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On tlw Gas-_Engine Indlcator-Dia#ram. 59 

are variable, if one drives the cone and the other the screw, 
9, ! 

for ~ 5 = ~ in which r is constant. 

We desire in conclusion to express the obligation we are 
under to Mr. Hilger for the admirable skill and patient 
intelligence with which he has successfully carried out our 
idea. 

VI. T/~e Gas-Enfflne Indicator-Diayam. By Professors 
W. E. AYttToz~ ff.R.S., and JoHN PE~ttYj ~L~.* 

[Plate IlL] 

T HE members of this Society are probably aware that gas- 
engines are now largely in use, and that their use is still 

extending rapidly. There can be no doubt that gas-engines 
would be largely used, even if they were wasteful of ihel, on 
account of their being always ready to start or stop, and their 
requiring so little at tention;  but it is gradually becoming 
clearer that even small specimens of this kind of engine, whose 
history is merely beginning, are in actu,1 fact, less wasteful of 
fuel than the largest and most careflflly constructed steam- 
engines. I t  is, for example, a demonstrated fact that, with a 
Dowson's generator not larger than the boiler used in the 
corresponding steam-engine, an Otto engine uses only 1"1 lb. 
of coal per indicated horse-power per hour. I t  is therefore 
not um'easonable to suppose that gas-engines will soon be 
employed even in the propulsion of ships. 

The rapid growth of this new application of science renders 
it necessary that help should be given to practical men to 
enable them to use such observations as they are constantly 
making. This paper is intended to teach such men a met]wd 
of obtaining information from the indicator-diagram of a gas- 
engine. 

2. "J?l~e Action in tl~e Otto Gas-E~qine.~This large model 
which we exhibit has been constructed in the workshop of the 
~insbury College, to enable students to follow the motions of 
different parts of the gas-~ngine. I t  will be seen that when 
the piston is at the end of its stroke, only what we call the 
clearance-space behind it is filled with fluid. This fluid is a 
mixture of carbonic acid, water-vapour, and nitrogen, whoso 
temperature is about 410 ° C.t, if there was an immediately 

Communicated by the Physical Society. Read April 26, 1884. 
t In oar own observations at Finsbury we have not used any specla]]y 

contrived appar~tus, as our investigations were re.~lly for the purpose of 
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60 Professors Ayrton and Perry on t/re 

previous explosion. The temperature of the clearance-space 
fluid may be anything between 410 ° C. and the temperature 
of the atmosphere, depending oll how recently an explosion 
has taken place. As the piston moves forward it draws into 
the space a mixture of gas and air. At the end of the for- 
ward stroke the pressure of the mixed fluid is nearly that of 
the atmosphere; in the hack stroke the fluid is compressed. 
At the beginning of the next forward stroke the fluid is 
ignited, and rapid development of heat results~ causing grea~ 
increase in pressure, the pressure gradually dilninishing until, 
just before the end of the forward stroke, the fluid is allowed 
to escape. In the next back stroke the piston drives the fluid 
out of the cylinder with the exception of what remains in the 
clearanee~ and thus completes a cycle of operations. In fig. 1 
(P1. ]II . )  indicator-diagrams show the nature of ~he alterations 
in pressure and volmne going on during the compression 
and working parts of the cycle; distances measured from O L 
representing pressure in pounds per square inch from vacuum, 
and distances measured fi'om O P representing volume of 
the fluid, the unit of volume being the volume described by 
the piston mo'ving through one ibot of the length of the 
cylinder. 

Four different diagrams are given whose compression parts 
practically coincide, the differences in their ignition parts being 
due to differences in the amounts of gas supplied. We have 
not thought ig necessary to give a complete diagram in which 
the dismission and suction parts of the cycle should be repre- 
sented. 

The shape of the diagram is materially modified by the 
recentness of the last explosion, as this affects the temperature 
of the fluid before compression, and so modifies the actual 
amount of the mixture of gas and air entering the cylinder. 
To a less degree the shape of the diagram is affected in the 
discharge part of the cycle by the recentness of an explosion, 
as a recent explosion will have given the exhaust passages a 
higher temperature. 

3. Tl~e _Nature of the l/Vorking Flu id . - -For  the purpose of 
showing the nature of the working fluid we have constructed 
Table 1. I t  will be seen from this that a mixture of 6"760 

enabling students to illustrate for themselves a course of lectures delivered 
by one of us on the G~s-engine. Hence we have taken the temperatur~ 
of 410 ° C. as the exhaust temperature, instead of 300 ° C. given by our 
own measurements with the Siemens pyrometer. A correction of this 
temperature would perhaps lessen the numbsr 1'57 W and increase 0"37 W, 
given in § 9. 
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Gas-Engine 5~dlcator-Diagram. 61 

cubic feet of air and coal-gas becomes, after complete combus- 
~ion~ 6"4977 cubic feet of carbonic acid, water-vapour~ and 
niwogeu, reduced to the same pressure and temperature with- 
out condensation of the water-vapour. :Now as there is always 
an excess of air, and as the mixture before combustion has 
added to it nearly six cubic feet of the products of previous 
combustions, we have something like 13'3 cubic i~et before 
combustion becoming 13"0377 cubic feet after combustion, at 
equivalent pressures and temperatures. The contraction is 
only about, 2 per cent. We therefore conclude that we may 
regard the fluid in a gas-engine as a fluid which, however it 
may receive heat~ obeys approximately the characteristic law~ 

pv 
~- constant 

(where p is pressure, v volume, and T the absolute ~empera- 
ture), in so thr as mechanical actions are concerned. That is, 
we may speak of it as a perfect gas, which receives heat from 
without, neglecting the thet that it is its own molecular energy 
which appears as heat. It  is also approximately true that the 
ratio of the specific heats of the fluid is unchanged by com- 
bustion taking place. 

