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ABSTRACT

Current Combat Swimmer missions involve multiple depth dives wusing air
where long periods of time are spent at depths 30 FSW and shallower. Current
dive procedure requires using the deepest depth for the total dive time unless
at least 10 min intervals are taken at 1 ATA in which case repetitive dive
procedures may be used. Also, current repetitive dive procedures only
addresses times up to 350 min. This report first reviews the origin of the
current Air Repetitive Diving Procedures and examines in detail how the
No-Decompression Repetitive Group Designations, the Residual Nitrogen Time-
table, and the Surface Interval Credit Table were calculated. In addition,
several errors and inconsistencies in these tables are pointed out and
discussed. Then, a procedure is developed based on using Repetitive Air
Diving techniques for doing multiple level dives where no surface interval is
taken. Additions and/or changes in current repetitive diving procedure
necessary to accomplish this include extension of the Residual Nitrogen
Timatable to a depth of 30 FSW and extension of repetitive group designations
at 30 FSW from Group L to Group O. This Combat Swimmer Multi-level Dive
Procedure (CSMD Procedure) involves dividing the dive up into alternating
intervals 30 FSW and shallower and deeper than 30 FSW. For each interval a
repetitive group is calculated and used to find a residual nitrogen time for
the next interval. The procedure limits are a depth of 120 FSW and total dive
time of 12 hours. The procedure 1is designed as an interim measure until a
computer algorithm and Air Underwater Decompression Calculator can be devel-
oped.

KEY WORDS

Repetitive Diving
Multiple-Level Dives
Decompression

Combat Swimmer

Air Dives

Residual Nitrogen Times
Surface Interval Credit Table
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(' Air diving as practiced in the U.S. Navy allows repetitive diving where a
- diver carries over any decompression obligation from a previous dive to the
. current dive by adding a Residual Nitrogen Time to the current bottom time.
{? These procedures assume that between successive dives the diver leaves the
tw: water and spends his surface interval at 1 ATA. A Surface Interval Credit
- Table tells the diver how much of the decompression obligation from the
previous dive he has discharged during the surface interval. This is
> reflected in the Residual Nitrogen Time decreasing with 1increasingly longer
< surface intervals. After a 12 hour surface interval the diver is assumed to
:{j have discharged his entire decompression obligation from any previous dives
:: and the Residual Nitrogen time becomes O.
A While these procedures are useful when time 1is spent at the surface
o between dives, no procedure currentiy exists for tailoring decompression
profiles when 1long periods of time are spent at shallow depths (30 FSW or
o less). A set of decompression tables for closed circuit Underwater Breathing
e Apparatus (UBA) providing a constant PO, of 0.7 ATA in a nitrogen diluent has
o been developed at NEDU, and the algorithm used to generate these tables
> d published (1). The algorithms are intended to be programmed into a wrist-worn
:{ Underwater Decompression Calculator (UDC) which will tailor a decompression
.. schedule exactly suited to a particular dive. This algorithm could be used to
~ compute a set of tables which would allow planning of multiple depth dives
ﬂk . where the UDC was unavailable. During these dives, the surface interval would
- not necessarily have to be at 1 ATA. Unfortunately, no such algorithm exists
" for air diving and the original repetitive dive tables do not appear to have
- been computed using a particular set of algorithms for all dives.
.‘: 4
}{ Current combat swimmer mission scenarios involve multiple depth air dives
2 where long periods of time are spent at depths shallower than 30 FSW. Current
N U.S. Navy practice would obligate these swimmers to decompress on a schedule
ol based on the maximum depth ever attained during the dive for the entire time
.. of the dive. This can lead to considerable decompression time, most of which
;: is probably unnecessary. Also, the maximum dive time at 30 FSW in the U.S.
Ly Navy Diving Manual (5) is currently 310 min, limiting maximum mission times to
A just over 6 hours.
> In order to meet current operational needs, a method of computing
‘iﬁ decompression obligation for multiple depth dives is essential. This report
o describes such a procedure which will be known as the Combat Swimmer
jr Multi-Level Dive (CSMD) Procedures, This report consists of 2 parts and an
.. appendix. Part I discusses the origin of the current repetitive dive
;: procedures for air diving as practiced by the U.S. Navy. A thorough review of
“ these procedures was necessary because the CSMD Procedure is heavily based on
W) them. Part 1 of this report is technically involved and requires some
‘-ﬁ familiarity with decompression theory. Readers unfamiliar with the decom-
U pressison theory used to compute the U.S. Navy Standard Air Decompression
‘ﬁ Tables will have to read the cited references. Part II of this report
3N describes the CSMD Procedure and can be read without thoroughly understanding
~ Part 1, although some of the extrapolations and justifications may not be
?j clear. Finally, Appendix A contains a detailed set of instructions for using

the CSMD Procedure to actually compute the decompression obligation for a
sample profile.
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PART I

ORIGIN OF CURRENT AIR REPETITIVE
DIVING PROCEDURES
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S Introduction

& A comprehensive method for computing air decompression schedules as well
o N as repetitive dives was reported by Dwyer in 1955 (2). The decompression
AR model used was not original but based on exponential gas uptake and offgassing
-:}: in 6 theoretical tissues with halftimes ranging from 5 to 120 min.
- Necompression was accomplished by defining maximum values for tissue gas
- tensions at 10 feet of seawater (FSW)* depth increments and requiring a diver
3 to stop at a given depth until all tissues had desaturated to this maximum !
SN value after which ascent to the next shallower stop was allowed, Dwyer i
(if systematized the calculations in such a way that the procedure could be
2N programmed into a computer, He later gave further details of this method of
L calculation (3) which was eventually programmed into a UNIVAC Computer at the
N David Taylor Model Basin in Washington, D.C. A set of Standard Air Tables was

tested by des Granges (4) in 1956 and this testing resulted in the Standard

el Air Tables as currently published in the U.S. Navy Diving Manual (5). The
A testing involved some 564 man—-dives resulting in 26 cases of decompression
;:; sickness.

.";\':

,s The problem of repetitive diving on air was addressed by des Granges (6)
A in 1957. While Dwyer (2) had worked out the theoretical aspects of
Hf}: calculating the tables no practical method which could be wused operationally
:}: had vet heen developed. When the 1initial set of Standard Air Tables were
.. computed on the UNIVAC Computer (4), fourteen other sets of repetitive dive
::f tahles were also computed. These tables became known as the UNIVAC Tables.
AN Each set of UNIVAC tables assumed the diver surfaced with each of his six
L tissues saturated with the maximum amount of gas allowed for surfacing (the so
= called surfacing tension). The amount of gas remaining in each tissue at the
o end of the fourteen surface intervals was computed and these tensions assumed
ﬁ}: as starting tissue tensions for the next dive. Surface interval; of 0, 10,
'i{- 20, 130, 45, 60, 75, 90, 120, 150, 180, 240, 480 and 720 min were used. The
e initial tables which were tested by des Granges (4) and which were eventually
. modified to become the Standard Air Tables, were the 720 min UNIVAC Tables.
Q}: Since after a 12 hour (720 min) surface interval it was assumed that all
;{{ tissues had completely desaturated and there was no additional decompression
O obligation from previous dives these 720 min tables are also the dive tables
f:f for the initial dive (Residual Nitrogen Time = 0). It became obvious that the
f?. prospect of carrying around fourteen sets of tables would prove cumbersome and

a more efficient method of calculating repetitive dives was developed.

iﬂk Repetitive Group Assignments
vl

Vel The method chosen as described in NEDU Research Report 6-57 (6), was to
:::: group all of the standard air tahles according to the tissue tension 1in the
}f} 120 min halftime tissue wupon surfacing having followed the appropriate
::f‘ decompression vprofile. When these tissue tensions were computed it was
R

on

?:i * Units of feet of seawater (FSW) are used for both depth and gas tensions.
- When used as a gas tension, 33 FSW = 1 ATA = 760 mmHg.
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.i assumed that all breathing gas was composed of 100% inert gas to simplify the j
. calculation, The grouping of tissue tensions was in 1 FSW increment heginning ' 1
[‘ at 34 FSW up through 64,1 FSW, The value of 64,1 FSW is the surfacing tension 4

R of the 120 min tissue, Therefore, 1{f the proper decompression stops are
b. taken, no dive would surface with more than a A4.1 FSW tissue tension 1in the

s .
v Y

120 min tissue,

Ao o

Table 1 shows how dives were grouped based on depth and bottom time.
Tahle 1 was constructed from data taken from Appendix B of NEDU Report 6-57
(6). The letter designation across the top of the table are the initial
repetitive group designations. Each letter designator represented a 2 FSW
increment in the 120 min tissue tension and the groups are subdivided into 2
increments of 1 FSW each. Along the top of the table at the line separating
each letter group are the maximum 120 min tissue tensions allowed in the group
A immediately to the left. All tissue tensions were computed to the nearest 0.1
}.°. FSW so the minimum tension for the group to the immediate right is 0.1 FSW
more than the indicated tension. For example, a tissue tension of 35.9 FSW
N was the maximum allowed in the 120 wmin tissue after decompression for a dive
to be in group A. A tension of 36.0 FSW would have put the dive in group B,
» Similarly only dives with 120 min tissue tensions between 34.0 FSW and 37.9
Y FSW would be considered to be in group B. The only exception to this is group

0 and Z where the maximum 120 min tissue tensions were defined as 63.7 FSW and

h4,1 FSW respectively. It was later decided to subdivide each repetitive

group into 2 subdivisions labeled 1 and 2. Along the bhottom of Table 1 are

the maximum tissue tensions for each initial repetitive group subdivision.

(The letter designators along the bottom will be explained shortly). Thus,
A for a dive to be in group Al the 120 min tissue tension had to be 34.9 FSW or
less. If the 120 min tissue tension was 35.0 FSW to 35.9 FSW, the dive would
be in group A2 and if between 36.0 FSW and 36.9 FSW, in group Bl and so on.
For group 0, subgroup 0l included dives whose surfacing 120 min tissue tension
was 62,0 FSW to 62.9 FSW and 02 included dives with 120 min tensions from 63.0
FSW to 63.7 FSW, Group 7 1included dives with 120 min tissue tensions from
63.8 FSW to 64,1 FSW,

-
" b

o1
$ LS

.. Surfacing tissue tensions after appropriate decompression for all dives
: in the standard air tahles were computed and the appropriate repetitive group
N assigned to each tabhle. In Table 1 the hottom times for each depth have been
~ placed in the column corresponding to its repetitive group. In some instances

(1.e. 35 FSW for 200 min and 35 FSW for 210 min both of which are in group L2)
X more than one bottom time at a given depth are in the same repetitive group.

The heavv line running through the hody of the table indicates the division
hetween no-decompressinn dives and those requiring decompression.

