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VIII. Gaseous Combustion at Medium Pressures. Part I.—Carbon Monozide-
Avwr Ezplosions in a Closed Vessel.  Part 1I.—Methane-Air Ezplosions
wm a Closed Vessel.

By R. W. Fexwine, M.B.E., B.Sc., D.I.C.

A A

Communicated by Dr. T. E. Stanton, F.R.S.
(Received September 5—Read December 3, 1925.)

During the past five years a programme of research involving air-fuel explosions in
a closed vessel has been in progress at the National Physical Laboratory for the
Engineering Research Board of the Department of Scientific and Industrial Research.
Among the experimental results obtained, those relating to Carbon Monoxide and
Methane were considered likely to be of interest to the Society, and form the subject
of the present communication.

Of the two investigations described, the first gives experimental data on the respective
influences of hydrogen-air and water vapour on a carbon monoxide-air explosion, and
the second relates to explosions of methane and air over a comparatively wide range of
initial temperature and pressure.

OF

Part [.—CarBOoN MoONOXIDE-AIR EXPLOSIONS IN A CLOSED VESSEL, WITH SPECIAL
REFERENCE 10O THE EFFECT OF ADDITIONS OF (¢) HYDROGEN-AIR AND (b) WATER
VAPOUR. '

When Bone and Hawarp published their interesting experiments® showing, infer
alia, the marked influence of a small proportion of H,-air on a CO-air explosion at an
initial pressure of 50 atmospheres and at atmospheric initial temperature, it was
suggested by the Engine Sub-Committee of the Aeronautical Research Committee
that a similar series of experiments, at initial pressures corresponding to engine con-
ditions, should be put in hand at the National Physical Laboratory. Mr. H. T. Tizarp
made the further suggestion that, at the same time, the effect of water vapour
additions to a CO-air mixture should be investigated.

In carrying out these suggestions three series of explosions were performed at an
initial pressure of 76-8 lbs. per square inch (absolute), and at an initial temperature
of 50° C., a pressure-time record being obtained of each explosion.

The mixtures in the respective series were :—

(1) 2 (mH; + nCO) 4 O, + 3-8N,, where m and n are variable, but m +-n =1
water vapour content less than 1 in 2000.
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332 MR. R. W. FENNING ON GASEOUS COMBUSTION AT MEDIUM PRESSURES.

(2) 2C0O + O, -+ 3-8N,, with water vapour additions varying from 0-3 to 2-4 volumes
per 100.

(3) A repetition and extension of (1), including the addition of 1-2 volumes of water
vapour per 100 of mixture.

Apparatus and Expervmental Procedure.

(1) The Explosive Mixture.—The comparatively dry explosive mixture was prepared
in bulk in a high-pressure gas cylinder and drawn off as required for explosion in an
electrically heated steel vessel (7 ins. diameter by 8 ins. long—surface corroded—uvide
fig. 1) provided with a spark gap (% mm.) at the centre and fitted with a manometer
(vide fig. 2) for giving a pressure time record of the explosion.®
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Fia. 1.—Mild-steel explosion vessel.
By using two mixing cylinders, one of which contained a * complete combustion
mixture of hydrogen and air, and the other a similar mixture of carbon monoxide and

* For further details of apparatus reference should be made to ‘Aeronautical Research Committee
Reports and Memoranda,” No. 902 (H.M. Stationery Office).
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air, further “ complete combustion ” mixtures of these mixtures could readily be
obtained by making successive additions to the CO-air cylinder from the H,-air cylinder.
Thus, at the start of a series, separate Hy-air and CO-air mixtures were available for
the separate H,-air and CO-air explosions and, at the finish, sufficient H,-air mixture
remained for further explosions of that mixture to check the constancy of the recording

apparatus.

% L2 2

o2 7R
: WIRE TENSION GEAR

CLAMPING/ SLOT FOR LOWER
SCREW WIRE KNIFE-EDGE MIRROR
PN
> / *\
WIRE:~0-015"piaT_ | | ] / )
TENSION ABOUT 101BS.“" \ 1
LENGTH v 24" \\//
SLOT FOR UPPER  FULCRUM
WIRE KNIFE-EDGE
ENLARGED DETAIL oF LEVER
(APPROXIMATE SKETCH)
7 | b MIRROR
Aiju‘r LEVER
{ Hi B
TIII1 1|l EZZET—VERTICAL ADJUSTMENT
Coo0 [
I
,_____J}_I__:_I.,E'::__I{L___._ﬁ'
R T
Ln E :ﬁ‘ .
5. b 1
{%’IILSE,' WIRE :-0-045DIA.
! u} r TENSION ABOUT 25 LBS.
! }| I LENGTH n 7%
ht,
L
4 )
7 R UPPER COVER OF
// //"‘/// EXPLOSION VESSEL
MICA COVERING STEEL DIAPHRAGM

F1a. 2.—Optical indicator.