In Table lI .  we give a similar comparison for Dowson 
gas : --  

2"1325 cubic feet of combustible mixture become 1"9143 
cubic feet ; 

or, taking into account the clearance-space and its products of 
past combustions, we have~ say~ 

4 cubic feet becoming 3"7818 cubic feet ; 

or contracting by nearly 5-} per cent. of its volmne. 
In Tables i i I .  and I~ r. we calculate the specific heat of a 

mixture of l cubic foot of coal-gas, 5"76 cubic feet of air, and 
4"5 cubic feet of products of a previous combustion, before 
and after combustion takes place. The Centigrade scale of 
temperature is employed. 

In Tables V. and VI. similar calculations are made for the 
usual mixture of Do~ sou gas with air and products of previous 
combustion. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
5:

51
 2

4 
Ju

ne
 2

01
6 



M
ar

sh
- 

ga
s,

 
O

R
,. 

hr
bo

ni
c 

ox
id

e,
 

G
O

. 
T

o
td

. 
H

yd
ro

ge
n,

 
1 3%

 

38
14

6 
or

 5
30

,2
30

 f
oo

t-
po

un
ds

. 

-
-
-
-
-
-
-
 

C
~

ib
ic

 fe
et

 i
n

 o
ne

 c
ub

ic
 

fo
ot

. o
f 

ga
s 

...
...

...
...

...
 

H
ea

t 
ev

oh
ed

 p
er

 
cu

bi
c 

fo
ot

 o
f 

ea
rh

 
...

...
...

...
 

A
ea

t 
ev

o
lr

d
 

by
 

gi
ve

n 
am

ou
nt

 o
f 

ea
ch

 .
...

...
.. 

O
xy

ge
n 

re
qu

ir
ed

 b
y 

on
e 

...
...

 
cu

bi
c 

fo
nt

 o
f 

ea
ch

 
P

ro
dn

ct
 

of
 

co
m

bu
st

io
n ... 

pe
r 

cu
bi

o 
fo

ot
 o

f 
ea

ch
 

O
xy

ge
n 

re
qu

ir
ed

 b
y 

gi
ve

n 
...

...
...

 
am

ou
nt

 o
f 

ea
ch

 

[f
t.

 o
f 

ga
s 

1.
20

96
 c

ub
. f

t.
 o

f 
op

yg
en

 p
er

 c
ub

 
a- 

5,
76

0 
a

ir
 
,, 

,, 
+
, 

1.
84

78
 +'.

J-5
:99

 
of

 n
it

ro
ge

n,
 o

r 
6.

49
77

. 

} 
0

.
4

~
0

 

)1
9

l.
l2

 

) 
87

.9
2 

] 
o5
 

} 
.,, 

} 
0.

23
m

 

T
A

B
L

E
 11

.-D
ow

eo
n 

G
as

. 

V
ol

nm
e 

of
 

pm
du

ct
 

O! 
j 

m
60

 
co

m
bn

st
io

n 
...

...
...

...
...

 

T
et

rg
le

ne
, 

N
on

co
m

 
C

, 
H

,. 
bo

st
ib

le
. 

-
 

C
ii

bi
c 

fe
et

 i
n 

on
e 

cu
bi

c 
fo

ot
 o

f 
pa

s 
...

...
...

...
...

 
H

ea
t 

e
d

v
e

d
 p

er
 

cu
bi

c(
} 1

91
.1

2 
/L

90
02

 
11

82
.6 

/9320
5 

fn
o
t.
 of

 e
ac

h .
...

...
...

...
.. 

8S
90

, o
r 

12
36

06
.1

 fo
ot

-p
ou

nd
s.

 
.
.
.
.
.
.
 

H
ea

t 
ev

ol
ve

d 
by

 
gi

ve
n 

am
ou

nt
 o

f 
ea

ch
 .

...
...

.. 
O

xy
ge

n 
re

qo
ir

ec
l b

y 
gi

ve
n 

...
...

...
 

am
ou

nt
 o

f 
ea

ch
 

V
ol

um
e 

of
 

pr
od

uc
t 

of
 

...
...

...
...

...
 

co
m

b
u

st
io

n
 

0,
23

78
 c

ub
. f

t.
 o

f 
oT

gg
en

 p
er

 c
ub

. f
t.

 o
f 

ga
s,

 o
r 

1.
13

%
 

,, 
al

l. 
.4

64
1+

.4
&

8 
of

 N
 i

n 
ga

s 
<

.0
65

<
of

 
~

6
,

 
in

 g
as

 
t.

8
9

4
7

 o
f 

N
 i

n
 a

ir
 iu

tr
od

uc
ed

 =
1.

91
43

. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
5:

51
 2

4 
Ju

ne
 2

01
6 



Gas-Engine Indicator-Diagram. 
TABL~ III.~Coal-Gas before Combustion. 

63 

Conetltuent.  