After grouping the dives according to the 120 min tissue tensions the
repetitive grouning was changed. Subgroup Al became group A and all other
repetitive groups were shifted 1 FSW to the left. Subgroups A2 and Bl hecame
group B, B2 and Cl hecame group C and so on. Group Z was now composed of
subhgroup 02 and the original group Z. The new group designators (which will
be called the Final Repetitive Groups) are listed along the hottom of Table 1.
p At depths 35 FSW and deeper dives were computed in increments of 5 or 10 min.
For Aives 30 FSW and shallower bottom times were computed such that the 120
min tissue tension saturated to the minimum 1level 1in each repetitive
subgroup.
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TABLE 1 .
Repetitive Groupings For Dives in NEDU Report 6-57 )
gy
Bottom Times (Min) )
Teosion(FSW) 35.9 37.9 39.9 419 43.9  45.9 47.9 49.9 51.9 53,9 55.9 5.9 59.9 61.9 63.7 4.1 J
Totcial] A ] [ D E F G I J 3 T ] N ) K By
Groups | 1] 2{ 1] 2| 1 20 L] 2[ 1] 2] 1] 251 2] 1 1 2] 1 2| 1 2] 1 21 241 211 ¢ 2 .
Depth o
(rsw) 5
0 19[39/62[89{120 |160{210]/278 "
S 13]25139154] 71 | 89]110]132]160]191]228 |278]350 A
0 191291391750 | 621 75| 89]104[120{138 |158]182 208|240]279%]329 | 398
25 15]23131] 19 571 67] 78] 101 [TI4]12) [TA2IT6O[TTY 1197 1229247 [276]317 |36
30 13[19]25] 32 ["39] 46| 54} 62| 71| 79 | 89| 99 [110]120]132 |145 [158]173 |[190]209 [228]252 1278 |310 .
2801310
k] s|10[15{20| 25 | 30| 40 50| 60 70 80 | 90{100{110 {120 [130{140 |150|160 (170]190 [200 |220|260 [260 | 290 340
210 |230 270 | 300{330 ' .
., 240 .
40 5|10{15|20| 25 | 30 40 50 60] 70 80 90 |100 110 {120{130 |140(150 {160 |170]180 |200 | 210|250 |280 "
190 220260 |290 | .Y
230{270 [300 B
180 1 o
50 s[1ef1s 20| 25| 30 40 50 60 70 | 80 90 100]110 |120 |130 150 |160 {190 |210 (230 | <
170 {200 |220 ! 4
— 0 5[10 15 20] 25 30 0 50 €0 70 80| 90 1007110 [120 {130 |150 |1€0 |180719072 I )
140 170 g
~70 5 |10 15 20 25] 30 W0 50 €0 70 80 90 [100 110 [120 [140 |150/1607170 ?
130

30 5 10 15 20 75 30 %0 50 60 70 80 [ 90 |100 [110 [120 |130/140/150 ’]

50 5 10 15 20 25 30 40 50 60 80 90 [100 [110/120/130 ' h

00 5 10 135 0 3 (1) 50 €0 70 90_{100/110/120 : .9

10 5 10 15 20 25 30 40 50 60 70 | B0 | 90/100 -9

20 5 10 15 70 25 30 %0 60 | 70 80/90/100 . . 9

30 5 10 15 70 5 30 %0 50 €0 —70/80/90 ' .4
140 5 10 15 20 25 30 (1) 50 60 70780 ‘

150 5 15 25 30 0 60/70/80__

50 3 15 135 70 73 30 1) 50 60/70 )
170 5 10 15 20 75 30 %0 50/60/70 . -,
—180 5 10 15 20 75 30 70 0760 -

30 No Decompression | Decompression »[ 10 15 20 25 30 40 50/60 -4

inal -

Groups (A | B l c D E ? [ L} 1 J K L M N 0 z _-‘
Tenston 34.9 36.9 9 40, %2.9 753 38, 38.5 .9 52.9 5.9 56.3 8.9 50.9  62.9 6.
(FSW) .
Tension indicstes maximum 120 min tissue tensfon for being in group on the immediate left. -
Group on the immediate right begios with tissue tension 0.1 higher.
*Computed Time ~ Time in original report lieted as 232 min.

TABLE 2

Repetitive Group Letter Designations For No-Decompression Dives
(From Table 1)

Bottom Times (Min)

Depth

(rsw) A 3 4 ] 1 r [4 H 3 J K L N ] o

10 | 19+ 52(60) | 120 210 ~(300)

15 | 1w 39(33) naoy | uo 60 228(225) 150

20 | o 29(2%) 0 iz 104 138(135) 1820180) | 200 | 3290329

25 | e 23¢20) 9(35) s7(53) 78 101(100) 1220125) | 160 | 1970295y | 207¢245) | mrcmsy | 367

30 | 6 15315) 32(30) 46(43) 62 19(7%) 99(95) 120 | 148 173(170) | 209¢20%) | 252¢2300 | 310

3 s 15 25 40 0 60 80 100 |120 140 160 1%0 230(220){ 270 | 330(310)

o | s 13 25 30 a0 50 70 0 |00 110 130 150 170 200

50 10 15 25 0 40 50 60 70 80 % 100

60 10 15 20 25 30 40 0 | ~(5%) 60

10 s 10 1 20 0 -(35) A0 | -(a%) 50

80 s 10 15 20 25 20 ~(3sy 40

%% s 10 -(12) 13 20 2 30

100 5 - 10 15 20 -(12) 23

110 s 10 -0 | 1 20

120 s 10 -a2) | 1s 1
130 s -(8) 10 ;
140 s -(1) 10 '3
130 5 - -
160 s "
170 5 R
180 b '.1
1% -(%) <

4

* Tiwen which do not appear in current No-Decompreaaion Limits and Repetitive Group Designation Table (Table 3).

( )Numdere tn parentheals indicate timea tn Tahle 3 vhich dtffer from timea tn thia table.
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TABLE 3

-,

-

bRepetitive Groups for No-Decompression
Dives From U,S. Navy Diving Manual

NO-DECOMPRESSION LIMITS AND REPETITIVE GROUP DESIGNATION TABLE
FOR NO-DECOMPRESSION AIR DIVES

No-decom-

pression Group Designation
Depth limits
(feet) (min) A 8 c D 3 F G H ] ) K L ('] N 0
10 60 120 210 300
15 35 70 110 160 225 350
20 25 S0 75 100 135 180 240 325
25 20 5 55 75 100 12% 160 195 245 315
30 15 30 45 60 75 95 120 145 170 205 250 310
3s 310 L 1% 25 40 S0 60 80 100 120 140 160 190 220 270 310
40 200 5 15 25 30 40 50 70 80 100 110 130 150 170 200
50 100 10 15 25 30 40 50 60 70 80 890 100
60 60 10 15 20 25 30 40 50 55 &G
70 50 5 10 15 20 30 35 40 45 50
80 40 S 10 15 20 25 30 35 a0
30 30 5 10 12 15 20 25 30
100 25 ] 7 10 15 20 22 25
110 20 5 10 13 15 20
120 15 S5 10 12 15
130 10 5 8 10
140 10 5 7 10
150 5 S
160 5 S
170 5 5
180 5 S
190 5 5
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N Table 2 presents the maximum times in each of the Final Repetitive Groups
,{? from Tahle 1 for no-decompression dives. Table 3 shows the no-decompression

- repetitive dive tables as currently published. Comparison of Table 2 and
1‘. Table 3 shows one obvious discrepency. For depths from 10 to 30 FSW all the
3 times in Tahle 3 were shifted one group to the left compared to Table 2, The

:fﬁ times listed in Table 2 under repetitive group A do not appear in Tahle 3.
- Why this discrepency occurred is unknown. No mention of it is made in NEDU
NS Report 6-57 (A). The most obvious explanation is that this portion of the
— table was tahulated separately from the rest of the table and before the shift
in repetitive groups downward by 1 FSW was made. Since the times for depths
’ 30 FSW and shallower were computed for the minimum tissue tension in each
repetitive group, one could interpret these as the maximum tissue tension for
v the next lower repetitive group. So if one decided that the times required to
be in a given repetitive group should reflect the time to reach the maximum
tension in each group, one could reconstruct the times in Table 3 for depths
&i‘ down to 30 FSW by shifting the times in Table 2 one group to the left. The
_qi most likelv reason for the shift was probably an error in transcribing times.
tﬁ The question is not so much why this shift occurred but rather whether it is
" reasonable.
)
'h‘ [

When NEDU Report 6-57 was published, computer time was expensive and many
=5 of the computations were undoubtedly done by hand. At the present time,
'zt. computers are readily available and one can easily compute the repetitive
:s: groups for various bottom times wunder a variety of assumptions. If Table 2
_f:. were heing computed today, one would compute the time it would take the 120
.ﬁu' min tissue to saturate to the maximum allowable tension in each repetitive
A group. Table 4 shows the results of this computation using the following
" formula:

-:-'.' (1) T = (120/Ln2) * Ln [(PI—PAMB)/(PFINAL_PAMB) ]
N
o
\ where:
N0
N Py = Initial tissue tension = 33 FSW
:ii' PAMB = Ambient absolute pressure at depth of interest in FSW
’
L. S
L= PRPINAL = Final tissue tension
‘: (34.9 FSW for group A, 36.9 FSW for Group B, etc.)
«':-.‘
:?: T = Time in min to saturate from Py to Ppyyag,
-.':\.
}: Equation 1 is simply the exponential saturation equation for the 120 min
&S tissue:
~ =(Ln2°T7/120)
g = - -
N PrINaL = Pavp - (Pap~Pp) ©
r:
"
$f; solved for T. To he consistent with the definitions in NEDU Report 6-57 (6)
, -/
.ﬁ . all gas is assumed to bhe 1N0% nitrogen.
l":
7
el
RN
;\ . “;-\.:‘:\;.-".“4.".:“- :'.-
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(s TABLE 4
-\.o‘
T~ No-Decompression Times for a Given Repetitive Group Designation
"t Computed For the Maximum Tension in Each Group
- (Time rounded down to nearest minute)
LY
TAGY
IS Bottoe Times (Min)
&
s Depth
(rsuyl A ] c ° B ] ¢ [ I 3 3 L ] (] [
Forn
L) 10 3% [} 134 270 197
P 15 | 2 [ 129 186 m 452
W 20 17 37 60 87 s 136 203 274 190 (1}
>, 23 n 29 46 63 87 111 140 174 a7 2715 361 $40
na 30 1 2 ” 52 69 87 107 130 157 188 226 278 344 460 987
- 33 [] 20 n 4 87 n 87 104 124 145 170 198 FA] 276 53]
> 40 8 17 n 8 49 61 2] 87 102 119 13 15?7 180 207
50 6 14 2t 29 k) 4 56 66 7% 87 99 112
60 s 1 17 24 n b 46 $3 61 69
by 10 4 ’ 15 20 26 32 b 4 51 s7
SN 80 4 [] 13 18 22 27 3 k1) 4
:V\ 90 3 7 1n 13 20 2 29 3)
y 100 3 6 10 14 13 2t 25
'\,;. 110 3 . ’ 12 16 19 n
B 120 2 5 ] 17 14 18
-F\' 130 2 3 8 10 13
R -, 140 2 4 7 10 12
-, 130 2 4 ®
160 2 ) 6 []
170 1 4 6 []
, 180 1 3 s 7
:) ‘; 190 1 3 s 7
el
«,{-, Tensions 34.9  36.9  38.9 40.9 42.9 4.9 46.9 48.9 50.9 52.9 54.9 56.9 8.9 60.9 62.9
~- (rsw)
>
R
i
TR TABLE S
P~
S
)y "Beat Fit" to Table 3
N
M Bottom Times (Min)
wN Depth
(rsw) | a ] c D [ r [ H t J [ 3 L (] " °
ar 10 13 60 120 205(210) { 393(300)
'\_‘-J 13 10 38 10 103(110) | 155(160) | 223 343(350)
20 ) 23 45(30) 70(75) [ 100 133 180 240 25 S15¢-)
v, ) 23 [} 20 38 L1} 7% 100 123 135(160){195 43 ns 413(-)
P. 30 5 15 30 45 60 75 [:] 120 140(145) | 170 205 230 o 395(-) | 385¢-) !
] 3s 15 25 35(40) | S0 65(60) 95(100)}115(120) | 135¢240) | 155¢160) | 185(190) | 215(220)] 255(250) | 303(310) \
e i 40 -3(s) | 1o(1s) | 20(2%) 30 40 $5(30) | 63(70) 80 95(100) | 110 125(130) | r4s¢130) | 165(170)] 190(200)
~ 50 - 10 13 3 30 40 30 60 10 80 %0 100
LS 60 - 5(10) | 13 20 4 35(30)1 40 45(30) | 35 65(60)
gidd 10 - S 10 15 20 25(30) | IS 40 A S0
P 80 - ) 10 15 20 2 0 33 A0
%0 - S 9(10)* 15(i)* ] 13 20 25 »
- 100 - s a(7) 10 15 20 w(z)e | 2
AR 110 - - L] 10 1413 | 18 0
e 120 - - s 10 13UV | 1S
VN 130 - - s 9(8)* | 10
5, 140 - - s 8(7)y* | 10
4, 130 - - s
07, 160 | - - 3(-) 7%(3)
Vi 1o | - - ¢-) 7%(3)
180 - - - ]
~L‘. 190 - - - s
..
NS
"q‘, Tenaton .
LA (rsw) % % L] a0 A2 [ 113 1] 50 $2 L) 56 58 60 62
3.
- All tieen rounded down to neatrest S oin eaxcept ® vhich were rounded down to nearest wmin,
1R
"* Membece {n parenthesia ace Table 3 times where they differ from times in thie Table.
L o]
Yoy
L]
Q 7
Q2
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All times 1in Table 4 were rounded down to the nearest minute, One sees
that all times (except those in Column A down to 35 FSW) in Table 4 are
greater than or equal to times in Table 2, This means that for any bhottom
time at a given depth, Table 2 will result in the same or higher repetitive
group than Table 4. Sn, Table 2 is on the average more conservative than
Table 4. In Table 3, the no-decompression repetitive groupings from the U,S.
Navy Diving Manual (5), the repetitive groups for a given bottom time also
reflect the same or greater 120 min tissue tension than those from Table 4.
However, at 30 FSW and shallower, Table 3 is much less conservative than Table
4 hecause of the shifting of all times one group to the left as previously
mentiouned.

