 

Effect of Throttling on the Temperature T, 

Assuming, for the moment, adiabatic conditions; as 
air flows through the inlet valve, the temperature will be 
reduced by expansion. The velocity it acquires during this 
process will, however, ,*be completely converted into turbu- 
lent, flow and eventually into random molecular motion. As- 
suming that the conversion of energy of turbulent flow to 
heat energy 3s 'cbmpleted immediately after entry into the 
cylinder, the t'emperature'of the entering air will be the 
same as the outsiide temperature since air may be considered 
as a perfect gas for the pressures and temperatures under 
consideration (Joule-Thomson experiment). The air which 
has entered will then follow the pressure changes which oc- 
cur in the cylinder and will eventually arrive at a temper- 
ature corresponding to isentropic compression from the en- 
tering pressure to the cylinder pressure at, say, bottom 
center, Thus; in general, each element of air will arrive 
at .a different temperature, and since the pressure at bot- 
tom center is very nearly atmospheric, the temperature of 
most of the fresh charge in the cylinder will be above at- 
mospheric. An estimate of the average temperature rise 
due to this process is possible if we take the piston work 
during the suction stroke equal to the heat energy causing 
the average rise in temperature. 

The measured mean effective pressure during the suc- 
tion stroke at 2,600 r.p-.m, is 2.5 pounds per square inch 
below atmospheric and the work done is therefore 0.465 
B.t.u, per cubic foot of inlet air. With an inlet-air den- 
sity of 0.062 pound ,p.er cubic foot, 5 percent residual 
gas, and a mean spe'cific heat of 0.24 B.t.u. per pound, 

the average temperature rise is 0.465 -. = 300 F. 
. 0.052.x 1.05 x 0.24 

Phis will account for a volunetrfc deficiency of about 
0.05. It isquestionable how much of this effect is pres- 

, 
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ent in the actual case .since a'considerable'proportion of 
the energy of flow may not have been converted into random 
energ.y when the inlet valve closes. 

Effect of seat Transfer from the Cylinder Walls 
. 

Thero remains'but'one Possible explanation for the 
observod volumetric deficiency: Thcro must be a consider- 
able transfer of heat to the charge, during the suction 
stroke, from the surfaces of the cylinder, inlct port, and 
valve. MO dataare available showing how much heat- is trans- 
ferred during f1o.w. through the port,and valve and,how much 
heat flows to the chargo in the cylinder, nor is any axpor- 
imental information.available as to how tho rate of heat 

l 

flow varies during t.he cycle.. It seams roasonnble t.o sup- 
pose that the rate. of heat flow from the inlet valve and 
valve seat to the flowing gas is comparatively large bo- 
cause of the high relatiac velocity and large tamporature 
differonce. At the boginning of the suction str,okc the, s, 
hont flow wit'hin the cylinder is undoubtedly in a direction 
from the gas to the cylinder Tall, but as fresh charge c 
comas in the temperature of the cylinder contents will be 
rapidly reduced and heat will f1ow.i.n tie opposite.direc- 
tion. 

It should be noted that the effect of heat transfer 
may vary with speed and, therefore be partly rosponsible 
for the variation in volumetric efficiency with spoed. In 
addition to the fact that the nature of flow is changing,. 
tho temperature of the surfaces of the c.ylinder walls and 
particularly the telnperaturc of the inlet valve may vary 
considerably ,with speed'.,. 

GORRECTIOX OF ANALYSIS TO ALLOif FOR TIlERXAL. EFFECTS 
I 

A2 attempt was made-to take account of the various 
thermal factors influerdng flow. In order to accomplish 
this, it was necessary to find how much volumetric defi- 

.ciency was due to effects other than a change in total 
pressure at the tine of inlet closing. This nas.rtone by 
multiplying the observed volunetric efficiency by the ob- 
served ratio 14.7.!P,. This quantity has been plotted in 
figure 12. At 2;6OG r.p.m. the pressure is responsible for 
only a small volumetric deficiency and 14.7 ov/P,, 'F. 0.78. 
Assuming that the flow of incoming air is adiabatic through 
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the valve and that immudiately thereafter the net effect 
of heat transfer, fuel evaporation, and kinetic energy 
transfer,is to raise its absolute tetiperature,thereby re- 
ducing,',its den$ity by a constant factor, 9.78, the equation 
of motion is changed only in that the'integral in equation 
(13) is divided by G,78. The solid line in figure 11 is 
the pressurs'cdmputed usfng this h,orroction. The agreement 
with tho'oxperimental rechrd is,much improved, indicating 
that the abovo'assumptfons aie'reasonable. 