Hydrogen  . . . . . . . . .  
Carbon monoxide 
Marsh-gas  . . . . . . . . .  
Oleflant gas . . . . . .  
Ni t rogen . . . . . . . . . .  
Wa te r -vapour  ... 

A m o u n t  
in fluid. 

Cubic feet. 
~. Op. 

0'46 
0"075 
0"3950 
0"0380 
0'0050 
0"0200 

Air . . . . . . . . . . . . . . . . . .  5"76 
Products  . . . . . . . . .  4 '5 

Tota l  . . . . . . . . . . . .  11"253 '  

Specific 
hea t  a t  

constant  
pressure 
pe r  uni t  
volume. 

Cp. 

~359 
~37 
3277 
H06 
.)37 
t984 
.)374 
,)581 

Specific 
hea t  at  

eons tan  
~'ohllne 

per  tin" 
volum 

Cv. 

• 99 × i1 

• 54 ,i 
• 03 ,: 

86 :' 
1o4 :: 

'1085 
"0178 
'1294 
"0156 
"0012 
'00(~0 

1 '3680 
l '1614  

2"8079 

~Cv. 

• 4554 X "168 
• 0750 ,, 
• 6082 ,, 
'0771 ,, 
• 0050 ,, 
• 0272 ,, 

5 7 6 0  ,, 
5'058 ,, 

12'066 ×.168 
or 2 '027 

Or  Cp=0"2496,  C0=0"1802.  :Ratio . . . . . . . . .  1":385. 

TABLE IV.--Coal-Gas after Combustion. 

Cubic feet. 
q. 

W a t e r - v a p o u r  ... 1 '3714 
Carbon dioxide ... 0"5714 
Nitrogen . . . . . . . . .  4"5554 

Tota l  . . . . . . . . . . . . . . . . . .  

Or  C 

~)98-t 
3307 
.)370 

1-55 ,, } '1889 
1 ,, 1'0790 

--Z.  

qCv. 

1 8 6 5  × ' 1 6 8  
"8855 ,, 

4"5554 ,, 

7 '3059 × ' 1 6 8  
or  1'227 

= 0 . 2 5 8 1 ,  C,  =0 .1889 .  Rat io  . . . . . .  1.367. 

TABLE V.--Dowson Gas before Combustion. 

i Cubic feet. 
g. Cp. 

:Hydrogen . . . . . . . .  i 
Carbon m onoxide.I 
Marsh-gas . . . . . . . . .  
Olefiant gas 
Nitrogen 
Carbon dioxide ... 
Air . . . . . . . . . . . . . . . . . .  
Products  

Total  . . . .  

'1873 
"2507 
"0031 
"0031 
"4898 
"0657 

1"1325 
2 

4 '1322 

'2359 
"237 
"3277 
"4106 
'237 
"3307 
~ 3 7 4  
"2594 

C, .  

"99 × '168 
1 ,, 
l'54 ,, 
2 '03 ,, 
1 ,, 
1"55 ,, 
1 
1"1323 ,, 

9%, 

"0442 
"0594 
"00!0 
"0013 
'1161 
'0217 
'2989 
"5188 

1 '08 i4  

"2496 

• 1854×  "168 
• 2507 ,, 
• 0048 ,, 
• 0063 ,, 
• 4898 ,, 
'1018 , 

1"1325 ,, 
2 2 6 4 6  ,, 

4'4359 × "168 

1'0735 × "168 
or '1803 

Rat io  . . . . . . . . . . . . . . .  1'385. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
5:

51
 2

4 
Ju

ne
 2

01
6 



6~ Professors Ayr~on and Perry  on t]te 

TABLE VI . - -Dowson Gas after Combustion. 

~o 

Water-vapour ... 0"2019 
Carbon dioxide...  0'3279 
~'i~rogen 1"3845 

Total ............ 1"9143 

. 

'29~4 
'3307 
"2370 

C~. 

1'36X'16S 
1"55 ,, 

qCP. 

'0602 
"1084 
"3281 
"4967 

"2594 

~C,. 

"2746 X "168 
• 5083 ,, 

1"3845 ,, 
2"1674 ,, 

i'1323 × "168 
or "1902 

Ratio 1"3637. 

The specific heats ~qere given are those of the constituents 
in the cold state. Seeing~ however, that there is no great 
change due to combustion, we may for many practical pur- 
poses assume that the specific ]]eats remain the same at all 
tempel~tures. We have less right when using Dowson gas 
than when using coal-gas to make our assumption, which is 
that the fluid in the gas-engine~ from the beginning of its 
compression until it is allowed to escape, behaves like a perfect 
gas, receiving heat from an outside source. 

4. S tudj  of tlw S]~apes of tl~e Compression and Exdvanslon 
29a~'ts of t/~e J)iclg~°am.--The first problem which comes before 
us is the determination of' the shape of the indicator diagram. 
For  the sake o¢ illustration we mean to investigate the series 
of diagrams shown in fig. 1, diagrams taken from a 6-horse 
power Otto engine at the Finsbury College, using coal-gas. 
I t  will be observed that, although the ignition paris of' the 
s,arious diagrams differ greatly, on account of differences in t]~e 
a~ounts of.qc~s s,qoplled, the curves agree in their compression 
and expansion parts. ] t  is known to us that the clearance- 
space is 0"4 of the whole space occupied by fluid when the 
piston is fully at the end of its stroke. I f  X is the distance ia 
feet passed through by the piston from the end of its strok% 
the stroke beitlg 1½ foot~ the clearance is 0"889 foot~ and 
X+0"889, or 1 feet expresses the volume of the fluid at 
any instant. 1Vieasnrements of 1 and 29 were made on the 
expansion-curves of the indicator-diagrams~ and tabulated 
with log 1 and log 2. 