If one were looking for a way to compute no-decompression repetitive
group times for the best fit to Table 2, the time to reach the minimum 120 min
tissue tensions for each of the original repetitive groups provides the
closest agreement to Table 2, Thus, for group A find the time to reach 34
FSW, for group B the time to 36 FSW, etc. This has been done in Table 5 with
all times rounded down to the next lower 5 minute increment. Deviations from
Table 2 are noted, with Table 2 values shown in parenthesis.

In summary, the no-decompression repetitive group assignments 35 FSW and
deeper as they appear in the U,S. Navy Diving Manual appear conservative when
compared to tables computed according to the definitions outlined in NEDU
Report 6-57. An error in assigning repetitive groups for depths 30 FSW and
shallower appears to have been made where all times were shifted to the next
lower repetitive group. Table 5 provides the best fit to the values currently
in the U,S., Navy Diving Manual (Table 3) except for values 30 FSW and
shallower, where an apparent shifting of times one group to the left was
made.

Residual Nitrogen Timetable

The next table of interest is the Residual Nitrogen Timetable. Basic-
ally, this table gives the amount of time it would take the 120 min tissue to
saturate from a tension of 1 ATA (33 FSW) to the tension of the various
repetitive groups. To compute the times, equation 1 1is used with the
approoriate value for PpyyalL for each repetitive group. To be on the
conservative side one would use values for Ppryap Which reflected the minimum
120 min tissue tension in the next higher group rather than the maximum for a
given group. That is, to compute the Residual Nitrogen Time for group A,
compute the time for the 120 min tissue to reach 35 FSW (the minimum tension
to be in group B) rather than 34,9 FSW (the maximum tension in group A). This
was done and the results are shown in Table 6. These times have all been
rounded up to the next minute. If one compares these times to those in Table
4 one sees that the times are very similar, those in Table 6 being equal to or
slightly greater. The similarity results from Table 6 and &4 having been
computed from the same formula. However, since the times 1in Table 6 were
computed for a PFINAL 0.1 FSW greater than in Table 4 and were rounded wup 1
min, they are all slightly longer. Table 7 1is the Residual Nitrogen Time
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Computed Residual Nitrogen Times

TABLE 6

RESIONA. HITROCEN TINES (MIN.)

DEPTH z o N L} L 3 J 1 H G F € [ ] "
CFSU)> | €64.2) €63.0) C61.0) ¢59.0)> ¢57.0) ¢(55.0) ¢33.0) (51.0) ¢49.0) (47,0 (43.0) (43.9) (41.0) (IP.9) ¢3I7.0) (IS. &
10 0.0 0.0 9.9 0.0 0.9 0.0 0.0 0.0 9.0 9.0 0.0 13240 279.0 159.0 00.¢ 39.¢
20 0.0 8.0 0.0 0.0 . 0.0 15240 399.0 279.0 208.0 1359.0 129.¢ 00.¢ 62.0 39.0¢ 10.90
30 0.0 15240 469.0 349.0 279.0 229.0 190.0 139.0 132.0 109.0 ©8.0 70.¢ S4.0 390 25.0 2.9
40 262.0 240.0 208.0 162.0 139.0 138.0 120.0 103.0 @68.0 73.0 62.09 350.6 3¢ 20.¢ 0.8 9’0
30 167.0 139.0 142.0 127.6 113.0 100.0 €90.0 ?7.0 67.0 $7.0 48.0 3o.¢ Jo.0 22.0 14.0 7.0
60 127.9 120.0 109.0 98.0 €9.0 79.0 70.0 62.0 54.0 46.0 39.0 32.¢ 25.¢ 10.0 12.0 6.0
70 102.0 97.0 €8.0 80.0¢ ?73.0 65.0 S8.0 31.0 45,0 39.0 33.0 27.0 21.0 16.0 16.0 S.¢
L1 86.9 81.0 75.0 68.0 62.9 S6.0 S0.9 44.0 39.9 33.0 20.¢ 23.9 18.90 13.0 9’90 )
90 74.0  70.0 63.0 S9.0 54,0 49.0 44.0 3I9.0 3J4.0 29.0 25.0 20.¢ 16.0 12.0 0.0 L)
100 65.0 €2.0 S7.0 52.0 4€.0 43,0 39.0 34.90 30.9 26.0 22.0 16.0 14.06 1.0 7.0 3.0

'R ERIL S8.0 55.0 31.0 47.0 43,0 39.0 33.08 31.6 27.0 24.0 200 17.0 13.0 0.0 6.0 3
120 52.0 350.0 46.0 42.0 37.0 35.0 32.0 20.0 23.¢ 21.0 1.0 5.0 12.0 ’.0 6.0 3.0
130 4n.0 45.0 42.0 37,0 33,0 3I2.0 29.0 26.0 23.0 20.0 7.0 14.0 1.0 e 5.0 3.0
140 44.0 42,0 39.0 36.0 3I3.0 30.0 27.0 24.0 21.0 18.0 6.0 t3.0 10.0 [ s.0 2.0
150 40.0 3%.0 36¢.0 33.0 30.0 27.0 25.0 22.0 20.0 17.0 14.0 12.0 9.0 7.0 s.0 2.0
160 3¢.6 36.0 3I3.0 3I1.e 2.0 26.0 23.0 21.0 19.0 16.0 13.0 11.0 .0 7.0 40 2.0
170 33.6 3J4.0 31.0 23.0 26.0 24.0 22.0 19.¢ 17.0 1S.9 13.0 10.0 0.0 6.0 N ] 2.0
190 33.9 32.0 29.06 27.0 25.0 23.0 20.0 18.0 16.0 14.0 2.0 10.0 .. 6.0 a0 2.0
190 3.0 30.0 28.0 25.0 23.0 21.0 9.0 7.0 15,0 3.0 11.0 9.0 7.¢ ' 4.0 2.0
Numbers in parenthesis are final tissue tensions used to compute times.

TABLE 7
Residual Nitrogen Timetable From U.S. Navy Diving Manual
REPETITIVE
OIVE
DEPTH 2 o N M L K J | H G F E D c 8 A
40 257 241 213 187 1® 138 116 101 87 73 61 49 37 25 17 7
50 169 160 142 124 111 99 87 76 66 56 a7 38 29 21 13 6
60 122 117 107 97 s 79 70 61 52 44 36 30 24 17 1 S
70 100 96 a7 80 72 64 57 50 43 37 K} 26 20 15 9 4
80 84 80 73 68 61 54 48 43 38 32 28 23 18 13 8 a4
S0 73 70 64 58 53 47 43 38 33 29 24 20 16 1 7 3
100 64 82 57 52 48 43 38 34 30 26 22 18 14 10 7 3
110 57 55 51 47 42 38 34 31 27 24 20 16 13 10 <] 3
120 S5 50 46 43 39 35 32 28 25 21 18 15 12 9 6 3
130 a6 44 a0 38 35 31 28 25 22 18 16 13 1 8 5] 3
140 42 40 38 35 32 29 26 23 20 18 15 12 1c 7 5 2
150 40 38 35 32 30 27 24 22 19 17 14 12 9 7 5 2
160 37 38 33 31 28 26 23 20 18 16 13 11 9 6 4 2
170 35 34 31 29 26 24 22 198 17 15 13 10 8 6 4 2
180 32 31 29 27 25 22 20 18 16 14 12 10 8 6 4 2
180 31 3a 28 26 24 21 18 17 15 13 11 10 8 5] 4 2
RESIDUAL NITROGEN TIMES (MINUTES)
9
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19— Y-axis poatt{on {f starting tn group J instead of group 2Z

33

$ 4 & 4 + 4 It 4 -
T T T T T ¥

T L] L ¥
60 120 180 240 300 360 420 480 540 600 660
Time (Min)

FIGURE 1. DESATURATION CURVE FOR 120 MINUTE EXPONENTIAL
HALFTIME TISSUE AT 1 ATA

10

72C

AP W G RN

G

g
1

.
ala

PR IR LT T S R SN



s S
Lt
PN
TR W

. e 3 . .

»

R

l.l
e

. \'.

.
.
o
s

&
0
A&

- ORI
5t IR

. ’.'? );.;ll

RN

)

L

w7

Table as presented in NEDU Report 6-57 and currently in the U.S. Navy Diving
Manual. The first difference between Table 6 and 7 is that Residual Nitrogen
Times at deoths shallower than 40 FSW do not appear in Table 7. No reason was
given for this omission in NEDU Report 6-57, Comparison of times in Table 6
and 7 will show there are only 5 times in Table 6 shorter than in Tabhle 7
(40-group 0 240 min, 1 min shorter; 40-N 208 min, 3 min shorter; 40-M 182 min,
5 min shorter, 40-L 159 min, 2 min shorter; 50-0 159 min, 1 min shorter). All
other times in Table 6 are equal to or greater than those in Table 7 with only
10 times being more than 2 min greater, Since the original tables were
probably calculated by hand, 1 or 2 min discrepancies between Table 6 and 7
would not he unexpected. Why the vast majority of times in Table 6 are longer
but 5 are shorter is a puzzle. When Table 6 was calculated it was done with
the obiect of having all times slightly greater than in Table 7. It appears
some computational or rounding errors were made in computing the 5 times under
question, In general, Table 6 is a remarkably good fit to Table 7 and overall
is more conservative.

Surface Interval Credit Table

The final table needed to determine repetitive dive decompression
schedules is a table which gives the diver credit for time spent at 1 ATA,
This 1s basically a 120 min exponential decay curve which gives the amount of
time needed for the 120 minute tissue to decrease its tissue tension by 2 FSW,
while at an ambient pressure of 1 ATA, This is graphically illustrated in
Figure 1. Figure 1 1is presented in tabular form 1in Table 8. Each row in
Table 8 represents a shift in the x-axis of Figure 1 such that time O begins
at the top of the repetitive group whose letter appears in the left most
column. Then each time entry in that row is the amount of time it takes for
the tissue tension to fall an additional 2 FSW (except for group Z where the
tension falls only 1.4 FSW). This time represents the time at which the
tissue tension enters the next lower repetitive group. For example, 1if the
values in row labeled Z were plotted. Figure 1 would result. The first time
in row Z is 7 min (note times are hrs.min) and this represents the amount of
time it took for the tissue tension to fall from 64.1 FSW (the top of group Z)
to 62,9 FSW (the bottom of group Z). The next entry is 19 min which is the
amount of time it takes to fall the next 2 FSW to 60.9 FSW, the largest
tension in group 0. If one started a group J, then one would enver Table 1 in
row "J". The first entry in this row is 18 min which is the amount of time a
tissue starting at the top of group J would take to fall to the bottom. The
numbhers in this row can he gotten from Figure 1 by sliding the y-axis to the
right until the y-axis intersects the curve at a value of 53 FSW (dotted
line). One thing ahbout Table 1 soon becomes obvious, the difference hetween
any two times in adjacent columns represents the time for the 120 min tissue
to decay 2 FSW from the same initial to the same final value and should all be
the same. For instance, the difference hetween all times in columns H and G
represent the time for the 120 min tissue tension to fall from 46.9 FSW to
44,9 FSW and this takes 17 min.

Table 8 was constructed assuming that the tissues start out with the
highest tension of one repetitive group and falls to the highest in the next.
One problem is to choose where to consider a tissue completely desaturated.

11
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TABLE 8

Computed Surface Interval Credit Table

SURFACE ITHTEPYAL CREDIT TABLE

CHPS My

T

DL S 4

STARY b4

FINISH

G

€62.9) C60.9) ¢(58.9) (36.9) (54.9) (52.9) (50.9) (40.9) €46.9) (44.9) (42.9) (46.9) €38.9) (36.3) (34.9) ¢33.1)

AC34.99 0. 00
BCl6.9) 0. 00
€(I”.9)5 0. 00
D<%0.9)] 0. 00
E<42.9)] 0. 00
F¢44.9>]0.00
G 46,9240, 00
W48.9>10.00
1¢30.9>[0.00
J($2.9510.00
K¢T4.93]0.00
L(T6.9)]10,. 00
M SR, 3>]0. 00
NC€0.9)1]0.00
0.62.9>10.00

64,114 .07

¢.00
0.00

g.00
12

A9

0.00 0.0 0. 00
9.00 0.00 0.00
0.00 0.00 0.n0
0.09 .00 .00
0.00 0.00 9.00
0. 00 0.00 0.00
0,00 0.00 0.00

0,00 0.00 A3
0.00 14 .23
13 .27 42
.25 .39 .34
.32 .46 1,01

8.00

0.