The primary CO-air and H,-air mixtures were made up at an initial pressure of about
17 atmospheres, and were sampled, analysed and adjusted until of the desired ““ complete
combustion ’ composition. The subsequent mixtures of these mixtures were analysed
and their composition determined from a mean of the analysis and pressure-mixing
figures. '

As to humidity, the mixtures were comparatively dry, as they were prepared largely
from high-pressure gases, the water vapour content being estimated at less than 1 in
2000 (by volume). In the text such mixtures are sometimes referred to as “ dry,” to
distinguish them from those to which water vapour additions were made.

The carbon monoxide was kindly supplied by Prof. BurstaLL (Birmingham University),
who states that the gas was prepared by the well-known method of adding formic acid

2v 2
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to strong sulphuric acid. The process was carried out in electrically heated silica flasks,
and the gas generated was cooled, scrubbed with sodium hydrate, passed through two
washing flasks to an iron gas-holder, then compressed into storage cylinders to about
120 atmospheres pressure. The consignment used for these experiments was analysed,
after receipt, and its composition appeared to be :—

Per cent.
GO 97-3
Hy o 0-2
CO0g o 0-2
Oy e 04
N, (by difference) ............... e .. 1-9
100-0

As the gas was by no means odourless, but had a smell suggesting acetylene, it was
tested for C,H, (and other heavy hydrocarbons) by fuming sulphuric acid, but no
appreciable amount was detected. For the hydrogen determination it was necessary
to analyse comparatively large volumes of the CO ; in four cases 170 c.c. were taken and
in one case 680 c.c. After absorbing the CO and O, by a hydrochloric acid solution of
cuprous chloride, the remnant gases were treated with caustic potash—supplied with
oxygen in the form of air—and passed over palladium in order to remove the hydrogen
by fractional combustion. Successive determinations gave values decreasing from
0-33 per cent. to 0-13 per cent.

A confirmation of the CO analysis was sought by exploding CO-air mixtures of varying
strength in a small glass explosion vessel and noting the contraction in volume and the
(0, formed, but the former measurement exceeded that due to the oxidation of the CO
and small volume of H, by from 0 to nearly 3 per cent. This effect may be due to the
formation of oxides of nitrogen. ~

For the H,-air mixtures, the hydrogen was the same as that used in previous work and
was a particularly pure sample supplied by the British Oxygen Company. The original
analysis showed a purity of about 99-5 per cent.

When water vapour was added to the mixture the addition was made to each explosion
vessel charge, the apparatus illustrated in fig. 3 being used. The procedure in this case
was to charge the explosion vessel to atmospheric pressure with “* dry ”” mixture (valve A
being closed), couple up the water vessel containing the weight of water to be evaporated,
set dry mixture flowing slowly through junction box into the explosion vessel, open
valve A and apply Bunsen burner to evaporate the water, close valve A and charge the
vessel rapidly with dry mixture, until within a pound or two of the desired pressure,
-making the final pressure adjustments slowly.

The junction box, to which the water vessel was coupled and through which the
“dry ” mixture flows on its way to the explosion vessel, was maintained at about
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110° C. The slow flow of mixture during the evaporation was designed to carry the
water vapour into the explosion vessel, and the subsequent rapid flow to cause sufficient
turbulence to mix water vapour and ““dry ” gas. Although the method was by no
means perfect for obtaining a homogeneous mixture, it gave fairly consistent results and
appeared to be sufficiently accurate for the purpose.

r — LAGGED

e P
- AGGED JUNCTION Box ) Lk
] - (ELEC;‘\'RICALLY HBU(iTED) -“ m“ ‘=
g

PPE FRoM DRY” MIXTURE. BOTTLE =——

Vaive A—" /

Il

ZAQN
(©)

WATER VESSEL I

Fic. 3.—Apparatus for introducing water vapour.