We are making arrangements for measuring the clearance- 
space with accuracy. The above assmnption is made from 
statements of the manufacturers, and may possil)ly be slightly 
in error, Such an error is of but small importance to ns at 
present~ as our objec~ is to teach a method of study rather 
than to give results of the use of the method. 
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Gas-Engine Tndieatoe-Diagram. 65 

If  we assume the law of the expansion-curve to be 

pl  ~ constant, 

we have loglo+qnlogl=]s ; so that when we plot logp and 
log 1 on squared paper as coordinates of points, these points 
ought to lie in a straight line if our assumption is correct. 
Fig. 2 (P1. III .)  shows how the points determined by the mea- 
sured numbers lie ; and it is obvious that they lie very nearly 
in a straight line. Taking the straight line which l~es most 
evenly among them~ we find that it is defined by 

log/=0"313~ when logl)=1"7~ 

log l=0"0425, when loglo=2"l. 
Hence 

1"7 + 0"313 m=/s, 

2"1 +0"0425 m = L  
Hence 

Now 
m=1"479 and k=2"1629. 

log 145"5=2"1629. 

Hence the law of expansion is 

pl' 4  =i45.5 . . . . . . . .  (1) 

In the same way we find that the law of the compression- 
curve is 

pl'3°4--39"36 . . . . . . . .  (2) 

It is obvious that the expansion-curve (1) is steeper than the 
adiabati% if we assume that the ratio of specific heats of the  
fluid is 1"37, as the equation of the adiabatic curve is 

io11"~7 = constant. 

Again~ the compression-curve (2) has less slope than the 
adiabatic. 

5. Influence of Vibrations of t]w tndicator-spring.--W e wish 
to point out that it is exceedingly neeessary~ in obtaining the 
law of expansion, to take many points in the curve, and, either 
by using the algebraic method or by the use of squared paper, 
to determine the most probable values of the constants. 
Engineers are constantly in the habit of determining these 
constants t¥om measurements of the coordinates of two points 
only in the curve, forgetting that the position of either point 
may be much influenced by the vibrations of the spring of 
the indicator. The sinuous shape of the expansion-curve is 

.Phil. Mat. S. 5. Vol. 18. No. 110. July 1884. F 
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66 Professors Ayrton and Perry on t]~e 

specially noticeable in the early part of the expansion-curves 
of gas-engine diagrams. 

It is further to be remarked that the vibration of the indi- 
cator-spring is very visible in the expansion part~ because we 
have every reason to believe that the expansion part ought to 
have no sinuosities ; bat it is our belief that this ~ ibratlon has 
its effect on the explosion part of the curve as well, and that 
it is of the utmost importance to find some means of elimina- 
tin.g the effects produced by these vibrations of the indicator- 
spring. 

In our communication to the Journal of the Society of 
Telegraph Engineers~ p. 391, vol. v. (1876), we showed how 
to eliminate such vibrations in any case where the effect to be 
measured followed a regular law of increase or diminution, as 
in the case of the expansion part of this indicator-diagram. 
We have not yet sufficient information to enable us to employ 
this method on the explosion part. 

The rule which we arrived at is as follows :--Draw two 
cnrves~ A and B~ through the highest and lowest points of the 
wavy curve which represents the actual observations : draw 
ordinates : the points of bisection of the parts of the ordinates 
intercepted between A and B lie on the correct curve. 

6. )t~,rnpirical Formula for  the whole J)iagram.--Now, inas- 
much as the compression and expansion parts of all the curves 
follow the same laws, it would seem to be important to obtain 
one general formula for all the diagrams with one or more 
variable parameters. We have found that when we produce 
the expansion-curve (using formula 1), as shown at B M(fig. 1), 
and when we divide the pressure Q R at any part of the stroke 
by the corresponding ordinate L R of the expansion-curve, 
doing this for mary parts of the strok% ~e get the ordinate of 
an interesting curve. We have done this for the four dia- 
grams of i]g. 1, and obtain the four curves A Q B D, A E C D, 
A F D, A G t t  of fig. 3. From a study of these curves, which 
are nearly formed of straight lines, it will be found that the 
igni';ion and expansion parts of any diagram satisfy approxi- 
mately the law 

The smaller the value of s the more nearly do the curves of 
fig. 3 approach straight lines. In our present case X-~ l-- 0"889~ 
~=0'6843~ K=0"3637; s-~0"0087, and n has different values 
for the four diagrams. These constant~ are evidently easily 
calculated from any diagrams. For the curve shown as 
A B C D in fig. 1 (P1. III .)  the value ofn is 2"2876. Using this 
value and calculating 2 for the following values of l, we have 
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Gas-Engine Indicator-Diagramo 

TABLe: VII. 

67 

~0 

'061 

"111 

"170 

"211 

'311 

"511 

"711 

"911 

1"111 

"950 

1"000 

1'059 

1"100 

1 "200 

1"400 

1 "600 

1"800 

2'000 

Observed. 

45 

86 

108 

123 

126 

111 

88 

72 

60 

52 

I Expansion- 
Calculated. curve 

~. 'eMculat,ed. 
2). 