Results of ,similar comput,atione made for 2,20G,and 
1,500 r;p.m, are plotted, with the esperimental records su- 
perimposed for compar.ison, in fJgures (13) and (14). The 
equivalent pressure P, obtained fromthe computed pros- 
sure at 1980 crank angle, is plotted in figure 12. The 
difference betwcon the computed and qsasursd EL is ap- 
proximately constant and'.equa'l" to 0.3 pound per square inch. 
Apparently the analysis ci?ecks.:tho variation of P, with 
speed over the range investigated, In, this connection, it 
is interesting to, note that the initial solution using no 
correction for thermal effects is approximately equfvalont 
to an increase of 28 percent in r.p,m. and indicates a con- 
siderable reduction in P, at this higher speed (approxi- 
mately 3,300 r.p.m.). .- 

Previous investigators (referoneoa 3.51 have assumed or 
concluded that the friction playstho major part in restrfct- 
ing the flow through'the valve; t'he dass 'bei'ng rola.tive'ly '. 
unimportant. In order to determine just how much the inor- 
tia does or does not affect the inlet process, the effect 
of omitting the Lzass from the for'egoing analysis has been 
tried., ,With zero mass, the, equation of motion becomes 

. de (Q/6~)‘~de 
l,- Y = z E '_ -. (14) L.7 . '. > >. ' ; ,j. P 
't-. <- 

The resulting curve of pressure. is plotted in figure 15 
with the curve from figure 11 and the experimental record. 
It is :evident:that the analysis including,mass fits the ex- 
perimental data better, although tho tmo solutions seem to 
be nearly Identical during the latter part of the stroke. 
The nature of the difforence'betwcen the curves suggests 
that an intermediato.analysis, omitting the term d@/d0 but 
retaining the term M@, might be satisfactory. 
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CONCLUSIONS ' 

The following conclusions have been 'drawn frcm the 
measurements and analysis: 

1. Pressure drop in the valve is responsible for an 
extremely small part of the volumetric deficiency on the 
cylinder tested, even at 2,380 feet per minute mean piston I 
speed. 

2. The rise in. temperature of the charge coming 
through the inlet valve and in the cylinder before inlet 
closing is responsible for a relatively large volumetric 
deficiency, 

3. It is posqible to calculate the prassu;o drop 
in the'valvc with good accuracy, 

4. The friction of the air in the valve par? is re- - 
sponsiblo for most of tho pressure drop, 

I. 

Y 
, 

Recommendations 

It is recommended that further'study on this problem 
be directed particularly toward a study of' the heat trans- 
fer process. 

It also seems advisable to continue the work to still 
higher piston speeds. (This was not possible in the pres- . 
ent investigation on account of the valve gear;“which ff- 
nally failed at 2,600 r.p.m.) The actual valve-lift curve' , 
should be observed since the valve lift when the engine is 
running at hi.gh speed may be considerably different from 
the lift measured statically at the same crank angle (ref- 
orence 13). 

Further improvement in the method of measuring pres- 
sures is desirable. 

idassachusotts Institute of Technology, 
Cambridge, Mass., June 1938. 1 
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ATFXNDIX I 

NOTATIOlC AND N'JYERICAZ DATA 
. Xotation '. . . 

A, effective inlet valve area 

C, velocity of sound, fi, - . . . 

Ov ’ volumetric efficiency 

k, stiffness of air in cylinder 

L, connecting-rod length 

m, effective mass of air in the inlet valve 

, &Jzcy 
I 

N, engine speed, r.p.m. 

P, pressure in cylinder during suction stroke 

po ' atmospheric pressure 
: 

plB equivalent pressure in cylinder at bottom center 

z 
- 

?v pressure in cylinder at 8 during compression stroke 

e = yAc/V l 

r, crank radius 

R, compression ratio 

t, time 

rc, temperature 

T i, temperature of c;:lfnder contents at bottom center 

-= , velocity cf air in tLe inlst valve 

v, volunc of cylinder during suction stroke 

VI ' volume of cylinder at bottom center 
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v 2’ clearance volume 

Vd) dfsplacement volume 

% ' volume of 'cylinder at 0 during compression stroke 

X = APo/mc 

Z = (vz /VP 

u/c f3 = 

c t 

Y, 

8, 

p, 

P 0' 

wnp 

base of natural logarithms 

,ratio of specific heats, ep k 

crank angle, degrees A.T,C. 

density of air in valve 

atmospheric density 

natural frequency of air in valve and cylinder, IJk'F 

Physical Constants 

TO = 530 OR. 

