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In 3ll internal combustion enginas working on a cycie in
which a combustible mixture is compressed prior to the ignition
and exppnsion strokes, the efficiency is limited to the effi-
ciency at which the maximum compression temperature is equal to
the ignition temperature of the fuel used. For the internal
combustion engines, such as are used in the automotive and air-
plane fleld the fuel is gasoline., This has a flash point at
about 600° F., depend ing on the gravity of the fuel. Compression
temperatures higher than this, cause préignition. In fact
compression temperatures approaching this 1imit sre difficult
of realization because of detonation or knocking,

It is evident on analysis that the higher is the expansion ratio
the higher will be the efficiency of any engine; for the larger
is this ratio, the more will the heat of combustion be utilized
in doing useful work. Due to mechanical reasons it is customary
in engine work tc keep the expamsion ratio practically e§m1 to
the compression ratio, so that the efficiency is limited to that
determined by the compression ratio,which is in turn limited by
the final temperature of compression,

It has been the purpose of the investigation to develop 8
msthod which has been proposed for lowering the maximum compres-
" sion temperature so that an increase in the expansion ratio could

be realized. 1In this method cooling of the charge during the
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compression q@pka is obtained by connecting the cylinder with

an auxiliéry chambar_through a valve during a portion of the
compression stroke., The pressure in the auxiliary chamber
builds up until the flow from the chamber when the connecting
valve is first openéd is equal to that forced back into the
chamber during the time the valve is open. The auxiliary cham-
ber is fitted with cooling tubes so that cooling in the cylinder
is affected by means of these gases and the lower compression
ratio during that portion of the stroke when the auxiliary valve
is open. The compression curves for the three cases of an engine
with compression ratios of 4:1, and 8:1 with and without interme-
diate cooling are illustrated in fig., 1, Plate I,

For illustrative purposes these curves are computed, agsum-
ing that the ratio of the chamber volume to the cylinder volume
is sufficiently lérge that thera will be no appreciable fluctu~
ation in pressure in the chamber during the cycle. These curves
also assume that the charge in the cylinder follows the perfect
gas laws during the compression stroke. The term "Volume Ratios"
refers to the ratio of the pressure in the cylinder at any point
during the stroke. The term "Praessure Ratios" refers to the ratio
of the pressuré in the cylinder at any point during the stroke
"~ to the initial pressure.

4s the upper limit of compression depends on the final



temperature, the ratio of the absolutd temperature of the‘charge
is shown in fig. 2, Plate I, As before the ratio of the chamber
 volume to the cylinder volume is assumed to be large so that no
appreciable pressure fluctuations occur. In addition, the
temperature of the mixture in the auxiliary chamber is assumed
to be sufficiently low that the rise in temperature of the gas
entering the cylinder neutralizes the rise in temperature of the
cylinder charge as it is compressed dby the chamber gas; Based
on these assumptions the temperature of the charge in the cylin-
der will remain constant during that part of the stroke in which
a portion of the charge is forced back into the chamber,

The losses of this cycle consist in this recompression of
the chamber gas, but this loss is actually small compared to the
total gain in efficiency.

These curves demonstrate the use of this ¢ycle in increas-
ing the compression ratio and the resulting efficiency. The
actual computations involved will be found at the end of this
discussion.

Ls has been previously mentioned, the greatest diffidulty
in the way of bringing the temperature of compression up to the
flash point of the fuel used is detonation or kmocking. The
' harmful effects caused by this difficulty can be decreased by

a smaller spark advance, The result is a drop in power below



the maximum that could be attained by means of a proper spark
adfange. |

It has long been known that exhsust g8s introduced as a
diluent into the mixture decreases the tendency to detonate. In
all the cases coming to my attention, the exhaust was cooled and
introduced at the carburetor or intake manfold, fhus replacing
a portion of the fuel mixture., This effect seems to be due to
two causes; (1) the decrease in total fuel used per stroke and;
(2) a decrease in the rate of flame propagation., The first is
obvious, as the dilution of the charge is at the expense of some
of the fuel. This results in a decrease in power for a given dis-
’ placement and compression ratio. The second is confirmed by ex-
periments made at the University of Illinois Zsperiment Stationm,
by Ricardo and other investigators.