45 ~ 173 

83 157 

108 146 

124 134 

125 126 

111 111 

88 89 

73 73 

61 al  

52 52 

The differences between the observed and calculated values 
oft) are within the limits of errors of observation therefore. 
It may be that there is a discontinuity in the ignition-curve 
at ?~='061 for a mixture of gas and air; but no discontinuity 
shows itself in the indicator-diagram in a sufficiend¥ marked 
manner to be distinguished from vibrations due to the spring 
of the indicator. 

As we have already stated, the recentness of the last explo- 
sion affects the temperature of the mixture of gas and air, 
and therefore the mass of the mixture. Hence we often find 
that the expansion parts of successive indicator-diagrams do 
not coincide. The law 

p = M + + sI ,  

where ~ ,  ~, and n are constants, satisfies all the diagrams. 
n is a constant whose value depends on the point in the 

stroke at which the maximum pressure occurs ; and this, 
for a given speed of engine, depends principally on the 
proportion of gas to air in the mixture ; 

3[ is a constant which depends on the recentness of the last 
explosion. 

7. Sim2le Fo~'mulc~ for the Ignition and Expansion parts of 
the Diagram.--The complete formula (3) assumes no want of 
continuity in proceeding from the ignition to the expansion 
part of the diagram. For the sake of ease in practical calcu- 
lations we may, however, assume that the ignition- and expan- 
sion-curves are quite discontinuous, employing some method 
of indicating continuity when results are 'plotted on squared 
paper. In this case we assume that the lines of fig. 3 are 

F 2  
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68 Professors Ayrton and Perry on the 

quite straight, so that 
the ignition part of curve is (a + 5~)~l -~, (4) 

the expansion part of curve is ~l -~  . . . . .  (5) 
In our diagrams, 

/¢---145"5, m--1"479 ; 

Also a-=0"257. 
In curve A B C D, 5=4'372;  

,, A E  D~ b=1"457; 
, A F D ,  b=0"782; 
, A G H, b---- 0"313. 

To use formula (4) in any given case. Find by the method 
already given in § 4 the constants of equation (5) to the ex- 
pansion part. Assume that the ignition is complete when 
X----X1. Let the pressure at the beginning of the stroke be to0 ; 
calculate the value of ~l -~ when X=0,  that is, when/=clear -  
ance or 10~ say; then 

po-- alo -m is a, 
and 

a + b X l = l ;  

so that 1 --a 
Xl 

l_PO 
or a = ~ l  o and b = -  X---~-- 

8. The Rate at which the _Fluid receives Heat as calculated 
fron~ its Volume and Pressure.---We shall now proceed to cal- 
culate the heat received by the fluid. This we shall do as if, 
instead of there being combustion going on among the par- 
tides of the fluid, we bad the fluid a perfect gas receiving 
heat fi'om a great nmnber of little furnaces, or pieces of hot 
wire immersed in the fluid. Besides the heat here considered 
we have the heat radiated to the cold cylinder. 

If  A is the area of the piston in square inches, p the pressure 
of the fluid in pounds per square ineh~ and I the distance 
moved through by piston in feet~ the work done by the fluid 
on the piston in an element of length dl is 

Ap dl foot-pounds. 

I~ is evident that if we represent the heat which is received 
by the fluid in the length dl by 

Aq dl foobpounds~ 
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Gas-Engine Indicator-Diagram. 69 

we may regard q as the rate (per foot-travel of the piston) at 
which heatis received by the flaid, just in the same sense as 29 
the pressure is the rate at which work is done by the fluid ; 
and a comparison of q and io shows at once the comparison 
between the rates at which heat is being received and work is 
being done. 

Now, since we consider the fluid to behave like a perfect 
gas, we know from thermodynamics that 

1 [ .dp\ 
. . , ( 6 )  

where ~/=1"37 (see §§ 3 and 4) ; and it is obvious that the 
relation of p to ¢ is net altered in any way by altering the 
scale to which 1 or _p is represented in the indicator-diagram. 

We have taken three methods of drawing the curve whose 
ordinate is y. In the first method a list of the values ef 
p was made out from careful measurements of the curve 
A B C D  (fig. 1), for values of l~ 0"889, 0"9, 0"911, 0"922, 
0"933, 0'944~ &e. The observed increment of 29 divided by 

the increment of l was taken to represent the value of ~ for 

the mean value of 1. In this laborious way q was obtained 
for many values of l~ and the curve E 1~ G H (fig. 4) repre- 
sents our result. It is obvious that the rate at which the 
fluid receives heat is greatest at the very beginning of the 
stroke, falling off during the ignition period, much more 
rapidly at the end of the ignition period ; and in G H we see 
that t~he fluid is losing heat during what we call the ex- 
pansion part of the stroke. In the same figure the actual 
indicator-diagram is shown in ik B C D, the pressure being 
shown to the same scale as the ordinate of the heat-diagram. 

The area between E F G H, the line O~ and any two ordi- 
nates, shows in foot-pounds the heat given to the fluid between 
the two positions, to the same scale as that to which the area 
ef the indicator-diagram represents work done. 