PO = 14.7 lb./sq. in. 

Y: The averago value of Y for the cylinder contents 
(air and residual gas) during the suction stroke 
has been taken as 1.3. Iior the charge at the end 
of the suction stroke 1.35 has been used. 

C = 1,130 ft./set. 
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Engine Dimensions 

aore . .'. . , . . . . . . . . ; ., . 5-3/16 inches 
'." : . I ,, , 

.I b 
Stroke . , . , . , . , . . , . i .:". 5-l/2 inches 

Crank radius ,'r ,:' ' - .,,. - . . 
Connecting rod l’ength :‘L , -1’ 1: ,* l l , 0:234 

Piston displacemeht, 'v 
,‘.. : 

d. ..' . :' lld,7 CL&. in, . ., . :, .: 
., ;. ., , , 

Comprcssipn ra,tio,'B .., ., . . . . . . . . . ,. 6.5 .- 

Inlet-valve seat,fnner diarpeter, ,: .',. . b2 inches- 
. ., 

,,I. 
Z'rom the geometry, .' ',: . 

. 
..’ I 

v ‘d R+lmcos 0+L =- 
i. 2 R-1 

* . . J 

.‘, . . 
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APPENDIX II 

ti.1.T. BALANCED-,PBESSUBE INDICATOR 

The indicator used to obtain presuure,versus crank- 
angle diagrams of the cylinder was an improved x.1.T. type 
balanced-pressure indicator (reference 14), manufactured 
by the Otico Instrument Company (figs. 16, 21). The bal, 
anced-pressure principle upon which this.indicator works 
is shown diagrammatically in figure 17. Typical light- 
and heavy-spring diagrams are shown in figures 18-20. 

Since the determination of the small pressure drop 
across the inlet valve required an accurate record of the. 
absolute pressure in the cylinder, greater precision was 
called for than had previously been accomplished. There- 
fore, considerable experi,nental work was done on ,the in- 
dicator in an attempt to increase its accuracy and doter- 
mine its range of error, 

As far as the indicator itself was concerned, it was 
found that somewhat greater accuracy could be realized 
for light-spring diagrams if the pressurepump was not in 
operation during the time that the diagram was being re- 
corded, since the pressure fluctuations from the pump were 
enough to broaden the recorded line. Therefore, the pump 
was used only to drive tha pointer to its maximum pressure 
position and was then shut off, the card being taken as the 
spark pointer returned to its atmospheric position, In 
taking heavy-spring diagrams, the width of the line is not 
increased perceptibly by the action of the pump, so that 
it is not necessary to use this lengthier procedure. 

A second source of inaccuracy in the indicator itself 
arises from the speed at which the spark pointer is allowed 
to return to its atmospheric pos,ition. The indicator pis- 
ton, spring, and oil-filled cylinder together constitute 
an overdamped vibratory system which has a definite time 
lag in following any forcod motion. The constants of this 
system were determined by a simple exporiment, aa follows: 
The indicator drum was turned at a convenient speed, and . 
the piston was moved away from its atmospheric position by 
hand, the bleed valve being open and the pump off. The 
"atmospheric" switch was then pressed and the piston re- 
leased. The "atmospheric1 switch of the Otico model (fig, 
21) produces 120 sparks per second from the spark point to 
the drum so that the position of the pointer was recorded 
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every l.2Oth of e" second., The rota.t$b,n. o:f. the drum spread 
the spark holes l~o that they could be sasfly.4denti.fied ' 
and 'their distance from .the starting.'pbsition.measured. 
A curve of displacement versus t,i.me (fig, 22) na's then 
plotted:, .fr'om which the,time constant of the* system was 
determined .(equation (3), below). . . . a. . 