Of the three series of explosions carried out, the first consisted of comparatively
dry “ complete combustion ~’ mixtures of H, and air and of CO and air and of mixtures
of these, the approximate mixture compositions being :—-

per cent. per cent. per cent. per cent. per cent, per cent. per cent.
H,-air .. 100 0-2 4-1 8-0 11-9 24-8 49-7
CO-air .. 0 99-8 95-9 92-0 88-1 75-2 50-3

These mixtures were exploded at an initial pressure of 76-8 lbs. per square inch
(absolute) and at an initial temperature of 50° C., and pressure-time records obtained.

In the second series an explosion of nearly dry CO-air mixture was followed by explo-
sions of the same mixture to which varying amounts of water vapour had been added
—the initial pressure and temperature being the same as in the first series. The water
vapour addition per 100 volumes of “ dry  mixture varied from 0-3 to 2-56 volumes,
but since the charge would be completely saturated by 2-38 volumes—the latter figure
represents the maximum water vapour content before explosion.

Finally, a third series of explosions was put through for the purpose of checking the
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first series and of obtaining information on the effect of a constant water vapour addition
to mixtures of CO-air and H,-air. The mixture range was also extended to include

Per cent.
H,-air .. .. .. .. .. 2-2
CO-air .. .. .. .. .. .. 97-8

(2) Pressure-Time Explosion Records—-To record the pressure a solid-rimmed steel
diaphragm was fitted flush with the inner surface of the cover of the explosion vessel.
The diaphragm deflection—magnified over 1000 times—was recorded on sensitised
paper, attached to a rotating drum having a peripheral speed of about 1 metre a second.
In order to protect the diaphragm from temperature distortion during the early part
of the explosion and cooling, a mica and thin sheet-metal cover was provided. As the
maximum diaphragm deflection was of the order of a couple of thousandths of an inch,
inertia effects were eliminated. The manometer was calibrated—in situ—against a
standard pressure gauge, compressed air being used for the purpose. The high-frequency
vibration (about 1100 per second) shown on some of the Records (vide No. 558, fig. 5)
is the natural period of the optical lever under the action of the two strained wires.
The time-scale was indicated automatically on the cooling curves by means of tuning-
fork interceptions of the light. '

Experimental Results.

The results of the first series are given in Table I, and superimposed pressure-time
records are shown in fig. 4. Parts of the actual records (they are too long for complete
reproduction) have been reproduced photographically to a reduced scale in fig. 5

Gurve Ne | He-Air | CO- Air Curve N Hz;Air- CO‘-/ Air
Approximote Mixkture % % o o
] 100 o 5 8.0 92-0

Composition(boy volume) 2 49-7 | 50.3 6 4.1 95-9
—_ 3 248 | 752 7 2.2 97-8
.E; 4 19 881 8 02 99-8
3
% 60
{Aoc
2 f i / // ) / >
4 / ;
15
o 005 010 o5 0-20 025

Time in Seconds From Passage of Spark

~ Fre. 4.—Superimposed pressure-time records of *“ dry ”” mixtures of Hy-air and CO-air.

Table IT applies to the second and third series. Superimposed explosion records of
the second series are given in fig. 8. One record of the third series, that for the 22 per
cent. H,-air, is included in figs. 4 and 5
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The bracketed figures given in Tables T and II for the H,-air explosions should be
taken together; they indicate that a pressure very slightly less than the maximum
was reached about 1/1000 seconds before the recorded maximum.

I) Effect of Hy-Awr Additions to o CO-Air Mimture, the Mizture being Comparatively
Dry. (a) ““ Explosion Time.”—The influence of H,-air additions to a CO-air mixture
is clearly seen in figs. 4, 5 and 6.

X 03 |

§_ -l-  Approximate indication of Prof. Bores results .

0 ab 50 abmos. initial pressure and akmos. temp. O

4 . o

%, . } Results (N.RL) at 768 Ibs/o" & 50°C. g_;

iy o
S

8% o2 75 "[8
2 (4]

S B N

12 ofE

PN

o £ k _ 71

T3 S| 3

g e Pressure Ratio, It &9

QX / b ;' P

326 o r | O.gﬂ_

: H7-

o8 e

¢ <

C

3

£

[

£ o 265,

= 100 75 50 25 */ Hy Airr

0 25 50 N 100% GB. Alr

Approx Composition of Mixture (by volume).

Fic. 6.—Effect of addition of Hy-air-to a nearly dry CO-air mixture.

Just over 2 per cent. of H,-air in the mixture reduces the explosion time from about
0-26 seconds to 0-1 seconds, and 4 per cent. reduces it to 0-076 seconds. With the
latter percentage Prof. BoNg, working at an initial pressure of 50 atmospheres and at
atmospheric temperature, obtained a still greater effect, the explosion time being reduced
from 0-18 to 0-03 seconds. Prof. BoN®’s results are indicated by the dotted curve in
fig. 6.