99 0.00 o.00 0.0
on 0.00 ¢.o00 0,00
no 0.00 e¢.00 g.co
no 0.00 .00 0.90
.00 .00 0.00 0.00
.nn e.00 0.00 q9.00
no n.oo 0.00 .27
.n0 0.00 .23 .30
00 21 44 .48
i8 .39 1.02 1.23
3% .55 1.19 1.4¢

04 1.24 t.48 2.8
17 1.37 2.01 2.28
29 1.49 2.13 2.40
36 1.56 2.19 2.4¢

F 3 o c e ]
o.0n 9.00 0.00 0.00 0.00 9.30
fn.00 6.00 0.00 0.00 2.04 10.34
n.900 0.00 0.00 1.12 3.16 11.46
.00 0.00 .31 2.02 4.07 12.35
¢.nn .37 t.30 2.4 4.4 13,16

.32 1.4 2.0 3,13 S.18 13.47

.33 1.8 2.29 3.40 3.43 ';.l‘
1.22 2.01 2.3%2 4.03 6.8 14,38
1.4% 2.22 3.12 4.24 6.28 14.%9
2.0% 2.40 3.30 4.42 6.47 135.16
N 2.37 3.47 4.5 7.03 18.2%
.3 3.12 4.02 S.14 7.18 13.49
2.46 3.26 4.16 5.29 7.32 16.02
2.%9 3.38 4.29 .41 7.45 16.19%
LR 3.3%0 4.4 5.53 7.37 té6.27
113 2.57 4.48 $.59 8.04 16.34

Numbers in parenthesis represent starting and finishing tensions in FSW.

REPETITIVE GROUP DESIGNATION AT THE END OF THE SURFACE INTERVAL

TABLE 9

Surface Interval Credit Table From NEDU Report 6-57

Z fOINIMIL K ]|J | H G|F E|D c 18 A gg
—m
Z o-10]o.2[o-%|o-W0|1-02f2-18f2-26[21-s5]2-12]|2-b2]|3-20)3-15|k-29|5-21}6-56 m-osﬂ r:gij '
1.0f2-cf2-9]2-)3-mju-17]5-26]6-})r-5% i
cwn
1t-2]|1-9{2-v|2-m|3-2|v-0n]|s-03]6-2]9-0 ;g;‘
-4
1. {1-9f2-05|2-{3-08|3-52 k- Ly |6-2809-28 Qg
alr-sli-wlz-w]e-nlr-w]u-ss]s-0|y.22 Eg
oP
o-wi1.njr-sf2-0sf2-Rl3.-anjh-1wis-njs.n %5
<
Y PYY FUSTE FRTE PR PO I3 PR I ) B Yo
Z"R
coloe-n|o-wfri-wlr.oe|2-wmlr-m|s-12je.n %92
H o-1 o-%|1-06|tcm|2.]3-20]|b-00]7-% gg
G lo-w]o-sol1-as|1-9p|2-aju-2s|r-35 lr'_"\_'a}
wn
*Times which are internally inconsistent F locw|ows|ioole-sls-s1]1-0s 516
with other times in table (see text) ~>
p,? E 1.51 |32 6.2 B_‘
Original Time "Correct” Time >
- - ™
2-10 3-20 1.0 230|518 8":‘
2-49 4-49 . w3
3-22 3-24 0-10|1-2|2 ma
6-32 6-34 B Jo-w]2.1* % —_
8-40 8-50 n
0-10
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If one used the 100% inert gas tension at 1 ATA (33 FSW) the time required
would be infinitely long. Table 8 uses a value of 33.1 FSW and one can see
from the last column in the table it would take over 16 1/2 hours to achieve
this value if one had started out in group Z.

Table 9 is the Surface Credit Interval Table as originally published in
NEDU Report 6-57 (6) and currently in use., Compare the row labeled Z in Table
8 with that of Table 9. There is very good agreement up to Column E, and
differences could be attributed to roundoff errors in Table 9 which was
prohably computed by hand. Even the 19 and 32 min difference in D and C are
reasonable considering the 1long surface intervals required to reach these
groups but the 68 min difference in row B is not, The differences in the last
column are due to differences in defining complete desaturation. As previous-
ly mentioned, Table 8 uses a value of 33.1 FSW as the 120 min tissue tension
for complete desaturation, Table 9 wused a value of 33.9 FSW and the
desaturation time was defined as 12 hours. If one compares all the times in
Table 8 and 9 many discrepancies appear, the largest of which are in rows B
and A, Ferreting out the reasons for these discrepancies is not easy because
NEDU Report 6-57 gives no mention of exactly how Table 9 was computed. In
sorting out these discrepancies one can first find several internal discrep-
ancies in Table 9. As previously mentioned, the difference between any two
repetitive group columns' times should be the same for all rows. If one
subtracts the times in adjacent columns of Table 9, most of the differences
between adjacent columns time vary by only 1 to 2 min. There are &
differences which fall outside of this variation. In row E of Table 9, the
difference hetween the times 1in columns C and B is 1 hr 25 min, all other
differences between times in these two columns are 1 hr 27 min to 1 hr 29 min.
The differences in times between row B and A are all 3 hr 09 min to 3 hr 11
min except for three: in row J the difference is 3 hrs, in row C the
difference is 1 hr 10 min, and in row B the difference is 2 hr 10 min. Thus,
to make Table 9 internally consistent, the time in row J column A should be
increased from 8 hrs 40 min to 8 hrs 50 min; the time in row C column A should
be increased from 2 hr 49 min to 4 hr 49 min and the time in row B column A
should be increased from 2 hr 10 min to 3 hr 20 min. In addition, the times
in row E column B and A should be increased by 2 min. These discrepancies are
indicated in Table 9 with an asterisk. Even if these inconsistencies are
corrected, complete reconciliation of the differences between Tables 8 and 9
cannot be achieved. Table 10 shows the differences between times in
successive columns from Table 8 and 9 (inconsistencies in Table 9 having first
been corrected). Agreement is very good up to the differences in values
between columns G and E, At that point, the differences between the values
from Tables 8 and 9 become quite large. The large discrepancies hetween the
A-B and B-C differences of Tables 8 and 9 can only be accounted for by some
sort of systematic error in computing or transcribing Table 9.

The question is how was Table 9 arrived at. Not having ready access to a
computer one would assume the times for row Z were computed, the differences
between times of adfacent columns computed and these differences used to get
the times in successive rows. Then, once initial starting times for each row
were determined, the differences would be added to the time in one column to
get the time in the next column to the right. In Table 9 the first time in
each row was defined as 10 min (the reason for this will be discussed later)
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- and the computed differences between successive columns (Table 10) added to
r\;- the time of the previous column, Except for the 4 obvious errors noted
Lo previously, Table 9 can be derived this way with variations not exceeding 2
min, If one now compares times in Tables 8 and 9 one notes times in Table 8

generallv are longer except for the Z row. The reason is that in Table 8 the
minimum 10 min surface interval was not used in the table, rather the first
non-zero entry in each row is the time it takes the tissue to desaturate to
the bottom of the designated repetitive group. It takes 7 min for a tissue
starting at the top of group Z to desaturate to the top of the next lower
group at which time it would be considered in group 0. The only initial time
less than 10 min is in row Z, all the others are greater. All successive
entries in a particular row are for the most part greater than or less than
the corresponding entry in Table 8 by the difference between the initial time
in the row and 10 min. The initial value in row Z of Table 8 is 7 min which
is 3 min shorter than 10 min and all succeeding entries are 3 min shorter than
those in Table 9, In row 0, the first entry is 2 min longer so all successive
times are 2 min longer (or so) than those in Table 9. This applies up to the
last 5 columns where larger differences occur because of errors in computing
Table 9 as previouslv described.

When the Surface Interval Credit Table was constructed, the authors
realized that a minimum surface interval at 1 ATA would be necessary for the
procedure to work. The reason 1is that by keeping track of only the 120 min
tissue tension one cannot always be assured that the tissue tensions in the 5
slower tissues will always be correctly estimated at all depths for repetitive
dives. The entire repetitive dive procedure is based on breaking the actual
dive profile into a series of equivalent single depth dives all starting at
1 ATA, The initial dive of course does start at 1 ATA and after a period of
time at a given depth the tissues will all have saturated to a particular gas
tension. If instantaneous descent. and ascent are assumed as they were in NEDU
Report 6-57 (6), then the tensions in all the tissues are related and given
the tension in the 120 min tissue all other tensions can be computed from the

formula:
(120/T, /)
(2 pp = Pat (3377 [(BymRyp0) (332 1/
where:
P = Tension in tissue with halftime T
T1/2 1/2
PA = Ambient pressure
33 = Starting Tissue Tension at 1 ATA
:”: P = Given Tissue Tension in the 120 min Tissue
- 120
A
::'i Ty/p = halftime of Tissue of interest

e
[
N
o
L]

halftime of the 120 min Tissue
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[Ny




Ty . .Y ¥V Y ¥V, e e e e N L R R
> P T I T T ., T T T T W W TR A T T T DOATERL S - ] i e ) B ot .
F-wr:v_ rEM G g and ) - ¥ e T et Ta T . . % .

A |

o TABLE 10
. L
- 1
b4
5 Time Differences Between Successive Repetitive Group 1
. Desaturation Times (Min) I
)
S Repetitive Groups (Start » Finish) {
Z+N 0+ N N+ M ML L+ K Ke+J Ja 1 I+ H He+ G G+ F F s+ E E+ D D+ C Cs+ B B+ A (3).9)
Table 8 12 13 14 15 16 19 20 25 27 32 19 51 71 125 129=
Table 7 max 12 13 14 15 17 19 21 23 26 30 35 44 59 39 191 4
min 12 13 14 16 18 19 21 25 28 32 42 57 87¢ 189¢ !
3
8 wax n [¢] 0 0 +1 0 +1 +2 -1 -2 -4 -7 -12 -36 +h2
min -1 -1 -1 -1 -1 -1 -2 -2 -4 -6 -9 -l4 ~38 +60

* Times in Column A of Table 8 computed based on a final tenafon of 33,1 FSW. This time was computed based on a final tension
of 33.9 FSW which was the value used {n Table 7.

# Some time differences in Table 7 are lower than these because of {nternal inconsistencies in Table 7.

These times represent
the lowest differences between adiacent columns after these inconslstencies have been corrected.

TABLE 11

NDenths and Tissue Tensions Used In
Computing Minimum Surface Interval

Tissue

Halftime (Min) 5 10 20 40 80 120

Maximum Surfacing

Tension (FSW) 130,7 112.9 92,4 74.2 66,3 64.1

Pi2n Control Tension (FSW)| 44 47 50 52 64 - i
Schedule (FSi//Min) 60/110 | 150/15 340/10 210/15 50/140 -_— a

Calculated Minimum Control

o "5 T

Tension (FSW) 125.4 105.1 84,9 68.1 66.1 -—
-
bi
Time (Min) Required tn r
Nesaturate From Surfacing f
Tension to Minimum Contrel "
Tensinn at 1 ATA. N.40 1.48 3.90 9,25 0.70 ~- i
)
15 '
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In equation 2, once an ambient pressure and 120 min tissue tension are
specified, the tension in any other halftime tissue can be calculated by
substituting the appropriate value for the tissue halftime as T;/5. Since a
given repetitive group specifies the 120 min tissue tension only, the values
of all other tissue tensions for a dive in a particular repetitive group will
be depth dependent. For a given value of PlZO’ as P, increases, the
calculated value of PT1/2 will increase.