. . ' I ,. 
*As, a'forcing funct5on.a constant rate of ,change of 

balancing pressure was assumed. This a.ssumption approxi- 
mates ,fairly closely the actual operating conditions, / 
where the bleed valve is opened continually wider as the 
balancing pressure decreases, From the assumed forcing 
function, the error was calculated as a function of the 
pointer speed and the spring constant. The error is 8x-' 
pressed in inches displacement, on the diagram;.from the 
position corresponding to the actual balancing pressure, 
Bigure 23 is a plot of the error against the reciprocal of 
the speed of the spark pointer, for various springs with. 
oil in the cylinder and for.the 5-pound'spring with and 
without oil, As may be seen, the removal of the oil raises 
the permissible speed considerably, in the case of light- 
spring recorddng. 

The type of pick-up unit which had previously given 
the best results is one utilizing the motion of a clamped 
diaphragm (fig, 24) to make and break tho grid circuit of 
the thyrstron. The diaphragm, stamped from spring steel 
stock two- to five -thousandths inch thick, is supported on 
eithor side by perforated steel dPsks,so that it will with- 
stand a pressure somewhat more than 1,000 pounds per squa.re 
inch. It was found.by experimenting with several different 
d-esigns that the nonadjustabIe contact-disk feature with a 
flat surface (fig: 24) makes for maximum ease of cleaning 
and reassembly without the-need of readjustment. All of 
the required clearance for'diaphragm motion is supplied in 
the front disk, wh'fch is cut down two-thousandths of aninch 
from a supporting rim at the edge. The back'disk is flat. 
Approximately sixty holes, no. 56 drill, with no:grooving, 
makes for good construction and operation without intro- 
ducing any discernible error. The possibility of error 
arises from the fact that Then the diaphragm is pressed 
against one of the disks the effective area may not be the 
same on both sides of the diaphragm. The possible effect 
of this unbalance, however; was . not noticeable iii's care- 
ful check between units svith.grooved and ungrooved disks. 
Therefore, it has been assumed negligible; . : . . - 

The chief disadvantage of the diaphragm-typepick-up 
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unit is that it is subject to a ze,ro error, i.e;, tho on- 
tire indicator diagram is shifted up,or down with,rospoct 
to,.the atmospheric line. This error arises from.tho,fact 
that the diaphragm generally has an initial pressure 
against the contact disk or against,.the front disk;.a 'cer- 
tain pressure is required on one side or the other In or- 
der to place the diaphragm in such a position that a slight 
change in pressure will make or break.contact. The pres- 
sure required to.plape.tho diaphragm,in this position is 
the zero error of the unit and is equal to the dis?laco- 
mont of, the diagramwith rssp,ect to the atmospheric line. 

In an attempt to moasurd the magnitude of the zero 
error so that corrcqtions for it could be, mado, several. 
means of calibration wore devised, Tho simplest, an appa- 
ratus for static calibration (fig, 26), gives only a rough 
measure of the error, say to within a half inch of mercury. 
The shortcoming of the method lies apparently in the fact 
that the make and break occur much more,slowly than under 
running conditions, a gradual.change of resistance causing 
an indeterminate time of spark. As a means of increasing 
the rapidity of make and break, the fluctuations of the in- 
dicator pump can be utilized as follows. The unit is at- 
tached to the indicator in the usual manner except that the 
cylinder side of the diaphragm is oxposad to atmospheric 
pressure,, #iOh the pump off and the bloed,valvo upon, 
drum is r,o.tated and the atmospheric line recorded; thlls 

t&e 

line will be in the correct position, corrosp.onding to 
e,qu.al p'rossurcs on both.sides of the unit. Then the blood 
valve is closed and the balanoing pressure slowly variod, 
until the unit interrupts the current and records an at- 
mospheric, line; this line ~111 be in an incorrect position, 
corresponding to the pressures on the tw,o sides of the 
unit differing by the zero error. Thus the difforonco in 
position between the two lines fs the zero error of the 
unit. Bacause of the prass:lro fluctuations, the width of 
the atmospheric line recorded by a wall-adjusted unit may 
be as much as 0.5 pound per square inch, but an average 
line drawn through this band was found to be in err,or by 
not more than 0.25 pound per square inch as compared with 
the reversal method of calibration. 