Another method which we have taken is this. To find q 
corresponding to a point S (fig. 5) on the indicator-curve. 
Draw a tangent S 1% to the indicator-curve, meeting the line 
OPin1%. O P a n d O L a r e t h e l i n e s O P a n d O L o f f i g .  1. 
Draw from 1% a line R Q parallel to O L, meeting the ordinate 
from S in the point Q. Then the distance S Q~ or rather 
T S -  TQ, represents 

Neasuring S Q, therefore~ paying attention to the tact that it 
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70 Professors Ayrton and Perry on the 

may be negative or positive, adding to it ~/ times S T and 
dividing by ,/--1, we obtain the ordinate q of the heat-curve. 

Another method is to calculate q as given in (6), by actual 
differentiation ofp as given in (3). We have employed this 
method, and believe that our result, in which the early par~ 
of the curve E F (fig. 4) is less steep than there shown, is 
probably more nearly true than wha~ is given in fig. 4. We 
do not put our result forward at present because there may be 
a discontinuity in the explosion par~ of the curve, as Table VII.  
shows that at X=:'061 the empirical formula does not give the 
observed pressure; and until we know how to eliminate vibra- 
tional effects of the indicator-spring, we have preferred only 
to publish the curve E F G H which has been obtained from 
the actual diagram, the expansion part only having been cor- 
rected for vibrations. As we know that the expansion part 
follows a law 

/~0 ~/el--m, 
it is obvious that  

q---- ~ : ] - p ,  

being proportional to the pressure. Now, comparing this 
result with the part G H (fig. 4), we see that G H is not quite 
correct, although determined from most carefill measurements 
of the indicator-diagram. We see here an illustration of the 
great importance of obtaining a formula such as that given in 
(3) for the shape of the indicator-diagram. 

9. Total IIeat and Work of One Cycle.--The integral of q . dl 
multiplied by the area A of the piston in square inches gives 
the total heat received by the fluid during any part of the 
stroke, and is evidently 

Taking from the diagram 

p1=44"5~ 11= "889, 

io2 = 49"0, l~= 2"089, 

so that l~-- 11-1"2 foot (l~ corresponds to the part of the stroke 
at which the exhaust-valve opens), it is evident that 

d l  = 169"5  + . dZ . . . . .  

Or if qm is the mean value of q during this portion of the 
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Gas-Engine Indicator-Diag,'am. 71 
stroke, and if pm is the mean value of p, then 

1"2 q~= 169"5 + l'2pm, 
o r  

q~= 141"25 +pro. 

We find from the diagram that p~=94"5, so that q~=235"75. 
Now 1"2 Aq~ is H, the total heat given to the fluid to alter 

its volume and pressure until the exhaust-valve opens ; 
1"333 A × 61"52 is the indicated work W of the cycle, as 

calculated from the total indicator-diagram, including 
the dismission and suction parts not shown in fig. 1. 

Hence H= 1"2 x 235"75 W 
1"333 x 6-]~-2 , or 3"45 W. 

As we know that combustion, about the period of opening 
of the exhaust-valve, is just sufficient to supply the loss by 
radiation to the cylinder without having much effect on the 
volume and pressure of the fluid, we can assume that any 
combustion after that time produces heat which is radiated to 
the cylinder. We are told that there is no combustion in the 
exhaust. For the small amount of combustion after the 
exhaust-valve opens we do not see our way at present to the 
basis of any but the very roughest assuml~tion , and we think 
that attention ought to be paid to this matter in future inves- 
tigations. What complicates the question is the fact that the 
mass of the fluid which radiates heat to the cylinder rapidly 
gets less after the exhaust-valve opens. To obtain a first 
approximation, we may assume that the heat of combustion 
after the exhaust-vaNe opens is equal to the work done in the 
forward stroke after that time--that is, 0"14 W. 

The heat retained by the fluid is 141"25 x A x 1"2, or 1"94W. 
The gases in the exhaust-pipe close to the cylinder are 

known to have a temperature not much greater than 400 ° C. 
Hitherto it has been customary to calculate the amount of 
heat carried off by the gases through the exhaust-pipe from 
the heat-capaeit~ multiplied by the difference of temperature 
fi'om that of the atmosphere. It must be remembered, how- 
ever, that the total heat of combustion of coal-gas contains the 
latent heat of the steam produced, and that the exhaust gases 
carry off this heat. Hence the amount of about 0"95 W, de- 
ducible from the experiments of Messrs. Brooks and Steward, 
must be increased by two thirds of itself, giving 1"57 W as the 
energy carried off by the gases in the exhaust-pipe. 

Hence (1"9~--1"57) W, or 0"37 W, is the amount of energy 
which is lost by the fluid fi'om the opening of the exhaust- 
vane until the fluid is passing along the exhaust-pipe outside 
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79 Professors Ayrton and Perry  on the 

the cylinder. This is largely expended in heating the cylinder 
itself, in friction at bends in the exhaust-valve, &c. ; so that it 
disappears as radiated heat, and as heat given to the water- 
jacket  during the remaining parts of the cycle. Now we may  
safely take it that the expenditure of gas is about 22 cubic 
feet per hour per indicated horse-power; so that, using the 
heat of  combustion calculated in Table I ,  the ~otal energy of 
combustion of the gas used is 5"91 W ; and we are now in a 
position to make the following table. Of the 5"91 W, the 
total energy of combustion of a charge, we h a v e : -  

l"38 W. Work  of forward working-stroke till exhaust- 
valve opens. 

0"14 W. W o r k  of forward working-stroke after exhaust- 
valve opens. 

"2"31 W. Heat  given to the cylinder during forward work- 
ing stroke by  radiation before exhaust-vaNe 
opens ~. 