After leaving 1 ATA and descending to some depth for a period of time,
the 6 tissues will all have reached certain tensinns all interrelated by
equation 2. Now, suppose a repetitive dive is done where the surface interval
is 0 min. Since ascents and descents are assumed instantaneous, this simply
corresponds to a depth change. Since the repetitive dive procedure keeps
track of only the 120 min tissue tension, all other tissue tensions must be
estimated from this value. That is, using only the value of Py all tissue
tensions which existed at the initial depth (Dl) must be approximated at the
instant after ascent or descent to Djy. Since ascent or descent is instanta-
neous, all tissue tensions the instant of arrival at D, will actually be the
same as those present the instant before leaving Dy. If D, is deeper than D,
and equation 2 is used to predict all other tissue tensions given only a value
for Pyop and Pas all other tissue tensions will be computed to a higher value
than those which actually existed wupon leaving Dy. Thus, the residual
nitrogen time at D, computed from the P120 at the end of the stay at D1 will
simulate a dive from the surface to Dy for a time where the tension in the 120
min tissue will be the same as it was at Dy but all other tissue tensions will
be greater. Thus, the decompression obligation for this simulated dive will
be equal to or greater than that actually required by the actual tensions
which exist at the completion of the stay at D;. As an example, Table 7 gives
the residual nitrogen time for Repetitive Group H at 60 FSW as 52 min which is
well within no-decompression 1limits. At 120 FSW, however, the residual
nitrogen time for repetitive Group H is 25 min. A 120 FSW for 25 min
decompression schedule requires a 6 min stop at 10 FSW (5). At 190 FSW, a
Group H would predict a 15 min residual nitrogen time and a 190 FSW for 15 min
schedule requires 11 minutes of decompression stops. What this means is that
if the repetitive dive 1is to a deeper depth than the initial dive, the
repetitive dive procedure can bhe used to compute a residual nitrogen time at
the deeper depth even if no surface interval is taken. The resulting residual
nitrogen time will be conservative and the decompression obligation resulting
from adding this residual nitrogen time to the actual bottom time at the new
depth will bhe the same or longer than if the decompression model were wused to
compute an exact profile taking the depth change into account.

I1f Dy is less than Dl’ using the repetitive dive procedure to find a
raesidual nitrogen time from D; to add to the hottom time at D2 will result in
an equivalent time at Dy wh%ch will predict lower tissue tensions for all
tissues faster than the 120 min tissue. Thus, the decompression obligation
will be shorter and the procedure may eliminate decompression stops. For
example, a dive to 190 FSW for 10 min would put the diver in repetitive group
G and require 7 min of decompression. At 60 FSW, the residual nitrogen time
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for group G is 44 min so if one ascended from 190 to 60 FSW and stayed at 60
FSW for 1 min, the repetitive dive procedure (using a 0 min surface interval)
would have him decompress on a 60 FSW for 45 min schedule which is a
no-decompression dive, whereas a 190 FSW for 10 min schedule requires a 1 min
stop at 20 FSW and 3 min at 10 FSW,

In order to circumvent this difficulty, it was realized that a certain
minimum time would have to be spent at 1 ATA to allow sufficient tissue
desaturation so that required decompression time would not be missed when the
repetitive dive depth was shallower than the initial dive depth. By requiring
ascent to 1 ATA, the first thing that happens 1is that a maximum value is put
on all tissue tensions, This results from the decompression model which
requires that all tissue tensions be at or below their surfacing tissue
tension before 1leaving the 10 FSW stop for the surface. A tissue cannot
"control" any stop unless it saturates to a tension greater than its surfacing
tension and so as 1long as the dive is to a depth less than 1its surfacing
tension, it cannot control any decompression stop. In NEDU Report 6-57 (6)
the surfacing values of all tissue tensions for all air dives were computed.
These dives were then grouped by the 120 min tissue tension into the various
repetitive groups. One can peruse these groupings to find the 1lowest
repetitive group for which a given tissue just surfaces at its surfacing
tension (e.g. it controlled the 10 FSW stop). This would give the smallest
value of Pjoq for which the tissue would control a stop. As Py, increased,
longer tissues would control stops and the actual surfacing tension of the
shorter tissue in question would actually decrease. At lower values of Py,
the tissue would not saturate to a level sufficient to ever control a stop.
Now once these "minimum Py9p control tensions" have been established, one can
calculate the tension to which the tissue in question would saturate using
equation 2 with P, exactly equal to the surfacing tension of the tissue and
P120 equal to the "minimum P120 control tension”, This will be called the
"minimum control tension”. For repetitive dives shallower than P,, the tissue
can never saturate enough to control a stop. So, if sufficient time were
spent at 1 ATA for the tissue 1in question to desaturate from its maximun
surfacing tension to its minimum control tension, there would never be a
repetitive dive where decompression ohligation would be less than required if
the decompression model were used to compute the exact decompression profile.
Although dives to shallower depths would have the tissue tensions underesti-
mated, it wouldn not matter because the tissue in question could never
saturate to a level where 1t would control a stop. The calculation of the
minimum surface interval 1is summarized in Table 11, The surfacing tensions
were not explicitly given in NEDU Report 6-57 and had to be estimated from
values given in Appendix F of NEDU Report 5-57 (4). In Table 11, the "Pjsg
Control Tension” is the minimum tension in the 120 min tissue where the
maximum tension in the halftime tissue occurs as determined from Appendix B of
NEDU Report 6-57 (6). The "Schedule" line shows on which dive schedule this
maximum tension occurred. The Calculated Minimum Control Tensions are the
calculated tissue tensions using equation 2 for a P, exactly equal to the
Maximum Surfacing Tension given the value of Pjjn in the second row of Table
11. Finally, the time for the tissue to desaturate from its maximum tension
to the Calculated Minimum Control Tension is given. The longest time is for
the 40 min tissue and a 10 min surface interval would be sufficient for all
tissues to decay to their Calculated Minimum Control Tension.
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Surface Interval Credit Table From U. S. Navy Diving Manual 1
*d

*Dives following surface intervais of more than 12 hours are

not repetitive dives. Use actual bottom times in the Standard . A 12 (138
Air Decompression Tables to compute decompression for B 010 211%
such dives. . 210 # 1200
€ 010 140 250
e(“° 139 243 1200
R D 010 110 233 549
oo 109 238 548 1200°
.506 € 010 055 158 323 ? 633
® 0s4a 157 322# 6327 1200°
oWV F 010 046 130 229 358 706
.\(\Q 045 129 228 357 705 1200
o G 010 D041 116 200 259 426 736
o) 040 115 159 258 425 735 1200°
“\ev M 010 037 107 142 224 321 450 800
PN 036 106 141 223 320 449 753 1200
R\ I 010 034 100 130 203 245 344 513 B22
N 033 059 128 202 244 343 512 821 1200°
,(\40 J 010 032 0S5 120 148 221 305 <03 541 Bar
P 031 0% 119 147 220 304 402 40 8407l 1200°
Q@Q K 010 ©28 050 112 136 204 239 322 20 549 859

028 049 111 135 203 238 321 419 548 858 1200

L 010 027 046 105 126 150 220 254 337 436 603 913

026 045 104 125 148 213 253 336 435 602 912 1200°

M 010 026 043 100 119 140 206 235 309 353 4S50 619 929

025 042 0% 118 139 205 234 308 352 443 618 928 1200°

N 010 025 040 055 112 131 154 2189 248 323 405 504 633 944
024 039 054 111 130 1S53 218 247 322 404 503 632 943 1200

0 010 024 037 OS2 1bB 125 144 205 230 300 334 418 517 645 955
023 036 0517 107 124 143 204 229 259 333 417 516 644 954 1200

010 023 035 043 103 119 137 156 218 243 311 346 430 528 657 1006
022 034 048 102 118 136 155 217 242 310 345 429 527 656 1005 1200°

NEW =~ 4 o N M L K Jd 1 H G F E (] c 8 A
DESIGNATION

# Times which are internally inconsistent with other times in the table
(See Table 9 and Text)
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Having decided a minimum of 10 min was required at 1 ATA to ensure the
repetitive dive procedure would be theoretically valid under all circum-
stances, Table 9 was constructed as previously described. Overall, Table 9,
which is the one eventually published, is less conservative than Table 8 which
was computed using the rules set down in NEDU Report 6-57 (6). In addition,
there are several rather large errors in Table 9 which seem to have been made
during transcription as previously discussed.

Overall, it would appear that a sufficient number of errors were made in
Table 9 to make it unsafe. However, the instructions for wusing Tahle 9
reinterpreted the time values so as to negate the effect of almost all the
errors. As originally computed, the times in both Tables 8 and 9 represent
the time at which the tissue enters the next lower repetitive group. When the
instructions for Table 9 were written, these times were redefined as the
minimum surface interval necessary to enter the repetitive group in that
column. As an example, suppose one surfaced in group J. Using the
definitions used when Table 9 was originally computed, if one started out in
group J, one would have had a sufficiert surface interval after 1 hr and 19
min to leave group G and enter group F. However, the final instructions say
that one must have a surface interval of at least 1 hr 19 min to enter group G
and cannot enter group F until a surface interval of 1 hr 47 min has been
taken. This is made plain by looking at the table as currently published in
the U.S. Navy Diving Manual, This is reproduced in Table 12, In this table,
the surface interval must fall between the two times shown for the new
repetititve group to be in the group indicated by the designators along the
bottom of the table. This would correspond to shifting the group designators
in the column heading of Table 8 one to the left.

The instructions for Table 12 as written will generally produce a higher
repetitive group for a given surface interval using Table 12 than if one uses
Table 8. Thus, Table 12 is more conservative than Table 8 with a few
exceptions. These exceptions are the result of the large errors made in the
repetitive group B column as previously noted in discussing Table 9 and are
noted in Table 12 with a "#".

Summary

Repetitive air diving, as currently practiced in the U.S. Navy, 1is hased
on grouping dives according to the nitrogen tension in the 120 min halftime
tissue at the surface after taking all decompression stops. These groupings
are given letter designators called repetitive groups. The Surface Interval
Credit Tahle (Table 9) was originally published to determine how much a
repetitive group would decrease during a surface interval. Table 9 was
eventually upgraded to Table 12 which is what appears in the current edition
of the U.S. Navy Diving Manual (5). The Residual Nitrogen Timetable (Table 7)
is used to find the residual nitrogen time for a given repetitive group and
depth., Tables 7 and 9 could not he exactly reproduced by a computer algorithm
using the rules and concepts set down 1n NEDU Report 6-57 (6). Table 6 and
Table 8 are two attempts to reproduce Table 7 and Table 9 respectively. There
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not only appears to have been some transcribing errors in Table 9 but the
complete desaturation tension of 33,9 FSW leads to shorter complete desatura-

tion time than in Table 8 which uses a tension of 33,1 FSW, Also, a change in
definition of times in Table 9 would require shifting all times in Table 8 one

column to the left to make it conform to the same rules as finally written for
Table 9.

Table 3 was constructed to provide repetitive group designations for
no-decompression dives, Table 4 was the attempt to reproduce it. The
agreement hetween Table 4 and 3 is not good especially at 30 FSW and shallower
because of an apparent shift of all times one column to the left in
constructing Table 3. However, the times in Table 3 are more conservative
than Table 4 except for depths 30 FSW and shallower.

The repetitive dive procedure using Tables 3, 7 and 9 was tested on 61
repetitive dive combinations by des Granges (6). During testing, 122
man-dives were done resulting in 3 cases of decompression sickness.
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PART II

BASIS FOR THE COMBAT SWIMMER
MULTI-LEVEL DIVE (CSMD) PROCEDURE
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Introduction

Current combat swimmer mission scenarios involve long transits at 30 FSW
or shallower with deeper excursions interspersed throughout the profile, If
no surface interval at 1 ATA 1is taken, current rules would obligate
decompression at the end of the mission to the deepest depth ever attained for
the total mission time. This is obviously restrictive. In addition, there
are currently no residual nitrogen times for depths shallower than 40 FSW and
the maximum hottom time at 30 FSW for which a repetitive group is available is
310 min.

The approach used to Adevelop a procedure which would be less restrictive
was to divide the dive profile up into segments; those deeper than 30 FSW and
those 30 FSW or shallower. For segments deeper than 30 FSW, decompression
ohligation is computed for the deepest depth ever attained during that segment
for the entire time deeper than 30 FSW. For segments shallower than 30 FSW,
the decompression obligation is computed assuming the diver is always at 30
FSW for the entire segment. Note that this approach requires alternating
profile segments deeper than 30 FSW with segments 30 FSW or shallower. Figure
2 shows a typical dive profile Aivided up into alternating segments above and
helow 30 FSW. Each segment below 30 FSW is represented by a dive of a single
depth for the entire segment. In the CSMD Procedure, repetitive dive
procedures currently in use are used to carry the decompression obligation
incurred in one segment of the dive forward to the next segment, and a
residual nitrogen time is added to each succeeding segment time interval based
on this repetitive group.