Since neither of tho foregoing methods simulates run- 
ning cond.it,ions very closely, it was a00mOa wise to intro- 
duce another method, namely the reversal mothod, which 
w'duld do so. 0n.e cylinder of an Indian motorcycle ongine 
was redesigned with a two-to-one compression ratio head so 
that a compl.ete indicator diagram could,be, obtained on a 

e 
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scale suf.ficiently largs to insure.'good' accuracy, No 
valves were used, the oressure level being controlled by 
the flow of air into the cylinder through a small cap‘il- 
lary tube. A critically. damped manometer, although it 
did not read the average Fressure in-,the cylinder correct- 
lY, nevertheless did serve as an excellent means of indi- 

.cating whether the avefage pressure remained constant. 

The method consis.ted of- taking.two diagrams on one 
card: one with the unit connected in the conventional man- 
ner and the other lith the unit reversed end for end, i.e., 
the back side of the diaphragm, which is usually exposed 
to balancing pressure, WAS connected to the cylinder, while 
the front side was connected to the pressure line. Thus, 
whereas in one case the zero error would raise the diagram 
with respect.to the atmospheric line, in the other case it 
yould lorrer the diagram by the same amount, The resulting 
difforonce botwesn the tat diagrams is twice the zero error, 

Since the flow of air in the unit is'restricted by a 
small tube on the indicator side of the diaphragm, whereas ..-.- 
there is no restriction cn the cylinder side (fig..24), it 
was necessary to desiga an adapter for the latter side, so 
as to make the asssmtl:- syflmotrical about the diaphragm. 
The adapter, of course, introduced considerable lag in the 
transmission of pressure v.3riation6, so that true cylinder 
conditions were no longor present at the diaphragm. The 
indicator, horover, records whatever variations are present 
at the diaphragm, and since these variations are unchanged 

. by the reversal of a symmetrical,assembly, the "foraard" 
a:ld "reverse" diagrams from the unit are congruent. The 
calibration is unaffected by tlis lag. 

In practice it was found that the tvo diagrams F;ere 
not exactly congruent dxe to the fact that the adapter did - 
not make the unit quite symmetrical. Therefore, the zero 
error was taken to be half the difference between-the avor- 
a.ze pressure lines' of the two diaryrams. A typical reversal 
calibration is shovsn in figure 27. . 

As these methods of calibration seemed to give fairly' 
consistent results among themselves, it mas decided to in- 
vestigate the effect of temperature on t?.e zero orror. The 
results of the investigation proved conclusively that the 
diaphragmdunits under consideration were unsuitable for the -- 
soasuroment of absolute pressure to a greater accuracy .than 
tffo pounds ?er square inch. The thought of accurate cali- 
bratior; Of 'this type (i.e., the clamsed-d,iaphragm type) was, 
therefore, abandoned. 
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As an alternative, the freely floating va,lve (Farn- 
boro type) unit was resorted to (fig.. 25). In order to 
obtain a clear-cut .card from this type of unit it was 
found necessarg to attach a fine,wire between the valve 
and the center torm,inal; the contact between tho valve 
stem and the necessarily loose guide was apparently poor 
enough to cause a broadening,-of the-lines of the diagram. 
Even with this wire connection, however, the reversal 
method showed no zero error, It fs reasonable to ,assume 

. that a change of temperature will not introduce a zero 
error in this type-of unit. This assumptL,on is certainly 
justified by the consistency of the results.obtained from 
this type of unit. 

Another possible source of error is introduced with 
the valve, unit, namoly,a time lag due to the inertia of 
the valve. However, no perceptible lag was found, either 
from a careful check between diagrams taken with those 
ard the diaphragm units, or from a study of the symmetry 
about tho ,top-center lino.of 'a dragram from a nonfiring 
engine. The entire diagr.am was, of course, taken on 
'flbreak" so that the tilne for the valve to cross the gap 
would not affect the recording. 

The valve unit is, then, an excellent method of deter- . 
mining absolute pressures and as such can be used. to deetcr- 
mine the variation in the zero error of a diaphragm unit 
under operating con,ditio.ne. The procedure is to supori,m- 
2oso .di.agra:ns taken. by tho two typos of units under the 
same operating conditions. T.ho true atmospheric line, de- 
termined from the diagram given by the valve unit, can 
then be drawn on the diagram from the diaphragm unit and 
the zero error measured off directly. 3y using this method 
over a range of operating conditions in the iVasp engine, it 
was found that thuzero error ,of a diaphragm unit may change 
as much as 1.0 pound per square inch with a variation in 
speed from 1,500 to 2,600 r.p.m.. A test previously run on 
8 C.F.R. engine showed an increase in diaphragm temperature 
from 425O to 500" F. as the speed was increased from 900 to 
1,800 r.p.m,; therefore, it is possible that the observed 
change in zero error is duo to tho effect of temperature. 

