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Frontispiece.
Divingé HELMET.

(C. E. HEINKE & Co.)

. Breastplate. M,. Lug, or eye, to which the life line
. Helmet. is fastened. A similar lug on the
>. Porthole or Window. other side is used for the air

. Face-Plate. pipe.

5. Escape Valve. M,. A second Lug to which the life

?. Butterfly Nuts. line may be fastened, but this is

. Inlet Valve. rarely used. There is a similar

. Position of Supplementary Valve lug on the other side for the air
when fitted. pipe.










COMPRESSED AIR WORK
AND DIVING

A HANDBOOK FOR ENGINEERS
COMPRISING

DEEP WATER DIVING AND THE USE OF COMPRESSED
AIR FOR SINKING CAISSONS AND CYLINDERS AND
FOR DRIVING SUBAQUEOUS TUNNELS

BY

G. W. M. BOYCOTT

Assoc.M.InsT.C.E.

TWith Mumerous Plates and otber Fllustrations

[.ONDON
CROSBY LOCKWOOD AND SON

7 STATIONERS' HALL COURT, LUDGATE HILL

1909




Printed at THE DARIEN PRrESs, Zdinburg




PREFACE

Turs book has been written with the intention of
giving the main principles of compressed air work
and diving rather than that it should be a historical
review ; for in this respect, so far as tunnelling is con-

ground has already been to a great extent

cerned, the
covered.

More particularly I have been desirous of emphasis-
ing the importance of the work of the recent Admiralty
Committee on Deep Water Diving, and of Dr J. S.
Haldane, F.R.S., Dr A. E. Boycott, and Lieut. G. C. C.
Damant, R.N., at the Lister Institute of Preventive
Medicine, which has made necessary a revision in our
rules and regulations for compressed air work and
diving. Accordingly, a set of rules for stage decompres-
sion are given in Chapters I. and II., and as, I believe,
up to the present, no similar set of rules and regulations
has been given in any book on engineering, they will, I
trust, be found useful.

Tables I. and II. for diving, and Table IV. for
caisson and tunnel work, have been very kindly placed
at my disposal by Drs Haldane and Boycott and Lieut.
Damant.  Further information may be found in the

“Report of the Committee on Deep Water Diving,”
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Wyman & Son, Fetter Lane, E.C., and in ‘Preven-
tion of Compressed Air Illness,” Vol. VIII., No. 3,
June 1908, 7%e Journal of Hygiene, Cambridge Press.
These two treatises contain information quite invalu-
able to the engineer in charge of compressed air
work.

[ should like to take this opportunity of saying that I
feel, and [ am sure that every other engineer profession-
ally interested in compressed air work must feel also, that
we are deeply indebted to Dr Haldane, Dr Boycott,
and Lieut. Damant, and also to Dr Leonard Hill and
his colleagues, for the work they have done during
the last few years, with the result of adding so much to
our knowledge of the preventive treatment of caisson
sickness.

Others who have also been good enough to help me,
by supplying plans, giving permission to make extracts
from their writings, and in other ways, are :—The Insti-
tution of Civil Engineers; Mr Maurice Fitzmaurice,
C.M.G., who supplied the drawings of Rotherhithe
Tunnel; Mr Alfred Noble, who supplied the drawings
of the East River Tunnels; Mr F. W. Davis, who
supplied the drawings of Barmouth Air-lock and
Cylinders, Conway Cylinders, and Davis Air-lock; Mr
E. W. Moir, who supplied the drawings of the East
River Tunnels Shield and Moir's Medical Lock; Mr
John Price, who supplied the drawings of Rotherhithe
Tunnel Shield; Mr David Hay; Mr Charles A. Har-
rison ; Mr E. B. Thornhill ; Mr Francis Fox; Mr A. J.
Collin ; Mr E. H. Tabor; Mr J. H. Walker; Mr A. H.

Smith ; Z%e Engineer ; Messrs Walker Bros., of Wigan ;
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Messrs Fraser & Chalmers ; Messrs C. E. Heinke & Co.;
Messrs Schram Harker & Co.; Messrs Vuibert & Nony ;
Messrs The Nobel’s Explosives Co.; Messrs The Inger-
soll-Rand Co. To all these I would express my
indebtedness.

G. W. M. BOYCOTT.

25 LEE TERRACE,

BrLackHEATH, S.E.,

January 19o09.
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COMPRESSED AIR WORK AND DIVING.

CHAPTER 1.
Stage Decompression.

Introductory.~'l‘hc tables in this book have been
worked out according to the method originated as the
result of the work of a Committee appointed by the British
Admiralty in August 1905, to report upon the conditions
of deep water diving, and of the investigations of Dr
LS, Haldane, Dr A. E. Boycott, and Lieutenant Damant,
R.N.,, at the Lister Institute of Preventive Medicine.
The principle of this method is, that the diver, or
worker in compressed air, is brought rapidly to about
half the absolute pressure, stopped there for a time, then
decompressed a little further after a sufficient time has
elapsed to allow the maximum nitrogen pressure in any
part of his body to become not more than about twice
the nitrogen pressure of the air at the lower stage. He
is then brought on by further stages on the same principle
until he reaches atmospheric pressure.  The name
usually given to this method js that of “stage decompres-
sion.”  [ts distinctive feature, however, is not that the
decompression is in stages, but that the decompression
is rapid for the first part and slow afterwards. Stages
are usually adopted because they are found to be the
A




2 COMPRESSED AIR IWORK.

most convenient way of timing the decompression in
practical working.