. In the present experiments, the “ explosion time ”” for the “dry ” CO-air mixture
varied considerably. Thus, in Explosions 792-794 (Records 559-561), Table I, and
806 (Record 573), Table II, this interval varied from 0-246 to 0-29. This is probably
due to slight variations in the humidity. Explosion 792 took place after a couple of
H,-air explosions, and it is possible that a trace of water vapour still existed, say, in the
mica insulation of the sparking plug and in the joints of the explosion vessel. For each
succeeding CO-air explosion the traces of water vapour from such sources would become
less, and the explosion time tend to increase, as is the case. - Explosion 806 was the
first of a new series, and the explosion vessel was probably still drier. Considerable
difficulty was experienced in igniting this charge by the *“single ” spark, the fourth

13
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attempt being successful. After Explosion 814, it was intended to finish the water
vapour series with a ““ dry ” CO-air explosion, but as two attempts to fire the charge
were without avail, the idea was abandoned. Prof. Bong, in his experiments, men-
tioned variations in the explosion time of the CO-air mixture and attributed it to slight
changes in the hygroscopic state.

(b) Maxvmum Explosion Pressures—1t is of considerable interest to note that with
all “ dry ”” mixtures of H,-air and (CO-air the maximum explosion pressures are nearly
the same and equal to that of the undiluted H,-air mixture, whereas the undiluted
“dry ” CO-air mixture gave a maximum about 4 per cent. lower (vide page 340, on
effect of water vapour addition). Prof. Bong,* however, obtained an 8 per cent. higher
maximum with the CO-air mixture than with the Hz—air‘mixture, mixtures of which the
thermal equivalents of the total energy were approximately the same. When comparing
his maximum pressures for mixtures of H,-air and CO-air (ranging from 390 to 427
atmospheres) the variations in their thermal equivalents, due to irregularities in mixture
composition, must be borne in mind.

(¢) ““ Cooling > Curves.—Prof. BoNt remarked in connection with this high-pressure
work :—

(1) With H,-air, cooling commenced almost immediately after the attainment of
the maximum pressure.

(2) With CO-air it was delayed for quite an appreciable time interval thereafter,
showing that heat energy was still being liberated long after the maximum
temperature had been reached.

(3) Subsequent cooling after the attainment of maximum pressure was very much
slower in the CO-air than in the H,-air explosions. In the former not only was
there an interval of about 0-05 seconds during which the maximum pressure was
fully maintained, but also subsequently the pressure fell at only half the rate
it had done in the latter.

The present low-pressure experiments, however, show that the interval during which
a constant maximum pressure is maintained is of the order of 0-004 seconds in the case
of the dry CO-air mixture, and varies from 0-001 seconds to zero as the percentage of
H,-air increases.

Typical “ cooling ”” curves have been plotted in fig. 7 in which zero time corresponds
to the attainment of maximum pressure (.e., the cessation of rise).

(IT) The Influence of the Addition of Water Vapour to a CO-Aiwr Mizture. (a)
“ Explosion Time.”—1In spite of some uncertainty as to the thoroughness of the mixing
of the water vapour and CO-air, the results of this series of experiments showed
definitely that water vapour additions had a marked influence on the character of the
explosion curve. Four of the explosion records, Nos. 573, 580, 578, and 575 are shown

* Loc. cul.

VOL, CCXXV.—A. A
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560 R
\ Misture Composition
\\\ Hz‘:zir CO;{DA.IF
\\\.{/ 2.2 97-8
- TS __l 02 998
3 s0 N =~ —5— .9 881
e ~——_
3
5 \ T -497 | 503
15
z 460 <
d: \
~¢—100 (o)
410 G 310

008
Time -seconds, From Attainment of Maximum Pressure.

Fic. T.—Typical cooling curves for nearly dry explosive mixtures,

superimposed in fig. 8. The addition of 0-3 volume of water vapour to 100 volumes of
comparatively dry CO-air mixture reduced the explosion time from about 0-29 to
0-16 second, whereas an addition of 1-68 volumes was associated with an “ explosion
time ”’ of about 0-095. The largest quantity of water vapour added was 2-56 volumes
per 100 of mixture, but as the charge (at 50° C.) would be saturated by 2-38 volumes,
the surplus would not be effective until after combustion had commenced.