The difficulty in this method of dilution is the loas in
power resulting from the replacement or fuel by exhaust, By the
mothod of operatioﬁ used in our cycle the dilution of ths charge
can be attained without any decreasse in the quality of fuel taken
into the cylinder; thus making three factors combine to increase
the efficiency. (1) The charge is cooled by the incoming cooled
exhaust, (2) the final temperature of compression is lowered due
. to the decrease in compression ratio during s portion of this

stroke; and,(3) the spark advance for maximum powser and efficiency



can be attained by the proper volume ratios, An average ;et of
results obtained by means of the standard head, and the high’
cqmpréssion'head using the two methods of operation are shown in
tables I, II, Ill.

These tests were made on & four cylindexn Model R, Hupmobile
engine using standard intake and exhaust valves and timing. This
engine has a 5.5 inch stroke and 3% inch bore. Comparison tests
for fuel consumption, power, and related values were made to de-
termine the timing of the chamber valves to give maximum efficlency.
Power tests were made on an electric dynamometer, in which tests,
the guantities shown 1ﬁ the table of results were measured. The
fual'consumption was determined by measuring the load on the
dynamometer scales and the number of revolutions required to con-
sume 155.6 cc of gasoline, the density of which was known. The
dynamometer torque arm was arranged so that three pounds on the
scale represented one ﬁP output af 1000 revolutions per minute.
Frictioﬁ tests wers made by motoring the engine and noting thq’load’:

on ths dynamometer.



The accompaning ‘tables show a distinct gain in power and
efficiency for the high compression cycles over the standard
.éycle. mhe mechanical difficulties, howsver, in the way of this
¢ycle are several. The large number of valves required and the
consequent increase in the number of cams and camshafts, and
the noise resulting from the shqrt duration of 1lift is probably
the worst. Two valves are nacessary in the operation of the
chamber because (1) experiment has shown that one valve doss
not give sufficient exchange at the higher speeds, probably
because of the imertia of the gas column. (2) The gas first
introduced into the cylinder at the beginning of compression
would be the last to have ieft the cylinder in the previous
cycle and consequently, the least c¢ooled.

The conclusions to be drawn from the work to date es-
tablish: : the fact that the proposed cycle does permit higher
compression ratios than are in common use for Otto Cycle en~ -
gines at present. Although the géin in effaciency obtained is
substantial, it is doubtful, at the present price of gasoline,
whether this gain is sufficient to offset the complications
involved.

Table IV shows the averages of the runs, and the percen-
tage drop in fuel consumption below the consumption of the

standard 4.55:1 engine. It is of some interest to note that



the saving in fuel for throttle 5, which 1s only part throttle,
{giving a compression pressure for the high compression engine
approximately equal to the maximum compression pressure of the
standard sngine), is consistently equal to or higher than the
saving at full throttle, as most passenger cars run at part
throttle.

The tests were hardly fair to the cycle. The valves were
operated by a loose chain-driven camshaft, giving the rather
erractic results shown. 4l1so the duration of each valve open-
ing could be varied from 60° of crankshaft rotation omly by
decreasing the clearance of the cam follower. At present the
engine is about ready to be tested using a speclally designed
head for all four cylinders, The camshaft is driven by the
same Morse Silent Chain that drives the regular intake and ex-
haust camshaft. It is also made so that the timing can be
easily and accurately changed, although the present duration
of opening is still 60° on the crankshaft. This head is expect-
ed to give bettér and more consistent results. '

It ig evident that mors must be done in determining the
periods of opening and closing of the valves, duration of
opening, and the relative valuq of the variations in the cycle.
Further work must alsoc be done to simplify the mechanical
realization of the cycle. When this 1s accomplished the

engine will have a3 chance in the commercial world,



Computations for the Temperature Curve Fig. 2

4:1 ratio - ordinary cycle,

MR
e Vo/V = 1 4/3 2 4
[ s e e 1 1.090 1.231 1.516

e | 8:1 ratio - crdinary cycle

\ Yo/¥ = & ¥/3+ 22 & 8
S /T = "3 1.090 1.231 1.516 1.866

‘ . 18:1 ratlo - chamber cycle
I | -1
Ll From Vo to V1 (T -—(EST
| - Tg ~\V

\ ' From Vi to V2 T 1is constant

|

b A |

'F T From Vp to Ve ('1;)_(\«' =
i B N 3=

but T = Tg = Tq vo \ =1 ot Vo.va =L
V1 %, P TN

For Tc to be equal to the temperature at the end of the 4:l
compression ratio

Vo.¥2\ _ Vo . .
(Vl Vc) 4, out 0= 8 ; so V1= 202

Ve V1~ Vo© Vg
Then for the second part of the compression curve

Also (Xo,V1.12)= 8 ; take Yog V1, V2 _ 2
V1'V2

T oo [¥e.¥2\" e
To VL v 2V
Vo 1 8/7 4/3 8/5 2 8/3 - 8
v
2 l 10038 10090 lolb.l. 10231 """" lc23.}. l._‘?lb
To