Basic Premises

Because transits are 30 FSW and shallower, it was desirable to always
allow divers to ascend directly to 30 FSW without taking any decompression
stops. This, along with other considerations, resulted in a maximum depth of
120 FSW being chosen. Next, it was desirable to extend the total dive time out
to 12 hours, The abhsolute pressure at 30 FSW is a tension of 63 FSW which
would just put the diver at the very minimum tension in group Z if he were
saturated at 30 FSW, This was felt too restrictive and since some time will
be spent shallower than 30 FSW the maximum tension which could he attained at
30 FSW was defined as heing at the top of repetitive group O. Decompression
dives are allowed at any time during the dive but excursions cannot be planned
which would put the diver in repetitive group Z except for the very last
excursion. This is to prevent the possible acquisition of stops deeper than
30 PSW during the mission. After the last excursion, stops deeper than 30 FSW
have little impact upon the mission. No surface interval is required and no
reduction in repetitive group is allowed even if a considerable amount of time
is spent very shallow. ¥inally, required decompression stops at 10 FSW are
allowed to he taken at a depth between 10 and 20 FSW to prevent having to
venture close to the surface and having to contend with wave action during
decompression.
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Dive profile shows how dive is broken up into alternating intervals
30 FSW and shallower and deeper than 30 FSW
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FIGURE 2. COMBAT SWIMMER DIVE PROFILE
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TABLE 13

Repetitive Group Designation
After Decompression From Alr
Dives with Indicated Bottom Times !

A B [ D F F G H I J K L M N 0 Z
30 FSW and S 15 30 45 60 75 95 120 145 170 205 250 310 395 =
Shallower
40 5 15 25 30 40 S0 70 80 100 110 130 150 170 200 [250 300
50 - 10 15 25 30 40 S50 60 70 80 90 100|120 160 180 220
’
e, 60 - 10 15 20 25 30 40 50 55 60 {70 80 100 120 140 160
e
70 - 5 10 15 20 30 35 40 45 50 |60 70 80 90 110 140
-:': /0 - 5 10 15 20 25 30 35 40| -— 50 60 70 80 100 120
A 90 - 5 10 12 15 20 25 30l — 40 — S0 60 70 90 100
':';' 100 - 5 7 10 15 20 22 25130 — 40 50 -— 60 70 90
S3
:‘_ 110 - -5 10 13 15 20 | 25 — 30 -— 40 S0 60 70 80
?'::- 120 - -5 10 12 15|-- 20 25 30 -- 40 -- 50 60 80
> 130 - -5 8 1015 -~ 20 — 25 -- -- 30 40 50 60
" 140 - -5 7. 10]-- 15 - 20 25 30 -- —- 40 50 60
,,-;: No Decompression Decompression
:,'. Note: Decompression repetitive groups assume all required stops have been
~ taken.
L
TABLE 14
- RESIDUAL NITROGEN TIMES FOR GIVEN REPETITIVE GROUPS AND DEPTHS
.l
N
_j. Repetitive
b ) Dive
», Depth Z 0 N M L X J I H 66 F E D C B A
-«
i 30 o 469 349 279 229 3190 159 132 109 88 71 54 39 25 12
P
1‘ 40 257 241 213 1A7 161 138 116 101 87 73 61 49 37 25 17 7
) ‘. 50 169 1A0 142 124 111 99 87 76 66 56 47 38 29 21 13 6
'. 60 122 117 107 97 AR 79 70 61 52 44 36 30 24 17 11 5
(s 70 100 96 R7 80 72 64 57 S0 43 37 31 26 20 15 9 4
'.::s an R4 RO 73 68 A1 S4 48 43 38 32 28 23 R 13 8 4
-’.
__.: an 77 70 A4 SR S3 47 43 38 32 29 24 20 16 11 7 3
t-‘.
- 1nn A4 A2 57 S2 4R 43 3M 34 30 26 22 18 14 10 7 3
d 110 57 S5 S1 47 42 3R 3% 31 27 24 20 16 13 10 6 3
:": 120 52 S0 46 43 139 135 ?2 28 25 21 18 15 t2 9 6 3
)
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There are three new tahles required for the CSMD Procedure; Repetitive
Group Designation After Decompression From Air Dives (Table 13), a Residual
Nitrogen Timetable (Table 14), and, finally, an Unplanned Excursion Decom-

oy pression Table (Table 15). In addition, a set of Emergency Procedures is
hﬁ- required to handle unforeseen circumstances.
.
Y
AY
. Repetitive Group Designations
.-;::
)
 3; Table 13 is used to find the appropriate repetitive group for a given
o hottom time and depth. This table was constructed from Table 3 with the
A addition of bottom times for decompression dives. The repetitive group
> designations for the decompression dives were taken from the Standard Air
e Tables and assume that all required decompression stops have been taken. As
;}: mentioned in the first section of this report, it appeared that all bottom
S times for depths 30 FSW and shallower in Table 3 were shifted one repetitive
' group to the left, To be conservative, the bottom times for the 30 FSW and
. shallower row of Table 13 were taken directly from Table 5 and times in
:E repetitive groups B through M will be shifted one to the right when compared
u$: to Tahle 3. Three new times had to be added to Table 13 which do not appear
Ny in Table 3; S min in the group A column, 395 for group N and an infinite time
}ﬁ for group 0. VNote that in Table 5 a time of 585 min is in the group O column.
W Remember Table 5 was a "best fit" Table and the group O time computed to a
Ly P120 of 62 FSwW, As previously mentioned, group 0 is defined as the highest
:ﬁ group which can be reached by an tissue at 30 FSW which is a tension of 63
‘Vi FSW, Therefore, it will take an infinite time to leave group O. Thus, the
:* infinite time in column 0 in Table 13 was defined and not a result of the same
"i algorithm used to compute the other times in the 30 FSW row.
- To use Table 13, one goes to the exact or next greater depth and bottom
ﬁ& time. Where no entry appears in a particular column for a repetitive group,
}ﬁ one goes to the next higher repetitive group.
o
..
o Residual Nitrogen Times
~
;; Tahle 14 is the same as Table 7, the Residual Nitrogen Timetable which
3& appears 1in the VU,S. Navy Diving Manual (5), with the addition of residual
ii' nitrogen times for 30 FSW and shallower. As already mentioned, Table 6 is the
s, best fit which can be generated to Table 7 and the 30 FSW residual nitrogen
:ﬁ times were taken from this Table 6., 1In Table 6, the 15240 entries signify an
0 infinite time. The residual nitroren times 1in Table 14 are felt to be
:H congservative compared to the repetitive group assignments in Table 13. For
:g example, a 250 min dive to 30 FSW will put the diver in group L according to

Tahle 13, but the residual nitrogen time for group L in Table 14 is 20 min
longer,
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Unplanned Excursion Decompression Table

The final table needed for the CSMD Procedure is Table 15, During
transits, unplanned excursions below 30 FSW may occur, Since the diver may
not know what his decompression obligation is, a worst-case set of decom~
pression profiles had to be constructed. It was assumed that the diver was
saturated at 30 FSW, and therefore in group O, and the excursions to the
indicated depths would be limited to 20 min. Twenty minutes was added to the
group 0O residual nitrogen times at the indicated depths and the decompression
profiles taken from the Standard Air Tables. These schedules will keep the
diver 1in repetitive group N except for the 100 FSW schedule, The residual
nitrogen time for group 0 at 100 FSW is 62 min giving an equivalent dive time
of 82 min for a 20 min excursion. A 100 FSW for 90 min schedule will put the
diver 1in repetitive group Z. This means that only a single wunplanned
excursion to 100 FSW may be made. If a second unplanned excursion is made to
any depth after an unplanned excursion was made to 100 FSW or deeper (no
matter what the shallow interval) the divers are considered to have omitted
decompression (see Emergency Procedures below).

Decompression and Shallow Interval

In the CSMD Procedure, decompression dives are allowed at any time. By
limiting the maximum depth of the dive to 120 FSW, the first decompression
stop will never be deeper than 30 FSW. Thirty and 20 FSW stops are taken at
the appropriate depth but the 10 FSW stop can be taken at any depth between 20
and 10 FSW, While the decompression model used to compute the Standard Air
Tahles predicts a decreased rate of offgassing with increasing depth, there is
experimental evidence to show that on air the rate of inert gas elimination
actually increases with depth down to about 50 FSW (7). Also, in testing a
series of fixed PO, SCUBA tables at NEDU, a series of man dives was done where
the 10 and 20 FSW stop times were combined and the combined stop taken at 20
FSW. This procedure proved safe. Therefore, allowing the 10 FSW stop to be
taken as deep as 20 FSW should, if anything, improve offgassing.

As mentioned in the first section of this report, a minimum 10 min
surface interval was mandatory in order to theoretically ensure the repetitive
dive procedure would work. In the CSMD Procedure, a surface interval 1is not
essential bdut a "shallow interval” at a depth of 20 FSW or less must bhe taken
between dive segments. The length of this "shallow interval”™ was computed by
finding the tension at 1 ATA after 10 min of desaturation from each of the
maximum surfacing tensions for each tissue and computing the time at 20 FSW
required for desaturation to the same tension. The longest desaturation time
was for the 120 min tissue and was approximately 30 min. Therefore, it 1is
required to spend a minimum of 30 min at 20 FSW or shallower after all
required decompression has taken place.
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Using the Standard Air Tables in conjunction with Tables 13, 14 and 15,
one can now plan any dive. The detailed procedure is given in Appendix A. 1In
essence, the dive is divided into intervals which begin and end when a depth
of 30 FSW is reached. The depth and bottom time of one interval is used to
get the appropriate repetitive group from Table 13 and using this repetitive
group a residual nitrogen time for the depth of the following interval is
obtained from Table 14, This residual nitrogen time is added to the actual
time spent 1in that dive interval to get an equivalent bottom time. This
equivalent hottom time 1s used to select the appropriate decompression
schedule and the new repetitive group is selected from Table 13 so a residual
nitrogen time for the next dive segment can be computed. This procedure can
be carried out ad infintum until (a) a total dive time of 720 min is reached,
or (b) the diver ends up in repetitive group Z. 1If either of these conditions
occur, the dive must be replanned or terminated.
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The CSMD Procedure is used to plan a dive and is not intended to compute
decompression obligation during the dive. Once planned, the plan must be
followed closely or the dive aborted. Table 15 allows certain unplanned
excursions to be made without having to abort the dive but deep excursions to
depths of 100 or 120 FSW could easily put the diver into repetitive group Z
and therefore are cause to terminate the dive.

Emergency Procedures

The only emergency which need be provided for is omitted decompression.
This would occur if at any time the divers exceed a depth of 120 FSW or lose
track of their dive profile. The divers are considered to have omitted
decompression 1if an unplanned excursion deeper than 120 FSW is made, if any
unplanned excursion exceeds 20 wmin, if any required decompression stops are
missed, or 1f an excursion is made to a depth deeper than 30 FSW before the
required 30 min shallow interval has hbeen taken. Also, divers are considered
to have omitted decompression if a second unplanned excursion below 30 FSW
follows an unplanned excursion below 80 FSW. In all these cases, the divers
are directed to transit at 30 FSW to ensure they are well below any required
first stop, decompress according to a 40 FSW for 720 min schedule (if ascent
to 1 ATA is required to get to a decompression chamber) and be treated on a
Treatment Table 5, 1A, 6 or 2A unless reconstruction of the actual dive
profile is possible and it is determined that adequate decompression has been
taken,

The 40 FSW for 720 min schedule is used only to get the divers out of the
water and into the chamber until the actual profile can be reconstructed. It
is felt to provide adequate decompression for most anticipated dive profiles
with total mission times less than 720 min. The next 720 min schedule is at

. 60 FSW and 1is felt to he too long for this application.
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Safety

The CSMD Procedure as presented above 1is felt to be as safe as the
standard air repetitive dive procedures on which it is based. During air
workup dives for saturation dives done at NEDU, times approaching 12 hours
have been spent at 30 FSW and decompression directly to the surface has been
accomplished without incident. Thus, the maximum time of 12 hours at 30 FSW
on air is reasonable. Allowing 10 FSW stops to be taken at 20 FSW has been
tested as already described and is safe. Taking a 30 min shallow interval at
20 FSW instead of a 10 min surface interval at 1 ATA is theoretically
equivalent based on the decompression model used to compute the Standard Air
Tables. Also, evidence presented above (7) establishes that offgassing at a
depth of 20 FSW will be equal to or more rapid than at 1 ATA breathing air.