%A Curve Ne Record Ne
- ‘§ Volumes of water vapour \ 1-68 575
g§ _added to 100 volumes of 2 .60 578
22 . dry’ CO-Air mixture. 3 .30 580
. QE 4 0 573 »
600 e [ - U 1
oo / < / L
- ﬁ /‘ 4
200 1 e :
L e |
005 o110 oI5 020 025

Time in Seconds from Possage of Spark.

Fia. 8.—Superimposed pressure-time records, showing effect of water-vapour additions to nearly
dry CO-air mixture.

(b) Maxvmum Explosion Pressures—From the first portion of Table 1I it will be
observed that the addition of 0-3 volume of water vapour results in the maximum
pressure being increased by more than 2 per cent., and by doubling this water vapour
addition (0-6 volume) a further increase of about 1 per cent. is obtained.

Although water vapour additions varied from 0-3 to 2-56 (2-38) volumes per 100 of
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nearly dry CO-air mixture, the maximum explosion pressures show less than 1 per cent.
variation, the decrease in the thermal equivalent of the mixture being apparently largely
counteracted by other effects.

(¢) ““ Cooling > Curves—From figures given in Table I it will be observed that the
pressure drop during 1/10 second from the attainment of maximum pressure
varies from 29 Ibs. per square inch for the “ dry ” CO-air mixture to 40 lbs. per square
inch for the mixture containing about 1-7 per cent. of water vapour and 42 lbs. per
square inch for 2-6 per cent. The presence of water vapour leads to an increase in the
apparent rate of cooling.

(d) Identical Explosion Records.——In comparing the pressure-time curves it was of
interest to discover that almost identical explosion records were produced by :—

(1) The addition of 1-21 volumes of water vapour to 100 volumes of nearly dry
CO-air mixture (Record 577, Table IT). ,

(2) The addition of 2-1 per cent. of nearly dry H,-air to nearly dry CO-air
(Record 582, Table II).

For convenience of comparison, these records are shown superimposed in fig. 9, the

Points « Record 577—C0-Air Mixture with addition of 1-21% of water vapour.
" ° v B82— v 97:8%+ H,-Air Mixture 2-2% nearly dry.

o
[«

S
(=}
L]

"

Pressure lbs./n"(absolute)
¢ 2 g o
(e}

o
(=4
o)

200 :

.
lOO ©e0e0e0 e0® =

o

0-05 0-10 | 0-5 0-20
Time, seconds, from Passage of Spark

Fia. 9.—Superimposed pressure-time explosion records.

plain points applying to Record 577 and the encircled points to Record 582. If no
nitrogen compounds were formed during combustion the composition of the products
in the two cases would be :—

CO, H,0 N,
per cent. per cent. per cent.
(1) oo 33-98 1-46 6456
(2) e 33-76° 0-76 65-48

The charge masses are slightly different.

2 4 2
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(I1T) The Effect of a Constant Water Vapour Addition to CO-Avwr and H,-Avwr and
Mouxtures of These—In this series about 1-23 volumes of water vapour were added to
each 100 volumes of “ dry ” mixture, giving a humidity corresponding to atmospheric
air saturated at 10° C.

(a) Explosion Time.—In the plotted observations in fig. 10 it will be noticed that the

o3 ©00

l
Imtml pressure 76-8 lbs/n (absolutlz)
Initial  temperature, 50°C

T
é
o
) ~
[w.
5 3
; ]
0
%] ~—
S - =2 N
28 4, //g T N S 550
3 Pressure, (2) 8
5 8 "
, C iS)
;
2]
g5 4
iz F
%
© £
O — 3
= 500 ¢
28 ¢
I's =
e
© _
é B _ .._M J
00 75 50 25 o % H,-Air
[6) 75 A 100 ¢ CO Air

Approx Composition oF Mixture (by volume).
6. 10.—Carbon monoxide-air and hydrogen-air mixtures. (1) dry; (2) with about 1-2 per cent. of.
water vapour.

“ explosion time " is reduced by the water vapour addition when the mixture contains
less than 8 per cent. of H,-air, but slightly increased for greater percentages. In recent
experiments the usual effect of slight water vapour additions to air-hexane, air-benzene
and air-methane mixtures has been found to be a slight increase in the explosion time
and a slight reduction in the maximum explosion pressure.

(b) Mazimum Exzplosion Pressures.—Referring again to fig. 10, the addition of the
given quantity of water vapour reduces the maximum pressure by slightly under 1 per
cent. for all H,-air CO-air mixtures in which the H,-air exceeds about 8 per cent. ;
below 8 per cent. the reduction decreases until with a 2 per cent. H,-air addition the
“dry ” and “ wet ” mixtures give the same maximum. Below 2 per cent. the “ wet
mixture gives a higher maximum, as previously noted in connection with CO-air water
vapour series.