Stage decompression has several great advantages
over uniform decompression. One is that the nitrogen
in the blood is kept at a maximum safe pressure in excess
of the air breathed, and therefore the rate of desaturation
is also at a maximum. In this way the greatest economy
possible in the time spent in decompression is obtained.
Thus to decompress from 213 ft., or a pressure of 95 Ibs.,
would take 309 minutes, or about five hours, whereas to
obtain the same standard of safety by uniform decom-
pression would take ten hours, showing an advantage of
5o per cent. in favour of the stage method. Then, when
decompressing from great depths or high pressures after
short exposures, the saturation, which would otherwise
be going on during decompression, is obviated by the
first rapid drop in pressure, so that after such short
exposures the rate of decompression can be kept within
reasonable limits.

Again, the rate of decompression is slowest when
most needed, whereas uniform decompression is either
unnecessarily slow at the beginning, or dangerously quick
at the end.

To those accustomed to uniform decompression, a
sudden drop from 45 to 15 lbs, or to half the absolute
pressure, might appear dangerous. This, however, is
not the case; it is as safe to decompress quickly from
45 to 15 lbs. as it is from 15 lbs. to atmosphere, since
in each instance the volume of gas (not the mass) tending
to be liberated will be the same. In other words it is
the relative, and not the absolute, drop in pressure which
has to be considered.

Lastly, this method has been tested by a large

number of cxp(trim(rnt;ll dives carried out under the




STAGE DECOMPRESSION. 3

direction of the Admiralty Committee, and has been
adopted for use in the British Navy.

Note.—Throughout this book pressures are +, or by gauge, unless
otherwise stated.

Choice of the Worker.—All divers and caisson
workers who have to work at a greater pressure than
18 Ibs. should undergo a strict medical examination before
being admitted to work, and this examination should be
periodically repeated.

All men suffering from chronic disease, alcoholic
€Xcess, ear troubles, &c., should be excluded, as well as
men who are at all fat or who have ever had any serious
Symptoms after a reasonably slow decompression, since
such an occurrence points strongly towards excessive
Susceptibility to compressed air illness. For high pres-
sures the skinniest men available should be selected.

Compression.—The rate of compression should be
S0 regulated as not to cause any discomfort or pain in
the ears owing to incomplete opening of the Eustachian
tubes. A too rapid descent, or compression, might cause
mechanical injury followed by middle ear inflammation,

In the Royal Navy divers can descend to 30 fathoms
in two or three minutes, and when the exposure is to be
at great depths, the descent should be as rapid as possible
in order to limit the time of virtual exposure.

In the case of tunnel and caisson workers it is recom-
mended that the compression should be rather slower
than with divers. This is because the diver has the
rate of compression under his own control, whereas with
caisson workers several men are in the air-lock together
and amongst them may be one or two who find a little
difficulty in inflating their Eustachian tubes quickly. A
rate of 5 1lbs. in one minute for the first 15 lbs., and 10 lbs.
every minute afterwards, will be quite slow enough under
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ordinary circumstances, and a man who cannot compress
comfortably at this rate should be rejected for compressed
air work. Sometimes, when a worker is suffering from
a cold, considerable discomfort is experienced during
compression. Under these circumstances a longer
time may be required, and a man with a bad cold
should not attempt to pass through the air-lock with
others.

[f a man experiences any pain he should turn back,
and similarly a diver should reascend to the surface.

Air Supply.—It has been found (Haldane and
Priestley, Journal of Phystology, vol. 32) that the
partial pressure of CO, in the lung air is about 5.6 per
cent. of an atmosphere, and remains constant whatever
the pressure of the air breathed may be. Thus at two

atmospheres absolute pressure the percentage of CO, in

the lung air will be 5;(3 — 2.8 per cent., and at three atmos-
5:6 = 1.9 per cent. And since the percentage of
J
CO, in the air breathed must not be allowed to rise above
that normal to the lung air, it follows that when the air
with the diver's head just below water, is the

ed, it must be increased with the depth.

pheres

supply,
minimum requir
Thus a diver who will require at atmospheric pressure
2 minimum of about 1.5 cub. ft. of free air per minute,
at a depth of 33 ft., or two atmospheres’ absolute pressure,
will want 3 cub. ft. of free air per minute, and at 66 ft.
4.5 cub. ft. of free air per minute.

Or, to put it another way, starting with a minimum
supply at atmospheric pressure, the volume of air,
measured at the given pressure, supplied him must remain
constant whatever the pressure.

In caisson or tunnel work the supply should be at
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least 5 cub. ft. per man per minute, measured at the
€Xisting pressure, or 300 cub. ft. per man per hour.
This larger air supply is to allow for fumes gene-
rated by blasting and other impurities ; but if these
impurities are at all excessive, a larger air supply will
be needed.

Table 1. For Diving.—This table has been arranged
with exposures sufficiently short to keep the time, which
must be spent in decompression, within reasonable limits.

As an example of its use we may take the case of a
diver who is going to do some work at a depth of 96 ft.
He would descend as rapidly as possible to the bottom,
taking say two minutes in doing so. At the end of
55 =2 =753 minutes at the bottom, or fifty-five minutes
from the surface, he would start coming up, and would
do so quickly (the ears can always follow any rate of
decompression), until he reached a depth of 30 ft., when
he would stop three minutes. At the end of three
minutes he would ascend to 20 ft., and stop there ten
minutes, and at the end of the ten minutes he would
ascend to a depth of 10 ft. and stop there fifteen minutes.
He would then ascend the remainder of the way to the
surface. The time taken in ascending to the first stopping
place might be about two minutes, and a half minute or
S0 for each 10 ft. of ascent between the stoppages and
for the last 10 ft. He should move his arms and legs
during each stoppage in order to hasten desaturation.
The Stoppages are regulated by signal from surface
according to the readings of the pressure gauge.