0"14 W. Heat  of combustion after exhaust-valve opens 
and which is radiated to the cylinder. 

1'57 W.  Hea t  carried off by gases in exhaust-pipe. 
0"37 W. Given ~o the cylinder as heat after the exhaust- 

valve opens, part ly by  friction at the exhaust- 
valve, part ly during the succeeding three fourths 
or non-working parts of the cycle. 

I t  is found by  experiment that the water from the water- 
jacket  carries off somewhat more than 50 per cent. of the total 
heat of eombustion~ or 2"96 W ;  but it is almost impossible to 
make this measurement accurately for one cycle. I t  is some- 
times as much as 62 per cent. and sometimes as little as 35 
per cent. W e  have not employed such a measurement  here, 
part ly for this reason, and part ly on account of the rate of loss 
during three fourths of the cycle being indeterminate. Again~ 
the cylinder loses heat by radiation as well as by the water- 
jacket;  so that, even if we could assmne that such a nmnber  as 

* It  may be well to state here that we do not know with certainty the 
amount of gas used per indicated horse-power when the particular diagram 
which we are discussing was being taken~ nor are we quite sure that 
Mr. Clerk is righ~ in saying that the exhaust-gases show complete 
combustion when the engine is working to its full pog'er. Our 
arrangements for determining this latter point are now nearly complete. 
We consider that there was no possibility of the expenditure havino' been 
less than 20 cubic feet per hour per indicated horse--power when oul' dia- 
gram was taken ; and if we take 24 as a higher limit, and assume with 
Mr. Clerk that combustion is complete in the exhanst-pipe~ we find the 
amount of heat gi~-en to the cylinder duril~g the forward-working stroke 
by radiation before the exhaust-valve opens could not have been less than 
1"77 W,  the higher limit giving 2"85 W. 
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Gas-Engine f ndicator-Diwram. 73 

50 per cent. is correct~ we are still not in a position to state 
the total loss of heat from the cylinder. 

It is to be remembered that W is the indicated work. The 
useful work of a gas-engin% given out by the crank-shaft~ is 
about 0"8 W~ there being an expenditure of 0'2 W in over- 
coming the mechanical friction of ghe engine. 

10. It is unnecessary to put before the Society the curves 
obtained by us by employing (6) on the discontinuous expres- 
sions of § 7 for the indicator-diagrams. 

11. Rate of Loss of Heat by the-Fluid during Comjoression.-- 
For the compression part of the diagrams, 

-/= 1"385, 
and 

p=39"36 11"a04. 

Rate at which heat is received by fluid is --q~ if 

1 @ p + l ~ )  
q'=--~---1 

and by § 8, 
36"36 l~'3°4( m--~l) 

- - q =  ~--1 

- - q =  11'a°439'36 x ~7--1 ' 

m - - v =  --'081, 
,/-- 1 = "385. 

Therefore the rate at which heat is received by fluid is 

--0'210420 ~ 

being proportional to the pressure, and is negative--that is, 
the fluid is radiating heat to the cylinder. 

12. Rate at which _Fluid radiates Heat to cold C~jlinder.-- 
It was found by the pyrometric measurements of Messrs. 
Brooks and Steward that the temperature of the products of 
combustion in the clearance-spac% if there has been a recent 
explosion~ is about 410 ° C. ; and for the purpose of deter- 
mining the temperature of the fluid before compression, they 
take 1"4 volume of coal-gas and 9"25 of air at 22 ° C. with 
7"94 volumes of products of past combustions at 410 ° C,  from 
which~ assuming that the specific heats of the constituents do 
not alter with temperatur% they find that the temperature of 
the mixture before compression is 120 ° C. This is sufficiently 
correct for our present purpose, and if we ~ake it as the tempe- 
rature when l=2"222~ p0=14"7~ we can find the temperature 
corresponding with any point of any of the indicator.diagrams. 
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74 Professors Ayrton and Perry on t/~e 

We have made the calculations for various points on curve 
A B C D (fig. 1), knowing that p l - - T  is constant (see § 3). 

TA13LE V I I I .  

l, 

889 

949 

989 

089 

389 

689 

089 

~)° 

4~ 

8~ 

10~ 

12{ 

9( 

6( 

41 

Absolute 
tempera- 

ture. 
T. 

5 476 

982 

1244 

1644 

1496 

1344 

1231 

Tempera- 
ture of 
fluid. 
t ° O. 

203 

709 

974 

1371 

1223 

1071 

958 

~o _60 ° O. 

143 

649 

914 

1311 

1163 

I011 

898 

Ordinat 
semicir 

0 

28 

35' 

48 

65 

66 

4O 

of [~atio. 
e ,  

QO 

23"18 

25 "74 

27"33 

17'89 

15"32 

22 "45 

From some diagrams examined by us we find that the fluid 
may have as high a temperature as "1900 ° C. 

The temperature of ~he water leaving the water-jacket was 
about 60 ° C. ; and we may for our purposes assume that the 
rate at which the fluid loses heat to the cylinder is proportional , 
to the excess of its temperature above 60 ° C ,  so that t - -60 ° 
represents~ to some scale~ the fluid's loss of heat to the 
cylinder per second. This rate of loss is shown on the curve 
A B (fig. 6). 