(¢)  Cooling ’ Curves—Comparing the “ cooling ™ curves for the “wet ” and “ dry
mixtures, the addition of water vapour sets up :— '

(1) An increase in the apparent rate of cooling for mixtures containing 2 per cent. of

H,-air.
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(2) A lesser increase when the H,-air peréentage 18 4.
(3) A very slight increase when the percentage is 12.
(4) No appreciable effect when the H,-air percentage is 25 or more.

Roughly, where the maximum pressure curves in, fig. 10 are parallel, the water vapour
addition has no effect on the rate of cooling, but from the point where they commence to
converge the effect increases. In other words, where the *° wet ”” mixture maximum
pressure exceeds about 99 per cent. of the dry mixture maximum the rate of cooling is
affected. Were it not for large variations in the explosion time in this region it might be
concluded that more chemical energy had been converted into heat energy at the *“ start ”’
of cooling.

(IV) Comparvson of Water Vapour Effects when the Water Vapour was (1) directly
added, (2) produced by the combustion of H,-Air—The experiments already detailed allow
a comparison to be made as to the influence of the water vapour when due to (1) the
direct addition of water vapour to the “dry” CO-air mixture, and (2) the addition of
Hs-air to the dry CO-air mixture.

The composition of the dry combustion products (exhaust gas) will not be quite the
same in the two cases, owing to the introduction of nitrogen in the H,-air, but the
difference in composition is not sufficient to have much effect on the specific heat. For
the curves plotted in fig. 11, therefore, the dry  exhaust gas ” is of constant composition
in curves (1), but varies slightly in the case of curves (2) and (3).

A A
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o
ntof max

e, ] B
Time curves | ——mcoemee Drop curves Josy:
160

——T——== Gz =m T T T N 50
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- -
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ge of Spark to Max. Pressure

o
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A
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\
\
A
O
1
e IN
i
1
\
]
T
]
+ ]

A

0-1
~ — .
7

-Pressure Drop in Yio sec.from attainme

0 I 2 T3 4 5
Volumes of Water Vapour per 100 Volumes of dry Exhaust Gas
1¢. 11.—Effect of water vapour, due to an addition to the carbon monoxide-air mixture of—
Curve 1.—Water vapour mainly.

=i Time interval in seconds from Passa

Curve 2. Hydrogen-air.
Curve 3. Water vapour (about 1°5) plus hydrogen-air (remainder).

OF

)

Referring to fig. 11, the “ explosion time ” curves indicate that the shortening of
that interval due to the addition of H,-air is greater than that due to the direct addition
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of water vapour for the same water content of the products. That is, the H,-air has
a greater effect than that due to its yield of water vapour.

As to the pressure drop in 1/10 second after the attainment of maximum pressure,
it will be observed that for the same water vapour content in the *“ exhaust gas > the
drop was considerably greater in the case of the H,-air addition than when the water
vapour was directly added.

Parr TT—MeTHane-Amr Exrrosions 1IN A CrLosep VessEL ovEr A Wink RANGE
or INtriAL, TEMPERATURE AND PRESSURE.

In these experiments on mixtures of Methane and Air, the effect of variations in the
fuel-air ratio was first examined, the explosions being carried out at a constant initial
temperature of 100° €. and a constant initial pressure of 95 lbs. per square inch
(absolute). ‘

This was followed by a series of experiments at initial temperatures varying from
atmospheric to 400° C., and at initial pressures ranging from 30 to 171 lbs. per square
inch (absolute), the mixture ratio being maintained constant.

Apparatus and Ezperimental Procedure~—The apparatus has already been described
in Part I. The methane was obtained from South Wales, and proved to be exceptionally
pure for a natural product. From analyses made in a Macfarlane and Caldwell apparatuas
using an explosion vessel, the composition was estimated to be :— ‘

Per cent.

CH, . . . . . . 98-1

CO, . . . . . . 0-6

CcO .. .. . . . . 0-2

H, .. .. .. .. .. . 0-0

0, 040

Residue, assumed to be N, . .. .. . . . 1-1
100-0

The mixture was prepared (in bulk) from highly compressed air and compressed
methane, and was therefore comparatively dry. The air-fuel ratio was usually
determined from the subsequent analysis of a sample of the mixture, but in one or
two cases where such determinations were lacking or were obviously incorrect, other
means, such as calculation from mixing pressures, were employed.