A diver has sometimes to descend twice or oftener
at short intervals. When this happens the more slowly
dcsuturating parts of his body will not have become de-
Saturated at the time the second descent begins. To
Mmeet the increased risk the two periods at the bottom
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should be added together, and the proper stoppages for
such an exposure used during the second ascent.

With an interval of one hour between the exposures
these precautions may be halved, or with two hours’
interval may be altogether omitted, if the duration of
exposure during the first dive has not exceeded that
shown in the table.

Table I].—This table is for use when a diver has
been detained at the bottom beyond the ordinary limit
of time by reason of some accidental circumstance, such
as getting his life line or air pipe entangled.

These two tables for diving have been so arranged,
by a slight modification in the spacing of the stoppages
demanded by theoretical considerations, as to prevent
any danger of “bends” in the water. It should be
noted that “ bends,” which are caused by the more slowly
desaturating tissues, although ]);Linllll, are not so danger-
ous as other symptoms, such as paralysis.  For this
reason, if the diver is in a collapsed condition after a
long exposure in cold water, the last stop at 10 ft. might
be omitted, since the stoppage at 20 ft. will already have
got rid of most of the harmful excess of gas. If de-
compression symptoms are feared, and no medical lock
is available, the diver should be kept on the ladder for
about ten minutes, so that he can be lowered into the
water if necessary. And when he has been brought on
board he might sit for another twenty minutes before
undressing, still wearing his boots, helmet, &c., and
merely having his front and back lead weights removed,
so that he can be sent below again at once on the appear-
ance of symptoms.

[t will not usually be necessary for him to go to a
greater depth than that for the first stoppage, and
generally a depth of 20 ft. will be sufficient.




60-66

84-90

90-96

96-108

108-120
120.132
132-144
144156
156-168

168-180

180-192
192.2(4

[A. E. Bovcorr, ]
Stoppages during the Ascent of a Diver after Ordinary
_// om Smfmz

= o 2
Depth. Pressure.
7 | Pounds
Feet, Fathoms.| per sq. in.
036 0-6 0-16
36-42 6-7 | 16-183
42-48 7-8 | 181-21
48-54| 8.9 | 921.24

|

1

[
5460 | 910 | 24-264
x 3

|

10-11 | 264-29%

Up to  hour - |
11-12 E_)()l ) } to 51 mm
| 5 to 1 hour ol
1 to 2 hours
Up to 20 mins.
12-13 | 32-34} |{ 20 to 45 mins. -

14-15 | 37-40
|

16-18 421-48

18-20 | 48-53}

20-22 | 533-59

22-24 | 59.64}

2426 | 644-70

26-28 | 70-75 J

28.30 | 75.804 | { L ;
i 18-80} | 9 to 14 mins.

30-32 | 804-86
32-34 J\ 86G-914)

e, €,

TABLE 1.

[
s
ik
i

{t
L 30 to 40 mins.
{1
L

|
|
|
il
(U f) to 10 mins.
i
[T
[ 1

Time from Surface
to Beginning of
Ascent.

No limit -
Over 3 hours -

Up to 1 hour
1 to 3 hours
Over 3 hours

to l } hours

" Up to 4 hour

[ 1§ to 3 hours

Over 3 hours

(Up to 20 mins. |
’ 20 to 45 mins. - |

to 14 hours
ll{ to 3 hours

Over 3 hours - |

Up to 4 hour
1 to 4 ]10\11
5 to 1 hour
1 to 2 hours

{ to 1§ hours

Up to 20 mins.

l'_’ﬂ to 45 mins. -

% to 1} hours

( Up to 10 mins. |
' 10 to 20 mins. -
1 20 to 40 mins. -

40 to 60 mins. -

rUp to 10 mins.

10 to 20 mins. - |
1 20 to 35 mins. -
[35 to 55 mins. - |

p to 15 mins.
15 to 30 mins. -

Up to 15 mins.
15 to 25 mins. -
25 to 35 mins. -

Up to 15 mins.
15 to 30 mins. -
Up to 12 mins.
12 to 25 mins. -

10 to 20 mins. -

T

p to 10 mins.
10 to 16 mins. -

Jp to 9 mins. -

Up to 13 mins.
Up to 12 mins.

o *
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HALDANE.
Limits of Time

Stoppages in \lmuLL\ at dlllcluxl | Total
l)q)lln

60 ﬁ 150 n 40 fi.| 30 ﬁ“zoﬁ‘{

5

10

10

10

-3 ~3

]

| Timefor

— Axu,nl |
10 ft.|in mins.

[

0-1 ‘
5| 6 |
: 1%
5| 63
10 | 113

2
b 7
10 | 12
20 | 22
S
Bl
10 12
15 22
20 32
]
2
5 i
10 | 15
15 22
20 32
2 4
51 10
12 19
20 32
51 7
10 17
20 32
5 7
15 22
20 32
3 5
5| 10
15 | 22
15| 30
3 6
5| 10
15 22
15 30
51 11
10 | 23
15 33
7 15
10 23
15 33
7 7
15 33
5| 16
12 32
5| 16
12 32
5 | 18
10| 30
5| 18 |
10| 30 |
10| 30 |

10 | 32

" During each stoppage the diver should continue to move his arms and legs.




Feet.

90-96

132-144

156-168

168-182

\Il'Jl 206

108-120 |

!l Fathoms.

|
60-66 |

|

‘
96-108 |

182-194

120-132 |

144-156 |

Depth.