A comparison of.tho results of the various methods of 
calibration is s'honn in table I. From these and other 
data it is safe to dratv t'ha folloming conclusions on cali- 
bration. 

1) The static calibration - cithor hot or cold - of 
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a dfaphragmunit that has been 'Irun in" can be 
relied upon conservatively for an, accuracy 
within 5 pounds per square inch - fn most cases 
within 3 pounds per square inch. 

2) Calibration with the indfcator pump is'comparable 
to static calibration. 

3) The reversal method of calibration does not war'- 
rant the additiona. time required (i.e., not 
for routine calibration). 

4) The valve unit needs no calibration, and can 
therefore.be.'used to calibrate the diaphragm 
unit as mentioned above. 

The effect of vibrations on tho width of the recorded 
lines was studied in two ways. The C.F.R. engine with its 
heavy water-jacketed cylinder was considered substantially 
free of vibration, particularly when running at a low com- 
pression ratdo. Diagrams taken from it, then, vere as- 
sumed to be the best that could bo obtained from the par- 
ticular units which were used, In fow cases did either 
the valve or diaphragm units give lines on the light-spring 
diagram which were wider than 0.3 pound per square inch, 
except during the exhaust stroke where it is doubtful 
whether the cycle rapeats closely. The same units in the 
Wasp cylinder under the worst conditions of vibration gave 
lines sometimes as broad as 1.0 pound per square inch, but 
usually on the order of.0.7 pound par square inch. The 
valve units showed a tendency toward slightly broador 
lines than did the diaphragm type. Where lines broader 
than 1.0 pound per square inch wereaencountered, it was 
found that cleaning the unit would reduce the width to 0.7 
pound per square inch, or less, for n'ormal running condi- 
tions df the Vasp cylinder. 

The second method of testing for the effect of vibr&- 
tion consisted of recording the make or break of contact 
of the unit when placed in a blind plug mountod in the 
cylinder wall. This shielded the unit from cylinder pres- 
sure but subj.ectod it to vibration from the cylinder. 
With the engine runn'ing, the balancing pressure was slowly 
reduced' to atmospheric. When the pressure was close to 
atmospheric in the case of the valve unit or close to the 
zero-error pressuro in the case of the diaphragm unit, the 
motion of the vibrating cylinder head forced the unit away 
from the valve or diaphragm, the latter acting as seismic 
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masses. Thus contact was made orbroken and a band was 
recorded on. the diagram. These bands were'compared rrlth 
similar bands taken nith t,he units stationary. Again the 
broadening effect of the vibration was found to be on the 
order of 0.5 pound per square inch. 

.' 
The effect of vibrat.ion'on the units, then, is merely 

to broaden the Indicator lines. An average line drawn 
through the broader one is probably as accur.ato as the 
finer line from a nonvibrating engine. 

TABLE I 

IWDICATOR UXIT CALIBRATIOB 

All Pressures - Inches of Mercury 

Unit 
x0 . 

Diaphragm . static Reversal' 
thickness, 

(in.) Cold Hot . Cold 8 

Running 
(against 

'valve 
unit) 

3 0.005 13 9 10 '10.5 '1.3 
5 .002 11 11 12 12.3 9 
7 .002 .5 .4 .5 1.0 .4 
2 ,005 f1.5 - .5 ,+1.5 +1.6 -4.0 
6 ,002 5 3 2 2.5 :3 * 5 

Unit. Ko. 5, diaphragm 0.005 inch 
Calfbrated against valve unit in gasp, engine 

.Unit Ko. 

6 
6 
5 

10 
10 

3 
6 
6 

r.p.m. 

1,500 6.7 
1,800 6.25 
2,000 6.0 
.2,200 5.6 
2,400 5.5 
2,600 5.25 

,Static 

1.5 
1.7 

2.3 

5.0 

20 

Inches Eg. 

Pump ' Reversal 

1.3 
1.4 
5.8 5.9 

2.8 
.8 ’ .5 

5.0 
2.8 2.5 

20.3 20.4 
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. . . GalculatIo,n o.f Error 3ue to Pointer Speed 

The. error due to the..pointer speed may be calculated 
by-considering the response of the p0inter.to.a forcing 
function.' 