Rased on the ahove considerations, the CSMD Procedure should expose the
diver to no more risk than would be encountered doing repetitive dives on air
using established technique. Thus, it is felt that this procedure can be put
to immediate use operationally.

FUTURE CONSIDERATIONS:

The CSMD Procedure was developed to fill an interim operational need. It
is conservative and restrictive but additional flexibility cannot be added
without making the procedure extremely complex and it cannot be made less
conservative without man-testing, However, the ultimate flexibility would be
gained through development of an algorithm which would safely compute air
decompression schedules for dive profiles of any 1level of complexity. This
algorithm could then be programmed into a wrist-worn Underwater Decompression
Calculator (UDC) which would keep track of each diver's exact dive profile and
compute a decompression profile exactly suited to a particular dive profile.
Dives of unlimited complexity could then be done and any combination of
unplanned excursions could be made to any depth for any time without the
divers losing track of their decompression obligation and having to abort a
mission prematurely.

While development of an air algorithm for inclusion into a UDC provides
the ultimate degree of flexibility, the CSMD Procedure would still retain
usefulness as a basis for emergency procedures which could be used in the
event of a UDC failure.

CONCLUSIONS:

1. The repetitive dive procedures, as published in the U.S. Navy Diving
Manual, contain several apparent errors and internal inconsistencies, but
are conservative overall.
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2. The repetitive dive procedures can be adapted to do multi-level diving
where alternating dive intervals deeper and shallower than 30 FSW are
considered.

A _ 3. The Combat Swimmer Multi-Level Dive Procedure outlined in Appendix A is
conservative and subjects the diver to no more risk than would be
encountered in doing repetitive diving using established procedures.

‘(‘fl"‘l‘/
'."‘.l‘l‘

4, The ultimate in combat swimmer mission flexibility will be provided
through the development of an air decompression algorithm for inclusion
in a diver-carried Underwater Decompression Calculator.
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Comhat Swimmer Multi-Level Dive Procedure

I. The Ground Rules

(A) Maximum depth at any time is 120 FSW,
Maximum mission time is 720 min.

(B) All dives start at 0 FSW at time O, Dives are divided into sections
30 FSW and shallower, and deeper than 30 FSW. When deeper than 30
FSW, the maximum Aepth ever attained during that time is wused to
compute the decompression obligation. When shallower than 30 FSW,
repetitive groups are computed assuming all time was spent at 30
FSW., All times are rounded up to the next minute.

(C) Dives requiring in-water decompression stops are permitted. No
dives will be planned which require any decompression stops deeper
than 30 FSW or which exceed repetitive Group O prior to the last
excursion, 30 FSW stops are taken at a constant depth of 30 FSW.
20 FSW stops are taken at a constant depth of 20 FSW. 10 FSW stops
may bhe taken at any depth between 10 and 20 FSW.

(D) No surface intervals are required during the dive. If surface
intervals are taken, no decrease 1in repetitive group is allowed.
After each excursion deeper than 30 FSW, a "Shallow Interval” is
required., This "Shallow Interval” consists of 30 minutes spent at a
depth of 20 FSW or shallower and allows for sufficient reduction 1in
the body's nitrogen load that a surface interval is not required
hefore making a subsequent downward excursion.

(E) Surfacing is allowed at any time .during the dive except after

excursions deeper than 30 FSW which require decompression stops
prior to surfacing.

1I. Planning The bive

Table Al (Residual Nitrogen Time Table) and A2 (Repetitive Group
Designation) are used along with the Mission Dive Profile Worksheet (Enclosure
A~1) and the CSMD Decompression Worksheet (Enclosure A-2) and Continuation
Page (Enclosure A-3). A sample dive profile is shown in Figure A-1 and the
completed Misgsion Dive Profile Sheet and CSMD Decompression Worksheet and
Continuation Page are shown in Tahle A-3, A-4 and A-5 respectively. Using the
profile in Figure A-l, the decompression schedule is computed as follows:

(A) All times at which a depth of 30 FSW is ar~:-ed at or crossed are
identified. These times are entered on the Mission Dive Profile
Worksheet, In Figure A-1, all ascents and descents are 60 FSW/min.
After leaving the surface at time 0 and spending 60 min at 80 FSW,
ascent is begun and crosses 30 FSW at time 60::50, Note the ascent

33

P WAL

Yy " %

PORPY I I T )

il Lot s

o IR IR

.

—



QU

.
g%y

!

PEAEY S

LA SN G L

}

ooy

- ,;b“’/

<V,

s

-4

AL

£

rF
M

-

»

Yy

TABLE A-1

RESIDUAL NITROGEN TIMES FOR GIVEN REPETITIVE GROUPS AND DEPTHS

Repetitive
Dive
Depth 7 O N M L K J I H G F E D C B A
30 = 469 349 279 229 190 159 132 109 88 71 54 39 25 12
40 257 241 213 187 161 138 116 101 B7 73 61 49 37 25 17 7
50 169 140 142 124 111 99 87 76 66 56 47 38 29 21 13 6
60 122 117 107 97 AR 79 70 61 52 44 36 30 26 17 11 S
70 100 96 87 80 72 64 57 S0 43 37 31 26 20 15 9 4
80 84 80 73 68 61 54 48 43 38 32 28 23 18 13 8 4
9n 73 70 64 SR 53 47 43 38 32 29 24 20 16 11 7 3
100 64 62 57 52 48 43 38 34 30 26 22 18 14 10 7 3
110 57 55 51 47 42 38 34 31 27 24 20 16 13 1n 6 3
120 52 S0 46 43 39 35 32 28 25 21 18 15 12 9 6 3
TABLE A-2
Repetitive Group Designation
After Decompression From Air
Dives with Indicated Bottom Times
A B C D R F G H I J K L M N O 2
30 FSW and S 15 30 45 60 75 95 120 145 170 205 250 310 395 o
Shallower
4n 5 15 25 130 40 50 70 80 100 110 130 150 300
5N - 10 15 25 30 40 SO 60 70 80 90 180 220
AN - 10 15 20 25 130 40 50 S5 60 |70 80 100 120 140 160
70 = 5 10 15 20 30 35 40 45 50 |60 70 80 90 110 140
R0 - 5 10 15 20 25 30 35 50 60 70 80 100 120
9 - 5 10 12 15 20 25 130 40 -- 50 60 70 90 100
100 - 5 7 10 1% 20 22 25}30 -- 40 50 -- 60 70 90
1n - = 5 10 13 15 20 1 25 - 30 -~ 40 SO 60 70 80
120 - -~ 5 10 12 15]-- 20 25 30 ~-- 40O ~-- S0 A0 80
130 - -5 8 10115 -- 20 — 25 -- -- 30 40 50 60
L4n - -5 7 lﬁ -- 15 =-- 20 25 30 -- -- 40 50 60

No Decompression

Note:

Decompression

Decompresaion repetitive groups assume all required stops have heen
taken,
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FIGURE Al. Sample Combat Swimmer Dive Profile
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to 20 FSW is planned and can be done because the first stop for an
80 FSW/A0 min schedule is at 10 FSW. The profile makes several
upward and downward excursions but never below 30 FSW, The 30 FSW
mark is crossed at time 240:0% and 25 min is spent at S50 FSW. This
time and depth are entered on the 3rd line of Table A-3. Ascent
from 50 FSW crosses 30 FSW at 265 min and the mission stays
shallower than 30 FSW until zero time 372::10. These are the next 2
entries in Table A-3. After spending 60 min at 60 FSW, the mission
is completed and decompression to the surface begun at time 432,

The depths and times from the Mission Dive Profile Worksheet are
transferred to the CSMD Decompression Worksheet. The first time is
rounded up to 61 min and is the first and second time entry in Table
A-4, The maximum depth attained was 80 FSW, so decompression on an
B0 FSW/61 min schedule is required. There is a 23 min stop at 10
FSW but the rules allow this stop to be taken at any depth 20 FSW or
shallower. After the 23 min stop, depth may be anywhere between O
FSW and 30 FSW but an additional 30 min shallow interval must be
taken for a total shallow interval of 53 min. The dive plan calls
for 29 min at 20 FSW and an additional 149 min above 30 FSW, more
than satisfyng these requirements. Using . ble A-2, it is deter-
mined that the diver will be in Repetitive Group M after the 80 FSW
excursion.

The third time entrvy 1in the Mission Dive Profile Worksheet is
240::05 which is rounded up to 241 min. (Note: All times are
rounded up to the nearest minute) and the total time shallower than
30 FSW computed. From Table A-1, a 349 min residual nitrogen time is
found giving an equivalent time 30 FSW and shallower of 529 min.
From Table A-1, it is determined that the diver is now in Repetitive
Group 0. (Note that once a time of 395 min was exceeded the diver
will remain in Group 0 no matter what his duration 30 FSW or
shallower).

The 50 FSW maximum depth and the time at which 30 FSW was crossed
from the 4th entry in the Mission Dive Profile Worksheet are entered
in the next segment of Table A-4, The residual nitrogen time for
Group 0 is found to be 160 min at 50 FSW from Table A-1 giving an
equivalent bottom time of 185 min. Decompression must he done on a
50 FSW/200 min schedule which requires a 35 min stop at 10 FSW and
an additional 30 min shallower than 30 FSW. The dive plan calls for
117 min to be spent at 20 FSW satisfying these requirements. Note
that if a planned excursion to 60 FSW was desired this could not be
done because the resulting decompression dive would put the diver in
repetitive Group Z. A Group 0 would give the diver 117 min residual
nitrogen time at 60 FSW and after only 23 min at 60 FSW a 60 FSW/160
schedule would have been needed resulting in the diver being in a
Group 7.

The next time entry from the Mission Dive Profile Vorksheet is
entered and a time of 107 min computed for the 30 FSW shallow
interval, Since the diver starts out in Group O he will stay in
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: TABLE A-3 7
¢ MISSION DIVE PROFILE WORKSHEET y
\ EVENT MAX_DEPTH TINE !
! | START MISSION 50 FSw/ 0::00 :
ve

% -

¥ ARRIVE 30 FSW 30 FSW 60.. 50

\ .

8 START EXCURSION 1 50 Fsw 240:'05

N ARRIVE 30 FSH 30 FSH 26500

) |
t &) 7 L 4
8 START EXCURSION 2 =, 322../0 3
)

s F:"Vlsb ;i
e ARRIVE 30 FSW 30 FSW  Leave Bolom - 432700 ]

START EXCURSION 3

ARRIVE 30 FSW 30 FSW

" WA
e At fd Aededted ol i DI eooobiicion

: START EXCURSION 4
i ARRIVE 30 FSW 30 FSW i
N
§ START EXCURSION 5

g “ 37
3
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Starting Repet Group

T.eave Surface

RNT
Equivalent Dive Time

WEOPC AL SR ALY LRt

TABLE A-4

CMSD DECOMPRESSION WORKSHEET

START PAGE

Arrive 30 FSW ascending
Total time below 30 FSW b-a

Max depth attained between

0 min
6/ min
Zz min

times a and b SO Fsu
~ L
Sy
O Decompression Schedule BC FsW O min
n\'.
" Repet Group !'2
\
)
N " Arrive 30 FSW ascending 6/ min o
"y Arrive 30 FSW descending 24) min ——
AN Total time 30 FSW or shallower c-b 180 min
\n'..
>4 ——> RNT from previous excursion 349 min
e Equivalent time 30 FSW and shallower 529
o min
NN Repet Group O
2N E—
s
A
:f_ Arrive 30 FSW descending 240 min
- Arrive 30 FSW ascending (or leave bhottom) 285 min =
:: / Total time deeper than 30 FSW d-c min
¢y
O Max depth attained between

times ¢ and d §0 FSW

N
- | /60
b~ ——»RNT from previous excursion min
o TEE
ol Equivalent Dive Time Sv
ﬁ:‘j Decompression schedule FSW 200 min min
".‘. ——— Repet Group @
~ Arrive 30 FSW ascending 25{ min <J
= Arrive 30 FSW descending 3723 min
Ny Total time 30 FSW or shallower e-d (O 7 _ min T
XN .
‘{.: b~ RNT from previous excursion X min
:‘.:, Equivalent time 30 FSW and shallower o4
:f? nin
Pt ———Repet Group O y%
- Record in Time
1‘ N a Next Page
¥

D .’ '-.' ‘-'.. '-'-- '.'-'... ‘.\:'-'.\.. ..‘.' 8"
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STOPS

30" —
20" —

10" 35—
st &5~

......