10-

14-

15-

16-

18-2

20-2

o
o

24.-

26-¢

28-3

30-

L;\ b
Stoppage

11

15

16

18

20

22

o

26

28

]

32

4

Pressure.

Pounds
per sq. in.

264-29%

(83}

32-34}

343-37

37-40

40-42}

59-644

645-70

70-75

75-80%

804-86

BovcorrT,

86-914

TABLE II.

G €

COMPRESSED

AIR

WORK.

C. DamaNT, AND ]. S. U.\Lu_\Nu\

s during the Ascent of a Diver after Delay beyond the

]1/111/\ of Time /r()//z S/Njau

Time from Surface

to Beginning of
Ascent.

|
\mnn\‘
Time to
First |

Stop. ¥5(1 ft. ‘

Over 3 hours -| 2
[ 2 to 3 hours 2
| Over 3 hours ‘ 2
14 to 24 hours - | 2
Over '_’.’_, hours - 2
1} to 2 hours 2
2to 3 h()un 2
 Over 3 hours 2
[l to 1% hours 2
{1 1% to 2% hours - 2
Q() _’)3 hours - | 2 ‘
| hours - 2. i ..
3 hours-| 2 ‘ 5
l houn | 2 ) "
{ 40 to 60 mins. - 2
1 to 2 hours - 2
‘()\Ll’ 2 hours 2
|
I.LJ to 60 mins. - | 2 i
1 to 2 hours .
[()\u 2hours -| 2 { i
[ 30 to 45 mins. - | 3 | ..
#to 1l hours -| 3 | ..
. dver 1% hours - 3 &
[ 45 mins. - | 3 i >
: ln lL hours (il O
l()\u l'; hours -| 3 | ..
[’Hlo 35 mins. - | 3 ‘ o
35 to 60 mins. - 3 ‘ S
l()\u‘ 1 hour 3 "
16 to 30 mins. - 3 ‘
{30 to 60 mins. - | 3 |
{Ovcr 1 hour E
(14 to 20 mins. - | 3 |
20 to 30 mins. - | 3
30 to 60 mins. - 3 y
( Over 1 hour - g e
(13 to 20 mins. - | . 8 | .
';’U to 30 mins. - 3 } :
30 to 60 mins. - | 3 | ...
(Over 1 hour I 8@ | &
! . | |
12 to 20 mins. - | 3
|‘.3“ to 30 mins. - | 3
30 to 60 mins. - 3 |
Over 1 hour g |1

Stoppages in Minutes at different
I)chh\.

70 ft. wﬁ 50 ft. 4011\&0 ft.| 20 ft.

*‘ | w}‘,,,,

10
‘
: 10
20
(1| 20
i l ik 30
| |
e 1 15
5| 30
‘ o M e OSSO
‘
1 el | 815
1 SR
‘ ven il war I 200|188
1 5|15
‘ ‘ 10 | 30
| 30| 35
e | ...l10] 15
[P ‘ | 5115|265
} o | 15 | 30 | 35
e | 5|10 15
; | ‘ 10 | 20 | 30
| 30| 35| 35
‘ v § 8100 15
| 5110 |20 |30
15| 30 | 85 | 40
‘ 3| 5(10] 15
‘ 10 | 10 | 20 | 30
‘ 30 | 30| 35 | 40
| 8| 5|10 15
sl 7 1020 15| 80
20 | 25 | 30 | 35 | 40
|
O B
3110110 (15| 30
5125(25| 30|35 | 40
o I TR R o 05 0,
21:2 8|10 15
3 7110|2030
25130 (30|35 | 40
o oS0 gl ST 45
ol 8L 80U TORIETS
31 5 101220 | 30
20|25 30| 30| 35| 40
Sl gl 5 T
3 3 8 5| 10 | 20
3| 5/10|15|20| 30
20 | 25|30 | 30| 35| 40

Ordinary

[

Total |
Time for
Ascent

in mins.

95

193

56
101
203

41
60
111
218
46
64
118
228
51
67
124 |
| 238 |
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Sometimes, however, if the symptoms are severe, it
may be necessary to send him to a greater depth for a
few minutes in order to relieve the pain and to cause
any bubbles which may have formed to 2o into solution

again more quickly than they would otherwise do.

TABLE III.
Showing MINIMUM Az 5///)/5/) required by Divers.

|

Depth. Pressure in Pounds |
per square inch

[due to ”L ad of Salt

Cubic Feet of Free
Air per Man per

|
l ter. Minute. ‘
Feet. Fathoms. [ ’

B - PR o : 1
33 5% [ 15 r 30 ‘
66 11 | 29 45
99 164 \‘ 44 y 60
132 22 [ 59 75
165 274 | 74 90
198 33 ‘ 88 10+5

231 38% ‘ 103 ‘ 12+0

|

In salt water at a depth of 1 foot pressure =0445 pound per square inch ne u])‘.
In fresh s 4 o 0434

3 ’




CHAPTER 11

Stage Decompression (continued).

ZTable [V.—This table is for use .in caisson or tunnel
work where long shifts may be employed by reason of
the comparatively low pressure usually necessary for this
class of work.

With such long shifts and low pressures the calculated
theoretical rate of decompression is nearly uniform after
the first rapid drop in pressure, and the rules for decom-
pression are greatly simplified by adopting uniform de-
compression. The table gives the number of minutes
for each pound of decompression after a first rapid drop
in the proportion of two to one in absolute pressure.