Now if  t t  is the quantity of heat which has been given by 
d I t .  

the fluid to the cylinder-jacket at the time r, then d r  is 

represented by the ordinate of the curve A B. But 

d t t  d t t  dr  d t t  dX 
d-~=-~T ~ ' ° r  dr  " d r '  

and as the piston-motion is very nearly 

= ¢ ( 1 - -  cos a t ) ,  

d~ 
d-¥ ---- q'a sin ar ; 

dX. 
that is~ ~ ~s proportional to the ordinate of a semicircle CE F. 

Describing the semicircle C E F with a diameter equal to the 
length of the strok% and dividing the ordinates of A B by 
those of C E F~ we obtain the curve G H I~ whose ordinate at 
any point represents the rate of the fluid's loss of heat to the 
cylinder per foot of piston-motion ; so that the whole area 
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Gas-Enq~ne Indicator-Diagram. 75 

C G It  I F represents the total loss of heat to the cold cylinder 
during the stroke. We are in a position to speak of the loss 
of heat from ~----0 to )~----1"2 (see § 9). 

This loss must be represented on the diagram to the same 
scale as the indicator-diagram represents work done, and it is 
expended in the part of the working stroke from ~----0 to 
X= 1"2. I-Ience if k is the mean ordinate of such a diagram, 

k=2"31 x 61"52 x 1"330.-1"2=158. 

Now the mean ordinate of the curve G I-I I (fig. 6) from 
X=0 to X=1"2 being taken and found different from 158, all 
the ordinates of G t t  I (fig. 6) have been diminished in the 
proportion of 158 to the mean ordinate of G t t  I (fig. 6) to 
get the diagram X L Y of fig. 4. This diagram X L Y repre- 
sents the rate of loss of heat by conduction and convection 
from the fluid to the @inder during the working stroke until 
the exhaust-valve opens. 

13. Rate at which Combustion goes on during the Stroke.-- 
The curve E F G tI represents the rate at which heat is actu- 
ally gained by the fluid, and X L Y shows the rate at which 
heat is wasted to the cylinder ; so that the curve I J K Y 
shows at every point the rate at which heat is being generated 
in the fluid by combustion. It is obvious, then, that combus- 
tion is not complete at the end of the explosion part of the 

curve,  although, as Mr. Clerk's experiments prov% the mix- 
ture of air and gas is in the proper proportions for explosion 
immediately behind the piston at all periods of the compres- 
sion-stroke. The diagram I J K Y is specially valuable, as 
showing the effect of dissociation of the products of combus- 
tion at such temperatures as obtain in the gas-engine, and are 
shown in Table VIII .  

POSTSCRIPT, added June 10th.--We have assumed in the 
paper that the rate of loss of heat by radiation and convection 
is proportional to the difference between the mean temperature 
of the fluid and the temperature of the cylinder. When we 
have more information concerning the distribution of heat in 
the fluid, and the way in which a heated fluid loses its heat to 
a cold enclosing vessel, a more accurate assumption may be 
made; and it is easy to see what alteration this will introduce 
in our method of obtaining the cm-ve X L Y (fig. 4). 

It is known from the experiments of MM. Dulong and Petit 
that the rate of cooling by radiation and convection of a solid 
body increases more rapidly than the difference of tempera- 
ture, and that it is greater at greater pressures of the gaseous 
medimn between the hot body and the smTounding cold vessel. 
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76 On the Gas-Engine Indicator-Diag,.am. 

We are now engaged in an investigation involving much 
higher differences of temperature than those of M~.  Dulong 
and Petit; and in so far as we have obtained results for tem- 
peratures extending from about 800 ° C. to 1300 ° C., we have 
confirmed the conclusions of these gentlemen. Thus the loss 
of heat per second at 776 ° C. being 97"2, the loss at 1292 ° O. 
is 253'2. 

Our method of experimenting is, we believe, new. The 
heated body is a spiral of platinum, whose change of electric 
resistance when there is change of temperature is known. It  
is surrounded by a vessel, blackened inside and maintained at 
constant temperature. An electric current is made to pass 
through the platinum spiral, maintaining it at any required 
temperature. An ammeter and voltmeter enable the current 
A and the difference of potentials V between the ends of the 
platinum spiral to be measured. Then VA is the rate at 
which heat is being radiated from the platinum, and V / A is 
the electric resistance of the platinum, from which its tempe- 
future is known. We intend to investigate the influence of 
high pressures of air and other gases. 

We are somewhat doubtful as to the weight which we 
ought to give to the results obtainable from these experiments 
on the loss of heat by solid bodies, since in our gas-engine 
investigations, we deal with a mixture of hot gases ; and in 
adopting the taw of simple proportionality to difference of 
temperature, we have been influenced by the fact that rate of 
loss of heat by the fluid in the compression-stroke increases 
much more slowly than is indicated in Dulong and Petit's 
law, although the pressure of the fluid is increasing as well as 
its temperature. The result given in § 11 is to the effect that 
during compression tim rate of toss of heat by the fluid is 
nearly proportional to the ½~ power of the absolute tempera- 
ture of the fluid, or to 

(0+333)  ~ ,  

if 0 is the difference of ~emperatnre fl'om 60 ° C., the tempe- 
rature taken as that of the cold cylinder. I f  q is this rate of 

dg 
loss, it is obvious that d0 diminishes as 0 increases. It will 

be observed that the probability of the piston's having a high 
temperature causes this result to be even more curious than it 
might otherwise appear to be. 
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