The equation of motion is 

where x 

m, 

C, 

k, 

"f ' 

. 
mii + c;c + kx = kxf (1) 

is pointer position 

effective mass of pointer, spring, etc. 

damping constant 

spring constant 

forcing function 

. . 

. 
. 

Since the system is ovsrdamped, equation (1) may be 
written in the approximate form 

. . 

. 1 1' x +-x ='Xf 
7 T (2) 

where 
T= c/k 

The time constant, T, may be determined from figure 22, 
which shows the measured response of the system upon be- 
ing released from an initial ,defloction x0. The comple- 
mentary equation representing the free motion of the sys- 
tem is 

G +-x=0 1 
7 

. solving for .1/T, 

. . . . . . ,,. . . . . 

1 l X 1 dx '-=--=-B-c-=- d In x 
7 X x dt dt (3) 

Thus l/T is simply proportional to the slope of the ’ 
straight portion--of the- response curve, figure 22. 



28 N.A.C.A. Technical Note No. 675 

With the time constant known,' 'it is possible to find 
the error due to the lag in the response of the moving 
system to the varying balance pressure which.acts as the 
driving' force,. As a closo'approxisation to operating con- 
ditions, it is assumed that the pointer moves at a constant 
speed v. The forcing function is thus 

Xf = vt (4) 

gIth this forcing function, the steady-state solution? of 
the equation of motion is 

x = V(t - T) ($1 

The correct position of the pointer, corresponding 
to the actual value of the balancrng pressure, is xf 
( i.e., the position which the pointer would have if the 
system mere purely stiffness-controlled; or, with the ac- 
tual system, the position it would have if the motion 
were infinitely slow). The recorded position is x, giv- 
en by equation (5). The error E is defined as the cor- 
rect position minus the recorded.position, 

i = XI’ - x 

From equations (4) and (5), 

E =. v T (6) 

The spring constant k , is found** from the spring 
rating K (pounds per square inch per inch), 

- 
I 
I 

I. 

k = SK (7) 

where S is the area of the indicator piston. 

*Since the time constant is of the order of 0.1 second, 
the complementary solution becomes negligible within about 
0.5 second after motion starts, 
**Or'it can be measured directly, if nocossary. 

. 
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The damping constant c (= kT) i.s presumably inde- 
pendent of the spring constant, and therefore may be de- 
termined by using any spring, knowing k and measuring 
I- as. descrfbed,above. Once thi.s has been done, the value 
of T for any other spring may readily be found from tho 
relation T = c/k by using the appropriate value of k. 

From measurements made using the &pound spring, with 
S.A.E. No, 20 oil in the indicator cylinder, the error was 
found to be 

E = 1.37 v,, 
x 

where E is in inches, v in,inches per second, and K 
in poinds per square inch per inch. A similar moasureme'nt, 
without oil, gave a result of CE = 6.11 v ' for the 5-pound 
wring, . . 

These results are plotted in figure 23. . I 

APPENDIX III 

CALCULATION OF TRE EFFECT OF RESIDUAL EXHAUST GAS 

ON VOLUMETRIC EFFICIENCY 

An estimation of the effect of residual exhaust gas 
on volumetric efficiency may be made for adiabatic condi- 
tions, that is, no heat flow to the walls of the container, 
and under the assumption that the rosidual exhaust gasos 
are isentropically compressed or expanded to the same 
pressure as the inlet gases and then mixed.' 

The following symbols will be usod: 

P 0' atmospheric pressure 

T 0' atmospheric temperature 

? 1' pressure in cylinder at end of suction stroke (bottom 
center) 

T 1' tomperature of mixture at end of suction stroke 

. 
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p6’ pressure in cylinder at end of exhaust stroke (top 
cantor) 

T 6’ temperature of residual gas at end of exhaust stroke 

Y 1’ cylinder volume at ond.of suction stroke 

V r? ' clearance volume 

X= v,/v, ' compression ratio 

na* number of mols of air in cylinder at end of suction 
stroke 

nr8 number of mols of residual gas in cylinder at end of 
suction stroke 

C a* mean molal heat capacity of air (constant pressure) 

C r' mean molal heat capacity of residual gases (constant 
pressure) 

'Y, the ratio of specific heat at constant pressure to 
specific heat at constant volume, for restdual 
gas at temperature I, 

R 0' universal gas constant 

When tho volumetric efficiency is unity, n,, the number 
of mols of air taken in will be 