Suppose, for instance, that men working at a pressure

of 30 Ibs. came out for a meal after three hours’” exposure,
- : 30+ 15
they would first decompress rapidly to 2=——-2 =22} Ibs.
. 2

absolute pressure, or 74 Ibs. by gauge. They would then
lower the pressure 1 Ib. every six minutes, taking 6 x 74
= 45 minutes to pass through the air-lock.  After a second
or third exposure the time required would be 7 X734
=524 minutes. After six hours or more continuous
exposure 8 X 74 =60 minutes would be required. It is
clear that in order to economise time spent in the air-lock
it will be better for pressures over 25 lbs. to keep the

men continuously under pressure during each shift, and
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such an arrangement is usually preferred by the men
themselves.

Rule.—Decompress to half the absolute pressure
rapidly, and then at the rates given in the table.

Table V.—In tunnel work or in caisson sinking, where
the space is available, it is recommended that a section
of tunnel or large air-lock should be provided where the
pressure should be constantly maintained at a little less
than half the absolute pressure. With such an arrange-
ment the men would be able to pass rapidly from the
working chamber or section of tunnel into the ‘ purga-
tory ” air-lock or section of tunnel, and after a delay,
proportionate to the working pressure, would pass rapidly
out. Whilst in the lock, they could occupy their time
in changing their clothes and washing, or in having a
meal, and the moving about thus occasioned would con-
siderably hasten the process of desaturation.

This method is a very convenient one for tunnel work,
as the ordinary air-locks are kept free for ingress and
egress of material, except for the few minutes during each
shift actually occupied in passing in and out.

In the table, in the first column, is given the working
pressure, in the second the absolute working pressure
+ 2.2, which is the pressure at which the air must be
maintained in the purgatory lock, and in the other
columns are given the time in minutes which must be
spent in the lock after different lengths of exposure.

Thus, with a working pressure of 34 Ibs., the pressure

in the purgatory lock or section of tunnel would be
2 = 224 Ibs. nearly of absolute pressure or 74 lbs. by

gauge. Any one coming out after three hours would
have to spend fifty minutes in the purgatory lock as
shown in the third column from the end.
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The custom has usually been to work one and a half
hours twice a day at a pressure of 45 lbs., and it will
perhaps be well, until further practical experience is avail-
able, that exposures at 45 Ibs. should not exceed two
hours, at 40 1bs. should not exceed three hours, and at
35 lbs. should not exceed four hours.

Saturation is practically complete in six hours, so that
the lengths of time to be spent in the lock after six hours’
exposure will also serve for longer exposures.

Tables VI. and VII—These two tables are for use
after curative recompression in the medical lock, or after
preventive recompression made necessary by some acci-
dent, such for instance as a burst dress in the case of a
diver, or a cracked cast-iron cylinder in caisson work.
When a worker is suddenly decompressed by some such
accident as one of these, he should immediately be placed
in the air-lock, and the pressure raised as quickly as
possible up to, or very nearly up to, the pressure he has
just been working at. If no symptoms appear, or when
those which have appeared have disappeared, the pressure
should be slowly and cautiously lowered to about half
the absolute working pressure. It should then be lowered
in stages, with stoppages every 5 lbs. as given in the
tables.  After recompression in the air-lock, decompres-
sion should be very slow and cautious, as the bubbles
may not have become completely dissolved during the
recompression.

[t is inadvisable to keep a patient long at pressures
above 45 lbs., so that if at any time it is necessary to
recompress at pressures higher than this a start should
be made in lowering the pressure very soon after the
patient has entered the air-lock.

The two tables have been calculated for three hours’
and six hours’ added exposure respectively. To find
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the value of this exposure the time spent in the medical
lock before the half absolute pressure is reached should
be added to the working exposure.

As a general rule it is not wise to hurry decompres-
sion after curative treatment, and the six hour table will
therefore be the safest one to use. If the patient is,
however, only being treated for a mild case of bends which
has come on an hour or so after leaving work, these
excessive precautions need not be taken, provided the
pressure in the medical air-lock is not raised above about
15 lbs., which will usually be sufficient for treatment of
cases such as these.

The medical lock should be fitted with a couch, on
which a patient may recline, and should also have double
doors like those of an ordinary working air-lock, so that
a doctor may be able to enter and attend to a patient
without any necessity of raising or lowering the pressure

in the medical lock itself.

TABLE IV,
[A. E. Bovcorr, G. C. C. DAMANT, AND J. S, HALDANE. |

Showing Rale of Decompression in Caisson and Lunnel Work.

Number of Minutes for each Pound of Decompres-
sion after the First Rapid Stage.

Working Pressure in | |
Pounds per Square Inch. i After second or 1
Afvar fivct thiee.| third three hours’| After six hours
B otnel SRncaEe | exposure follow- | or more of con-
S EXPOSUT€. | ing aninterval | tinuousexposure.
for a meal.

18-20 pounds 2 3 5
2124, 3 5 "
25-29 ,, 5 7 8
30-3¢ 6 7 9
35-39 7 8 9
40-45  ,, 7 8 9
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TABLE VL
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CHAPTER III.
The Common Diving Dress and Helmet.

THE first practicable diving dress was invented by Mr
Augustus Siebe in the year 1828, and consisted of a
helmet and short jacket, coming down to the waist, below
which the air escaped after the manner of a diving bell.
The inconvenience of this dress is of course apparent,
and lies in the fact that the diver cannot stoop to his
work, but must for safety remain almost upright. As a
result Mr Siebe, whilst engaged on the wreck of the
“ Royal George,” invented, in 1839, the closed type of
dress, and this dress with very few modifications has
remained in use in this country ever since.