For these computations, the value of the exponent
n" is taken as 1l.3.
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the Compression Curve Fig. 1

For 4:1 ratio -~ crdinary cycle

2-@%“

P E\V
vi/V = 1 473 2 4 8
PfP1 = 1 1l.45 2.46 6.06 14.9

For 8:1 ratio - crdilnary cycle
vi/v =1 43 2 4 8
P/Py 3 1L 1l.45 2.46 6.06 14.9

For 8:1 ratio -~ chamber cycle

From Vo to Vi, (_}i() - (\_]-o>n
Pg " \V

From Vo %o Vg P Y. (Vo r
P v

= wt. at volume Vo when

equilibrium between the chamber and the cylinder has been

Then

Va/V

established.
PoVo _ PoVo Po o[V, In
, T2 =T Po “\V2 To
for the compression between V2 and Vg
Py (Vo.To\(V2\® . ¥o = s . Tp. Io_ Vo
Fo (V2 To)<v Vo T 4 To™ To™ L.231;3 Vo ~ 4
so P . V
—P-o 4.92(2;\])n
=1 8/7 4/3  8/5 2 8/3 4 8
= l 1019 1043 1084 i:gg - o - - - 4092 12012

P/P,

For these computations the vailue of the exponent
"n" is taken as 1.3.



Computations for Fuel Consumption

P9
"

‘Density of fuel

=
"

Total number of revolutions

[~
t

Load on dynamometer arm (sum of Brake and Resistance Loads)

Fuel consumed per HP Hr = waight of fuel used x 1000 x 60
NxL73

Weight of fuel used = 155.6xd gms = 155,6xdx0,002205 1bs.,

Fuel consumed per HP Hr., = 61,7004
1N



ey3 o3 Tenbe Arejswixoxdde s} G eT330IU3 3® panssexd uoyssexdwoo eyy

09°
g9°
11 0
wn.
18°
1e°
Gg*
eg°
6G°
- 29
.HN.E.H

18g °sqT uoysdumsuo) Teng

98°
ot°t
L4
0°1
Ll
T0°T
00°t
8L
.98°
0e°t
.Hm.g‘m

eposn euldue [:GG°Yy pIBpuUEsls OY3 JO pamssead uoisseadwmo)

26.4°0 1Tend Jo £31aBIn 07FToedg

g Tz T

0001
i e
peedg

1°g
2*g
8°¥
1°s
g°g
8°g
9°g
gv°g
9°g
L°g
*8q7T
PEOT
*s1s6y

(44
92
€2
82
og
14
62
¥e
(44
0og

owg
6oUBADY
Haedg

o091
eyl
:5 44
Le1
et
951
get
08T
431
0%l
O.WO
+dwmey,

0338y uoyssesdwo) [:gG°H €T10£D PIsPUBIS
I e1qeg

ety
2969
£66%
G099
€248
1394
9699
8£09
3eSY

e619
°gAGY

$0308

0 B B0 0 By IO B WOy

T e1330UL

gg 21
ot*s.
£0°21
S0°4
26°01
$0°9
89°9
08°11
g8°11
%2°9
*8qT
peoT

8L

91
91
St
St
4
148
12
111
91
91



*JuUIWT] eATRA PUOOES OUJ 03 sJ63ey II
*uedo 03 ©6ATBA 3813 6yl JO Julwij ey3 03 sIeyea uumioo Juiwil ey3 ur I (2)

souilue [:GG*Y paepuess oyj jo emussead uoissexdwoo uMWIXEN
ey3 09 Tenbe Atejeutxozdde sT G ©73304y3 38 sanssead uoyssexdwoo eyl (T) :©30H