In the experiments in which products of combustion (exhaust gas) were added to
the mixture, the procedure was to retain in the explosion vessel the desired quantity
of combustion products of the previous explosion and to add to these products the
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fresh mixture. No mechanical stirring was provided for thoroughly mixing the
exhaust gas and the new charge, but from two consecutive explosions (Records 4864
and 4868, Table V), in which the same percentage of exhaust gas was added, the results
were so similar as to suggest satisfactory mixing rather than very consistent stratification.
In this connection it should be noted that, owing to the high water vapour content in the
combustion products, there will be a tendency in the high-pressure experiments at
100° C. for slight condensation to persist on the internal surface of the explosion vessel
when the final temperature (of, say, 102 or 103° C.) is reached. As the exhaust gas
is discharged this water will evaporate, and thus slightly increase the water vapour
content of the residual exhaust that is retained for diluting the new charge. The effect
1s small and occurs only in the 100° C. series at the initial pressure of 95 Ibs. persquare inch.

As already explained, the prepared air-methane mixture was comparatively dry,
and in order to make certain that the practical absence of water vapour was not leading
to incorrect conclusions from the internal-combustion engine standpoint, a small
quantity-—about 1-3 per cent. by volume—of water vapour was added in some cases,
as shown in the tabulated results. The water vapour was introduced by the method
described in Part I.

Experimental Results.

(1) The Effect of Variations in the Air-fuel Ratio at Constant Initial Pressure and Tem-
perature.—In this series explosions were carried out at an initial pressure of about
95 1bs. per square inch (absolute) and at an initial temperature of 100° C. for a range of air-
methane mixtures in which the percentage of the latter constituent varied from 12-1
per cent. to 7-3 per cent. It was intended to start the series with a richer mixture ;
but the one prepared, containing about 13-2 per cent. of methane, failed to ignite under
the action of the single spark, and it was only after the primary “ make-and-break
had been agitated possibly a hundred times that an explosion, with a very long
“ explosion time,” was observed to take place.

On the weak mixture side it was noticed that combustion products containing free
oxygen smelt strongly of nitric acid, and their analysis gave a smaller percentage of O,
than that computed, or than that given by explosions of the mixture in a small glass
explosion vessel. Further, the composition of the products of combustion of strong
mixtures varied with the size of the explosion vessel: thus the analysis (A) below
applies to an explosion of a 9-9 per cent. mixture at an initial temperature of 100° C.
in the large steel explosion vessel, whereas (B) applies to a similar mixture exploded in
a small glass explosion vessel at atmospheric temperature.

CO, CcO H,

per cent. per cent. per cent.
A ... . . . . . 108 1-2 1-0
B . ... 105 1-65 0-7
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The results of this series, and of some experiments carried out later, are set out in
Table I1I, and some pressure-time records are shown in fig. 12.

97 85 10 73 121 % Methane in Mixture.
1000
8 .
B =
600 S
/ > N
400 > ———
202 e ‘:1_4, -
o 0-05 0-10 0.5 0-20 025

Timez in seconds from passage of spark.

Initial Pressure = 95.1 Ibs. per sq. inch

Explosi
xplosion Records { n  Temperature = 100°C.

F1g. 12.—Variation of mixture strength. Methane-air mixtures.

Ifrom the pressure-time records of fig. 12 and the curves of fig. 13, the relation of the
maximum pressure and the ““ explosion time ”” to the air-fuel ratio can readily be seen.

T — .’/

' \\

550 / Rise in Pressure 0-25
\ : .

b
pul
v
7]
&
P
= . k:
& ' \ s
X
fo —
& 500 020 §
. : 5
2 Initial Pressulre of Charge = 95 lbs.per sq in. 5
I " w Temperature w  w = 100°C &
(9] «
< 1]
; :
o o o

3] o
a 450 / \ / 015 g
£ <
b \ “Explosion Time' §
& : 3
; b
/ £
4 010 £
007 8 9 10 1 12 =

Percentage of Methane in Air-Methane Mixture
Fia. 13.

Mixtures containing from 9-7 to 10- 5 per cent. of CH, give sensibly the same pressurerise on
explosion, whereas the explosion time is a minimum in the region of the 9-7 per cent. mix-
ture. A “complete combustion” mixture would contain nearly 9-5 per cent. of methane.