The dress is made of strong waterproofed canvas in
one piece, and the only openings are at the wrists and
at the neck, where the breastplate is attached. The
wrist-bands are made of stout vulcanised rubber, which,
when the diver has the dress on, tightly grip the wrists.
The water is prevented from entering when the diver's
arms are below the level of the helmet, by the fact that
the pressure of the water causes the dress to cling tightly
round the diver’s arms, and when he raises his arms to
the level of his helmet, by the pressure of the air inside
the dress. When the diver lifts his arms up above his
head, the sleeves fill with air, and air will escape in

bubbles. at his wrists. No water can, however, enter, as

|
|
|
!
|
|
f
|
|
\




IVORK.

20 COMPRESSED AIR

the pressure of air in his sleeve is greater than that of
the water above his head.

The top of the dress is a flat band of vulcanised
rubber about 4 in. thick and about 2 in. wide. This
band fits over the breastplate, and is secured to it by a
metal plate in four pieces. This plate is fastened to the
breastplate by twelve studs which pass through it. The
rubber band has twelve holes corresponding to the
studs. By means of butterfly nuts the plate is screwed
down tight to the breastplate, squeezing the rubber
band between, so that a perfect watertight joint is
obtained.

The breastplate terminates in a collar which is threaded
in segments—first a threaded segment and then one plain.
The helmet is treated in the same manner, and is put on
by applying the threaded portion of the helmet to the
unthreaded portion of the breastplate. It is made secure
by a one-eighth turn, and prevented from twisting open
by a hinged catch. The helmet itself has two glass
port-holes or windows, one on each side, protected by
strong bars. The face-plate is made of strong glass with
a brass rim, and is screwed on just before the diver goes
over the side of the diving boat. It also is frequently
protected by bars.

At the back of the helmet is the attachment for the
air pipe, and this contains a valve with a spring, so that
if anything happens to the air pipe it will at once close.
The pressure of air inside the helmet will keep it
closed so that no water can enter. The strength of the
spring is sufficient to keep it thus, even though the
pressure inside the helmet is slightly below that caused
by the head of water at the level of the valve. The
spring of the escape valve should, however, be kept
screwed up sufficiently tight to prevent the pressure of
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air inside the helmet from falling below that caused by
the head of water at a level about 3 in. below it.

On the right-hand side of the helmet, just behind the
glass window, is the escape valve, fitted with a weak
spring for the escape of surplus air. It is closed by a
perforated plug which can be screwed in or out according
as the diver wishes to raise or lower the pressure in the
helmet and dress.

On the right-hand side in front of the window,
and lower down than the escape valve, is a supple-
mentary valve which is closed by the diver just before
going under the water. It is not an essential part of the
apparatus, but is used by professional divers for taking
in water into the mouth for the purpose of washing down
condensed moisture on the face-plate.

Two lead weights, back and front, weighing 36 to
40 lbs. each, and boots with thick lead soles weighing
16 lbs. each, and a belt with knife attached complete the
outfitt.  The lead weights and lead-soled shoes are to
cause the diver to sink, since in his dress and helmet he
will be very much lighter than the water displaced.

When the diver is getting ready for a descent he puts
on over his underclothing a white woollen jersey and a
pair of woollen pants. One or two pairs of woollen stock-
ings are then put on and drawn up over the pants. He
then steps into the dress and sits down whilst the attend-
ant pulls up the feet of the dress until the diver’s feet are
well into them. He then stands up, and having had the
backs of his hands well soaped, with the help of the
attendant works them through the tight rubber wrist-
bands. If the diver has small wrists, it is sometimes a
good plan to first wrap round them strips of washleather
about 2 in. wide and about 15 in. long. These should
be slightly moistened, and have a piece of string attached
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at one end, which can be tied round the wrists to make
all secure. One or two pairs of strong elastic bands,
specially made for the purpose, should then be put on
over the wrist-bands of the dress.

The shoulder pad is then put on under the dress, and
this is followed by the breastplate. Inside the dress will
be found a loose piece folded up. This must be pulled
through the ring of the breastplate and well up round the
diver’s face. The rubber neckband must then be fitted
on to the studs and fastened down by the loose pieces of
plate and the butterfly nuts. These last, after having
been first tightened up with the fingers, must have a final
tightening up with the spanner provided with every set
of apparatus. The piece of dress, referred to as being
found folded up, can then be comfortably arranged so as
to be out of the way of the diver.

The helmet is then put on and screwed home by a
one-eighth turn. On his head underneath the helmet
the diver will wear a tightly-fitting, red woollen cap,
which is supplied with the underclothing. An ordinary
cap is liable to come off and get over the diver's face, so
should not be used.

[n the front of most breastplates will be found two
studs. On these the front lead weight will be hung by
means of two short chains attached to it. For additional
security the two chains should be continued round the
diver’s neck by a piece of rope. The back weight is then
hung round the neck by means of a rope which is passed
over two hooks, which will be found one on each shoulder.
A piece of rope attached to the back weight, and passing
through a hole in the front weight, is used for lashing
the weights round the diver’s body, and prevents them
from shifting about. In some helmets the two studs for

hanging the front weight on are omitted, and then it is
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hung round the neck on a rope in the same way as the
back weight.

The life line is then knotted securely round the
diver's waist and carried up under his right arm, and
fastened by a piece of twine to an eye, or lug, on the
shoulder of the breastplate. The belt is then girded on,
and, lastly, the air pipe is screwed into the inlet valve,
brought up under the left arm, and treated in the same
manner as the life line. Some professional divers,
instead of fastening the life line and air pipe to the eye-
pieces, secure them to the brass bars protecting the two
side windows of the helmet. This plan is not, however,
generally favoured, because a sudden pull on the life line
by the attendant has more power to jerk the helmet back,
and when the diver is in a stooping position, this may
bring the helmet into painful contact with his face.
When the helmet is fitted with a telephone, the wires
are frequently embedded in the centre of the life line.
If this is the case, the life line is screwed into the back
of the helmet in a similar manner to the air pipe, before
being passed under the diver’s arm. Sometimes, how-
ever, the telephone wires are embedded in the air pipe,
and then an ordinary life line is used.