g¥L® = 1ovF 30 £114ea8 o1r1oeds

621-09 II

9¢-0¢ 0s° LL® 081-06 1 0001 £°9 11 661 1029 I STl 18
62=42 (41 6L° G21-09 1II 0901 £°%% g2l 3 21 mnmn d S - Gt
0v-82 0g* GL® 091~00T I 0901 e r44 091 9496 L 2°6 18
0¢-82 gc* GL® 0G4 e*s 4 091 8049 K. | 1°¢t 1411
0g-82 = ¢€8°* LLe g21-09 11 0S4 €°9 gL a1l 61LY 4 821l ST
2€-02 eg* $8° 621-08 I (¢]*F) 8°9 0} 8 021 ovLy . L°TT q1
L2392 vo° gLe . 006 6°8 et &SI LY6S Ei 9°0T T
0g-82 13 GL* LTTI=49 11 GLb 2% (474 021 L94LS & 801 24
12 133 Ad g8°* 0eT-84 1 0G4 0°*L 81 o1t £ee9 g e’ ¥1
.mpn *IH*JH ] - *dH*dH*d b+ M R § % B4 °sq7 *Jeq .&o *saey oT130aYl *8q jep
*s80Id Ied aed a8ed *Seq poeds *gSeI3  6OUBADY sdwey, pBOT
Jequey)  *sqT uojjdumsuo) teng Sugwyy *g 180} ¥xedg 308 oxBIg
_Jdequeyy v

o10£) J1equey) YBUTITJIQ

I1 e1qseg



1A
sv*
a%*
142 Ad
A Ad
30

8¢5
4t
iy
9%

4 I
eg°

2s°
eg°*

g.
¥8°
16°
4
nm.
*IH*dH*1
84

*gq7 uorjdumsuosn eng

17/
94L°
8L’
89°
1z°
€L°

gL
Ld°
(7
17

g£8°
ge°

®L
LL*®

28"
2e°
L8°
68*
g6°
.thg.m
Iod

eyg 03 tenbe Arejswixoxdde st ¢ ©1130ay3 3t eanssexd uoisseadwoo eyl 030N

0%e¢-082 II
£01~88 I

0%e-082 II
201-89 1

02¢-162 1II
06-5% 1

092-042 11
66=9%S 1
oU QQ.:H
jsed *3eq
Jutwiy
JequBYY

*pesn euydue [:% paIepuUElS oys JO esussesd uosseadwoo

ve-vi
-9t
¥2-61
8g-%2
e-%2
12-%2

0g-81
og-61

6
g2-¢1

o
g22-31

» ee-02
0001 ae-02

9e~-02
3g-02

et £

»

"
0001 23=%1

. Ty *sq1
poeedg *SE0IJ
Aequeyd

GYL*0 = 16m3 Jo £31awa8 ofyyoeds

2*9 o8 8G61 9cgL
" v og 991 1287
4°S og o071 61VL
6°S R * 4 ast gees
“ 2 091 9069
L*S ¥2 14147 8 1489
" 6 091 9G61S
P 0ot 991 0318
g8°g AN 091 8vL9
8°g ¥e - 951 0499
“ 82 q91 30689
PA] 1e 091 0689
" 22 “ 68¥¥
T°9 9t 091 LSVY
u 2t 0S1 T10S%
a*s 9 0¥l ¥25¥
" -9t 991 1909
“ “ “ ¥609
1°*9 o2 081 ¥209
*sqT *3deq *do *gABY
PBOT eousapy dwmey
SISOy qaedg  jexoep

sneyxy £¢ Suiaeygosedng

I1I elaey

Ne e e e ¢

0 e

e

e1330ayy

z

1

148

"

a1

o

91

91

0
~E & 22

3ef



Table IV

Averages
Fuel Consumptions Per
% decrease ‘Zdecrease
Jet Tabls Throttle B.HP.Hr.below standard I.HP.Hr. below standard
16 1 F +860 «595 '
16 111 F «755 13 «525 12
18 1 5 1.20 . «63
16 111 5 0.84 30 +»525 16.,7
15 I F 775 «54
11 F «770 1.0 «50 74
II1 F +760 1.9 +515 4.7
15 I 5 1.008 : «565
111 5 0.765 24 +465 17.7
14 I F 0.77 «51 :
11 F 0.74 3.9 +435 14,7
IIT F. 0.703 8.7 «467 8.4
I B 1,010 .510
11 5 «880 12.9 «480 5.9
IIX 5 0763 24.5 o447 12.4