W0 N

.
VRV W




e I S S " S A e P S

;
r\
2N
& TABLE A-5
5
N CMSD DECOMPRESSION WORKSHEET
! Y CONTINUATION PAGE
i .
g Arrive 30 FSW descending a 273 nin '
N Arrive 30 FSW ascending (or leave bottom) b /32 min—- STOPS -
-~ Total time deeper than 30 FSW b-a 59 2
’5:'. min 30" — Iy
o Max depth attained between
- times a and b 5 FSW 20' —

v———— ,‘
- L—-?'RN'I‘ from previous excursion + l/ 7  min 10'5‘6 .
= Equivalent Dive Time 17 & 5
N Decompression schedule JO FSW /5@ min min SI&"’& ,
f Repet Group @ e '
\ ~
< .
:- Arrive 30 FSW ascending b min «&€— » -
% Arrive 30 FSW descending c min "
< Total time 30 FSW or shallower c~-b min
N ——>~ RNT from previous excursion + min A
. Equivalent time 30 FSW and shallower )
Ta min .
- Repet Group
% Arrive 30 FSW descending c min <€
o Arrive 30 FSW ascending (or leave bottom) d min ——
o Total time deeper than 3N FSW d-c — STOP¢
N min .
N Max depth attained between 30 R
' times c and d FSW -

20"

) l——> RNT from previous excursion + min
' Equivalent Dive Time 10!
\ Decompression schedule FSW min min N
) S1 -
“ [ Repet Group -
- AR
™ Arrive 30 FSW ascending - d  mineg :.
.. Arrive 30 FSW descending e min— .
N Total time 30N FSW or shallower e-d —
* min
= l——3 RNT from previous excursion + min i
5 Equivalent time 30 FSU and shallawer .
: - min
": Repet Group .
: :
" Y
N . Record in Time
3 » a Next Page
o~ .
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yt}: Group O no matter how long he remains shallower than 30 FSW. The
HOS resulting equivalent dive time is infinite. This repetitive Group 0
! gives a 117 min residual nitrogen time at 60 FSW and as the first
0N segment on the Continuation Page (Table A-5) shows, the resultant
:u?{ equivalent dive time is 178 min committing the diver to a 60 FSW/180
E;'f min decompression schedule. The required stops are noted on the
-{h right and again the 10 FSW stop may be taken anywhere between 20 and
" 10 FSW, The diver surfaces in Group Z and at this point the Surface
3 Interval Credit Table in the U.S. Navy Diving Manual may be wused to
A compute a starting repetitive group 1if another mission is planned
:x before 12 hours have elapsed. Note that while exceptional exposure
o j air tables may be used for the final decompression, no more missions
$\f can be done with these divers for 12 hours.
N

III. Unplanned Excursions

Lo (A) All excursions 1in Figure A-1 were planned. If they are not taken,
,iﬂ the plan can still be followed. Operational contingencies may
: require an unplanned excursion below 30 FSW. These excursions may
:ﬁ be safely accomplished as 1long as the provisions below are ob-
served.
X
\2~ (B) As long as depth is 120 FSW or less and the limits of the Standard
{g: Navy Air Tables are not exceeded, a diver is never required to take
}}: a decompression stop deeper than 30 feet. If an unplanned downward
e excursion bhelow 30 FSW takes place during the dive, ascent should be
i‘ made to 30 FSW and the stops shown in Table A-6 taken (based on a
% repetitive group of "0" and a maximum excursion time of 20
?; minutes).
§§ (C) 1If the divers make an unplanned downward excursion during the dive,
¢

one of the following conditions will apply:
(1) EXCURSION TO 80 FSW (OR LESS) FOR 20 MINUTES OR LESS -
Divers remain in Repetitive Group "0" and are allowed to make

XY additional downward excursions for 20 mintues or less as long
as they observe the decompression stops and Shallow Intervals

as shown in Table A-3,
~
N (2) EXCURSION TO A DEPTH GREATER THAN 80 FSW BUT LESS THAN 120 FSW
- FOR 20 MINUTES OR LESS -
)
N
%‘ Divers are considered adequately decompressed after taking
e stops 1in Tahle A-3 and may complete the operation but no
” additional downward excursions are allowed except as the last
' downward excursion before decompression to 1 ATA,
¥
.

-
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TABLE A-6

\-
::?}: Unplanned Excursion Decompression Procedure
STOPS Shallow
N Interval
".4-, Max Excursion Depth 30 FSW 20 FSW 10 FSW 20 FSW or Less
E::
Qo) 40 0 0 15 30
.‘\-}.: 60 0 0 39 30
P 80 0 11 46 30
100 3 23 57 *
o, 120 9 23 55 *
;J:‘*,’ *No further excursions below 30 FSW allowed.

“.

) The 30 FSW stops should be taken at a depth of 30 FSW.
A
N The 20 FSW stops should be taken at a depth of 20 FSW.
A4
N

) The 10 FSW stops may bhe taken at any depth between 10 and 20 FSW,

\

\

‘ The Shallow Interval may be taken at any depth 20 FSW or shallower;
. this interval is not required for safe surfacing, but is required
! ::,: bhefore another excursion below 30 FSW can be made.
‘-::’
iy

J"...‘

e

-f:o

i-ﬂ
b
.
b

3 3 N
"2
)

§ A

A A \-\} \.\ W \..\ “u 'y".-.\- ....q.-*-*




(3) EXCURSION TO A DEPTH GREATER THAN 120 FSW OR FOR LONGER THAN 20
MINUTES -

Divers are considered to have Omitted Decompression. They
should abort the mission at once staying at a depth of 30 FSW
until final decompression to the surface can bhe done. No
surfacing should be done during the return transit. Final
decompression is done in accordance with Section IV (C).

IV, Omitted Decompression

(A)

(R)

(©

"Omitted Decompression” refers to any situation in which the divers
are known to have definitely or possibly missed required decom-

pression stops. This situation requires the immediate discontinua-
tion of the mission in progress,

Divers may achieve an Omitted Decompression status in the following
ways:

(1) Exceeding the no-decompression depth/time 1limits during an
excursion for which decompression stops are not planned.

(2) Surfacing before the required decompression stops have been
completed following any excursion deeper than 30 FSW.

(3) Making an additional excursion below 30 FSW prior to completing
the required decompression stops and/or Shallow Interval from a
previous excursion,

(4) Making an unplanned downward excursion greater than 120 FSW,

(5) Making an unplanned excursion below 30 FSW for more than 20
minutes.

(6) Uncertainty regarding the depths or times in the dive profile.

(7) Making an additional excursion below 30 FSW after a previous
unplanned excursion to deeper than 80 FSW.

If omitted decompression occurs the mission should be aborted. If a
transit is required to return to the place where decompression will
he done it should be done at 30 FSW. If a 1 ATA surface interval is
required hefore access to a hyperbaric chamber is possible, decom-
press according to the 40 FSW/720 min Air Table. (This schedule is
only to get the divers out of the water into a chamber. It is felt
to provide what is probably the maximum decompression necessary for
most missions less than 720 min. The next 720 min schedule is 60
FSW and is felt to be too long for the application).
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If wupon surfacing reconstruction of the dive profile 1is not
possihle, or if after reconstruction it is found that a schedule
deeper than 40 FSW should have been used, treat the divers according
to how much decompression time was missed. If less than 30 min was
missed, treat divers on a Treatment Table 5 or 1A, if more than 30
min was missed treat on a Table 6 or 2A. Tables 1A and 2A are
acceptable for treating asymptomatic omitted decompression even if
oxygen is available, If symptoms occur these are treated using
standard procedures as a recurrence of symptoms. In this case, use
of Oxygen Treatment Tables is mandatory if oxygen is available.

V. Executing The Mission

Once the mission is planned, Enclosure A-1 is taken along to record the
actual times and depths of the dive profile. If an excursion was planned
below 30 FSW it may be omitted or taken at a shallower depth without having to
ahort the mission. If a planned excursion time is 20 min or greater and this
time is exceeded, then the mission must be aborted. Therefore, all planned
excursions should be made for the 1longest anticipated excursion time or
several alternate dive profile plans should be available,

If unplanned excursions are made which exceed the limits in Table A-3 but
the depths and times are known, the profile may be reconstructed on Enclosure
A-2 and A-3, In this case, dives putting the diver in repetitive group Z are
acceptable and the final no-decompression obligation computed as outlined in
Section II. However, if in reconstructing the profile the divers would end up
on an Exceptional Exposure Air Table before the final excursion, they must be
treated for omitted decompression. If reconstruction of the dive profile
shows that an Exceptional Exposure Air Table is required only for the final
excursion of the mission, the appropriate Exceptional Exposure Air Table may
be used for decompression.
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EncLosure A-1 !
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MISSION DIVE PROFILE WORKSHEET :
1
EVENT MAX DEPTH TIME |
i
. START MISSION i
3 ARRIVE 30 FSH 30 FSH
{ . [
= START EXCURSION 1 3
] ARRIVE 30 FSH 30 FSH |
) \ :
2 START EXCURSION 2 |
; 3
& ARRIVE 30 FSW 30 FSW >
2 |
. START EXCURSION 3 :
= ARRIVE 30 FSW 30 FSH
-2 I
2 START EXCURSION 4
;S
i

ARRIVE 30 FSW 30 FSW

K START EXCURSION 5 !

1
[\ A2 :
W ‘
1y !
18] :
3 .
\

! i
: 1
. H
) !
Ji ‘.
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m ENCLOSURE (A-2)
‘o
e CMSD DECOMPRESSION WORKSHEET
;?: Starting Repet Group
START PAGE
T.eave Surface a 0 min STOPS
ﬁv: Arrive 30 FSW ascending b min____ 30’
;EW - Total time bhelow 30 FSW b-a min
Do RNT + min 20"
apn Equivalent Dive Time min
i Max depth attained between 10
o times a and b FSW
s SI
r:}: Decompression Schedule FSW min
r—Repet Group
Arrive 30 FSW ascending b min g
Arrive 30 FSW descending c min —
Total time 30 FSW or shallower c-b min
—> RNT from previous excursion + min
Equivalent time 30 FSW and shallower
min
[ Repet Group
Arrive 30 FSW descending c min . |
Arrive 30 FSW ascending (or leave hottom) d min —
Total time deeper than 30 FSW d-c min STOPS
Max depth attained between 30
times ¢ and d FSW
20!
—>»RNT from previous excursion + min
Equivalent Dive Time 10!
Decompression schedule FSW min min
ST
Repet Group
Arrive 30 FSW ascending d min (——I
Arrive 30 FSW descending e min —
Total time 30 FSW or shallower e-d min
‘L——i-RNT from previous excursion + min
Equivalent time 30 FSW and shallower -
nin
' Repet Group Y

Record in Time

a Next Page '
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ENCLOSURE (A-3)

\( CONTINUATION PAGE
Arrive 30 FSW descending min
Arrive 30 FSW ascending (or leave bottom) min ———
Total time deeper than 30 FSW b-a
min
Max depth attained between
times a and b FSwW
“—>RNT from previous excursion min
Equivalent Dive Time
Decompression schedule FSW min min
Repet Group
Arrive 30 FSW ascending min «g—4
Arrive 30 FSW descending min —
Total time 30 FSW or shallower c-b min
——2»= RNT from previous excursion min
Equivalent time 30 FSW and shallower
min
Repet Group
Arrive 30 FSW descending min <
Arrive 30 FSW ascending (or leave bottom) min —
Total time deeper than 30N FSW d-c .
min
Max depth attained between
times ¢ and d FSW
t=——>= RNT from previous excursion min
Equivalent Dive Time
Decompression schedule FSW min min

[ Repet Group

Arrive 30 FSW ascending
Arrive 30 FSW descending
Total time 30 FSW or shallower e-d

Le—- RNT from previous excursion

Equivalent time 30 FSW and shallower

Repet Group
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min—

min
min

min

Y

Record in Time
a Next Page
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10!

SI

STOPS

30'
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