The diver is now ready to make a descent. The
pump attendants start pumping steadily, and the face-
plate is screwed in. Finally, as the diver is just about
to get submerged, he closes the supplementary valve.
In the case of an inexperienced diver, the attendant
should see that this is properly closed before he goes
under. Professional divers generally have the face-
plate put on at the last moment, but a beginner, who
will feel very clumsy and uncomfortable at first in the
unaccustomed dress and heavy weights, should prefer-
ably have his face-plate put on before getting on to the
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diving ladder, for fear he might stumble. When he is
a few feet below water he should stop to adjust his
escape valve. The proper adjustment of the valve is
rather important. The valve is kept closed by a weak
spring. When the valve is screwed up the power of
the spring is increased so that less air can escape. If the
air pressure gets too high the air will penetrate into
the dress, and then the diver will be brought rapidly to
the surface, or ““blown up,” on account of the increased
displacement of water, for with the valve properly
adjusted the dress clings tightly to the body. If, on the
other hand, the valve is too much open, the pressure
on the body will make breathing very difficult. The
most comfortable adjustment will be when the air in the
dress is just sufficient to take the load of the heavy lead
weights off the diver’s shoulders. A very interesting
experiment was made by Dr Haldane upon himself,
during his investigations on behalf of the Admiralty
Committee, to show the effect of varying the pressure in
the diving dress. The apparatus used by Dr Haldane
was the ordinary dress and helmet, but in place of the
ordinary escape valve, a rubber tube was fitted, about
two feet long, with an ordinary valve at the end of it.
During the experiment this valve was kept fully open,
and Dr Haldane found that with the valve held a few
inches above the helmet the pressure on the chest and
abdomen was so great that breathing was quite impossible.
With the valve held at the top of the helmet breathing
was possible, but extremely laboured ; at the ordinary
level still laboured, especially during exertion or with a
short air supply; and two or three inches lower was
much easier (see “ Report,” page 11).

The danger of blowing up accidentally is greatest

when a diver suddenly stoops down., The outflow of
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air is then temporarily checked, and the air will accumu-
late in the back of the helmet and penetrate into the legs.
[f this happens the diver will be brought feet uppermost
to the surface. This, of course, is highly dangerous, not
only on account of the sudden decompression, if from any
depth, but because of the great risk the diver runs of
getting caught in something or of striking his head
against the keel of a boat. As the diver comes up, the
air in his dress will expand, so that all the time his
velocity will be increasing. The danger, therefore, of
striking anything at the surface will be very great. To
obviate, or at any rate minimise, this danger, a new type
of dress, with tightly lacing up legs, has been introduced
into use in the Royal Navy. This prevents the air from
getting into the legs, so that the diver, should he fall
down, runs no risk from the air accumulating, but is
immediately able to right himself. If a diver for any
reason wishes to blow himself up purposely, he will come
to the surface in a perpendicular position.

We are assuming that the diver is making his first
descent on a ladder reaching to the bottom and tightly
lashed, say, to a pile. The professional diver, in open
water, will usually prefer a rope held to the bottom by
a weight.

The next thing for the diver to do will be to see if he
can inflate his Eustachian tubes. If he cannot do so, he
will feel, when he has descended a few feet, a pain in the
ears. He should then try swallowing, or moving his
jaw about. If this does not relieve him, he should come
up a few feet. When the nose can be held, as in an air-
lock, it is quite easy, by blowing, to inflate the Eustachian
tubes. This cannot be done of course in a helmet, but
some divers find it helpful to press the nose against the
face-plate and then blow,

S ————————
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When the diver has once learnt to manage his air
valve and inflate his Eustachian tubes, he will quickly
gain confidence and soon feel quite at home in the water
and enjoy the novel experience. Except in clear water
the light does not penetrate very far and the diver will
generally have to do his work by feel. Where electric
current is available he can take an electric submarine
hand lamp down with him and these are frequently used
for salvage operations. They are not, however, much
used for ordinary operations.

The communications between the diver and the
attendant, when there is no telephone, are made by
means of pulls on the rope. Divers usually make their
own code of signals, but it is very usual for one pull to
mean “all right,” two pulls to mean “more air,” and three
pulls “I am in danger, pull me up.” If the diver is in
shallow or very clean water, he can take a small line
down with him and with this line a slate can be passed
up and down with messages written on it.

The position of attendant is a rather responsible one,
since upon his care and vigilance the life of the diver
may depend. During the descent of the diver he holds
the life line and air pipe together in his left hand and
pays them out with the other. When the diver reaches
the bottom he holds one in each hand and must keep
them sufficiently tight to be able to just feel the move-
ments of the diver and to at once notice any signals he

may make. In deep diving

g, or in any place where there
is any fear of the air pipe becoming entangled, it will be
necessary to have two attendants, one for the life line
and one for the air pipe. Two men will be required for
the pump, and there should always be a spare man to do
anything that may be required, as it is quite impossible

for the men working the pump to leave their posts, and
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even when there are two men in charge of the air pipe
and life line it is not desirable that one should have to
oive up charge to the other even temporarily. With
very deep dives two or more pumps coupled together
will be required, and then the number of men attending

upon the diver is of course very much increased.