(2) The Effect of Variations in the Iwitial Temperature and the Initial Pressure at
Constant Mixture Ratio.—In this series of experiments the initial temperatures were
varied from atmospheric to 400° C., and at each temperature the charge density was
varied over the range correvsponding to 2 to 5 atmospheres at 15° C. The mixture
contained about 9-9 per cent. of methane throughout. The range of initial temperature

is limited by the ignition of the charge by the heated walls of the explosion vessel. The
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upper temperature of 400° C. is the highest initial temperature so far attained ; it compares
with 300° C. for hydrogen™and for benzene, and 230° C. for hexane and for petrol.{ Tt must
be noted, however, that at this upper temperature of 400° C. there was a continual creep
of theindicator zero,rendering calibrations and pressure determinationsliable toinaccuracy.
The effect of diluting the mixture with ahout 6 per cent. of exhaust gas and about 1-2
per cent. of water vapour was examined for initial temperatures of 100° C. and above.

The results of the experiments are given in Tables IV, V and VI. As before, the
maximum temperatures have been computed on the assumption that :—

Max. temp. (abs.) — initial temp. (abs.) ><_max. pressure
: volume ratio X initial pressure

The volume ratio was found by experiment to be 1-007.
In fig. 14 a number of the pressure-time records have been reproduced.

_ Initial Temperature. - ‘ Reccg‘rg
‘ °4
600—— 24°C.(approx) //-""—""— 508
e 511
200 P — 512
(o]
8§00
600}——— j00°C. — 472
S p— 475A
2 %’/ 477A
B 200 4
-
£ 80
g goo—— 200C // 481 A
5 400 S ag2A
8 200— — 4858
2 |
] 300°C. -/ 487
» 7
a 400 //,/ 4898
m# : 491
ecvam———
O
800, »
500
6o 200C._7
400 /// 5054
200 P S 5048
% 005 00 015

Time in seconds From passage of spark..
Fra. 14.—Explosion records. Variation of initial pressure and temperature. 9-9 per cent. methane.

* ¢ Air Hydrogen Explosions in Closed Vessels,” ¢ Aeronautical Research Committee,” R. & M. 902.
+ ¢ Closed Vessel Explosions,” ¢ Aeronautical Research Committee,” R. & M. 979. ’
VOL. CCXXV.,—A. 3 A


http://rsta.royalsocietypublishing.org/

/an
A

A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

)
A

fa \

/,
/

S

a

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

348 MR. R. W. FENNING ON GASEOUS COMBUSTION AT MEDIUM PRESSURES.

From figs. 15 and 16 and Tables 1V, V and VI, it will be observed that the * explosion
time,” 1.e., the interval from the passage of spark to the attainment of maximum pressure,

Q
=

o
)

\
\
\
\

1%
(o]
o

AAN
\
\

/ 408C

Time in seconds from passage of spark to Maximum Pressure.

0:04,

0 60
Initial Pressure reduced to 15°C.
~ lbs. per sq. in..absolute.”

. 15.—Methane-air mixture.  9-9 per cent. methane.

is increased by (1) increasing the charge density, (2) decreasing the initial temperature,
(3) adding a diluent such as water vapour or combustion products. In fig. 15 the
“explosion ”’ times have been plotted on what is equivalent to a density base (.e.,
initial pressure reduced to 15° C.), whereas in fig. 16 a pressure base has been adopted.

The relation of “ rise of pressure ”” on explosion to initial pressure is shown in fig. 17,
and the following figures, which are the means of those given in the Tables, show the
relation of pressure rise to density at the initial temperatures stated :—

" Average rise of pressure at initial temperatures given.
Initial pressure

reduced to
15°C. 94° . 100°C. 200° . 1500° C. 400°C.
734 568 565 565 554 547
51-4 394 394 394 385 375
293 999 999 993 216 913
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The variation of specific heat with temperature is apparently masked by other factors.

As to the effect of diluting the mixture by the addition of 6-3 volumes of combustion
products per 100 of air-methane, it will be found, on plotting, that the pressure rise
given by the diluted mixture is 94-5 per cent. of that given by the undiluted. The
percentage of air-methane contained in the former mixture is 941 per cent.

For facilities for carrying out the work a tribute of thanks is paid to Dr. T. . StanTON,
Superintendent of the Engineering Department. The writer’s thanks are also due
to Mr. I'. T. CorroN, of the Staff of the Engineering Department, for his careful help
throughout. Grateful acknowledgment is made of the encouragement received from
Sir JosErH PETAVEL and Mr. H. T. Tizarp, and of the latter’s unfailing interest and
helpful suggestions. |
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