PO& - v& 
xl1 = 

Ro To 

The volumetric efficiency ev is therefore 

n a % Wo) 
e, = -=- 

n1 PO (vl - "8) 

From tho gas law, 

? V = (na + nr> R, T, 
1 1 

(1) 

(2) 

(3) 
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If the residual,gas is expanded or compressed isen- 
tropically to tizo. pr~es++.q, .P, anld th,e tomperaturo T, 
and then mixed with the‘incoming c-barge, 

r .'. . . ,.... . ..a 

1 -y ,. 

rc, = Te( -Y- 
' El ' 

(4) 

, 
The temperatura'of tl&* mixture '.T1 
relation 

may "be found from t,ho 
. 

(T1 - To) C, na = (22, - T1.)' 3, n,. 

or 

To = T1 - 

From (2) and (3), . 

Combining 

na 
7 = 

nr 

. . 

'r 
(5 - Tl) c 

Pr 
n 

aa 

B I;lT6 - - 1, 
P6 Tl 

(4), (5), and (6), 

TO 

c (">y-s 

r - = 1'- - 1 16 

Tl 
n va ?6 Tl 

R-- 
F1T6 

Combining (8)'with (1) and (2); 

To 
F 1 q ,R -‘P,re ( 

p6Tl .- 
> 

e E---v 7. 

(5) 

03 

., (7) 

(8) 

- 

Y 

PO 

and substituting (7) in (8); 
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P 
1) "' 

ev = 1 (9) 
PO R-l 

It will be noted that one of the unknowns T, re- 
mains in the expression. However, Te is not altogether 
independent of T,, and. T,/T, may be considered con- 
stant without appreciable loss of precision since Tl /Tc, 
is small, q/c, - 1) is small, and the product is small 
compared to the other terms. The equation in this form 
is considerably simpler than it would be if T, were re- 
placed by its value.,in terms of To. 

Sample Comp.utations 

The ratio of the mean molal heat capacity of residual 
gas to that of air is approximately 1.1. For the tempera- 
ture range investigated Tl IT6 is approximately 0.3 and 
Y is about 1.31. Substitutfng these values in (91, 

ev = 

or, 'for the engine used (R = 6.5), 

Pl 
ev = - 

PO 

P, R - 1.1 (P6 /P1 ) 0-76 $ O.O3(P,/P,) 
-- .-_ I (10) 
PO R-1 

Cl.18 - o.20(P,/P,)"'~0 + 0.005(P,/P1) ] (11) 

In order to estimate the minimum effect of residual 
gab the following values wero determfnod from an indicator 
diagram, taken at 8,000 r,p.m., which showed a minimum val- 
uo of Pe, 

21 -= 1 
pO 

F, F6 -= - = 0.965 
PO Pl 

Substituting these values gives 

. 
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6, = 1.18 - 0.20 (0.965)"*76 + 0.005 

= 0.99 

A second set of values was determined from an indi- 
cator diagram, taken at 1,500 r.p.m., which showed a max- 
imum value of P,. 

pl -= 1 ‘6 ‘6 -= - = 1.027 
PO po p1 

The result of substitution of these values is 

% = 0.985 

It was concluded that the effect of residual gas 
could be neglected. 
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FIGURE I.-WASP JR. CYLINDER ON UNIVERSAL CRANKCASE 



, 

.._ * l._- .-. _. ,.. . ,.._-. * _- _.. 

EXiiAUST PIPE 

I 

. 

I80 cj 180” 

Bigure 2.” Indicator diegramo shoring efiect of 0xhfL pipe on cylinder pree8ure. 2200 r.p.m. 
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Figure 3.- Records of cylker preesure. 1200 to 2600 r.p.m. 
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Figure 4.- Variation of natural frequency with crank mgle. 
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tiigure 8.- Variation of Y with 6. 
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Figure 12.- Variation of PI aad e, with r.p.m. 

Fig. 12 
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Figure I&- Compvison of indicator dbgram%th calculawd prermre. (Corrected for 
14.7*/q= 0.60.) 2200 r.p.mr 
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Pigum 14.- Cmparlllon of indicrtor diagrnuiewfta calculated prereure. (Corrected ior 
14.70, /PI s 0.81.) 1500 r.p.m. 
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FIGURE 16,- M. 1.1. BALANCED PRESSURE INDICATOR 
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