CHAPTER 1V.

Rouquayrol-Denayrouze Apparatus —Fleuss
Dress—The Diving Bell—Pumps.

Tue Rouquayrol and Denayrouze apparatus was in-
vented by a French mining engineer, Rouquayrol, and a
French naval lieutenant, Denayrouze, in the year 1864.*
[tis used on the Continent with the ordinary diving dress
and is carried on the diver's back. It consists of a steel
cylinder of about 0.28 cub. ft. capacity, which acts as a
reservoir for the air as delivered by the pump, and a
smaller chamber in direct communication with the helmet
by means of a pipe. The air in the reservoir is usually
kept at a pressure of about 5 lbs. above that in the small
chamber. The air is admitted from one chamber to the
other as follows :—The small chamber is situated at the
top of the reservoir, and has a diaphragm in the centre
of its own top to which is attached by a rod the cone-
shaped valve closing the opening between the reservoir
and chamber.

When the diver breathes, the pressure in the chamber
is lowered, and the water, pressing on the diaphragm,
causes the valve to open, and air is admitted, until the
-pressure in the chamber is sufficient to press outwards
the diaphragm and thus close the valve.

The chief disadvantages of this apparatus are that it

* “La Navigation Sous-Marine,” Pesce.
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is complicated and therefore likely to get out of order ;
that it is very much in the diver’s way, and might easily
get caught in something ; and that the pressure gauge
will give no indication to the attendant of the diver's
depth. In its favour is the fact that the diver when
stooping down runs no risk of being “blown” to the
surface. As against this he will be breathing against
pressure, as the diaphragm will be above the diver’s
head, and the effect produced will be the same as that
obtained by Dr Haldane in his experiment described in
the last chapter, when the escape valve at the end of
the rubber tube was held too high up.

A sudden fall would also be less dangerous, although
if this were for any distance, the reservoir is so small
that the air would soon be exhausted, unless it were kept
at an excess pressure much above that required by the
diver. This could be done with shallow diving, but to
do so with deep diving would be quite impracticable.

On the whole the air reservoir appears a very useless
encumbrance, and so far has not come into use in this
country.

Another system is the Fleuss apparatus. With this
apparatus the life line and air pipe are dispensed with,
and the diver instead carries with him a steel cylinder
containing oxygen at a pressure of 120 atmospheres.
This is admitted to the helmet by a reducing valve, and
the CO, (carbonic acid gas) produced by breathing is
absorbed by caustic soda. This apparatus was invented
by Mr Fleuss some years ago, and has been much im-
proved by him since that date. It is chiefly used by
rescue parties after explosions in mines, and enables them
to go with perfect safety into parts of the mines filled
with deadly gases. The apparatus when used for this

purpose consists of the steel cylinder of oxygen and a
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knapsack containing the caustic soda. A rubber mask
covers the face, and the oxygen is breathed from a
reducing valve from the cylinder which communicates
with the mask by a flexible pipe. It is then exhaled,
and by means of another pipe and a simple system of
valves circulates through the knapsack where the CO, is
absorbed by the caustic soda. It is then breathed over
again by the wearer, together with a small fresh supply
of oxygen.

When this apparatus has to be used with a helmet
and diving dress for work below water, and the depth is
greater than 17 ft., the oxygen should be mixed with
air, since oxygen at high pressure acts as a poison. For
a depth of 70 ft. 60 per cent. air would be required.*

This apparatus was the one used by Messrs Siebe,
Gorman & Co.’s famous diver Lambert, in his historic
dive through the workings of the Severn Tunnel.t
During the construction of the tunnel the water on one
occasion suddenly broke in, and the workers quickly
retreating forgot in their haste to shut a valve. After
pumping had been tried without any effect upon the
height of the water, it was decided to try and shut the
sluice by means of a diver in the ordinary dress. The
work to be done by the diver was as follows: to go
behind an iron door in a head wall and shut down a flap
valve on an 18-in. pipe, come back through the door,
lift up two tram rails, and then shut the door, then screw
down a 12-in. sluice valve on another pipe on the near
side of the door. The distance to be walked was
1,000 yds. under a head of water of 3o ft, and this

* See Dr Haldane’s lecture before the North Staffordshire Institute
of Mining and Mechanical Engineers, published in Wazer, 15th April
1908.

T “History of the Severn Tunnel,” Walker.
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distance was too far for one diver to drag behind him
the length of air pipe required. The first attempt was
made with three divers in the ordinary dress. These
three went together as far as they could, dragging their
air pipes behind them. Then one stopped, and the other
two went on, the man who remained behind helping them
by pulling forward their air pipes. Then another man
stopped, and the leading diver, Lambert, went on alone,
but at last he could get no further, and had to return.
Mr Walker, the contractor, then telegraphed for Mr
Fleuss, having heard of his apparatus, and on 8th Novem-
ber 1880, Lambert, after a few preliminary dives to get
accustomed to the dress, made his first attempt. On
this occasion he got as far as the door, and pulled up one
rail. He then returned, and his failure in this first
attempt can be well understood when we remember his
unaccustomed apparatus ; and those who have ever had
a diving dress on know how after even a short exposure
in water the hands become quite numb with the cold
together with the stoppage of proper circulation by the
tight wrist-bands.

However, on 1oth November, Lambert made his
second attempt, and successfully shut down the flap valve,
pulled up the remaining tram rail, closed the door, and
gave the sluice valve the number of turns he had been
instructed, and returned after having been absent one
hour twenty minutes.

The pumping was then started, and although it took
much longer than had been anticipated, the wa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>