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January 27, 1970

Captain E. B. Mitchell, USN
Supervisor of Diving

Naval Ship Systems Command
Code 00C (D)

Main Navy Building, Room 3023
Washington, D.C. 20360

Dear Captain Mitchell:

We enclose with this letter six copies of our report ''Liter Flow and Mix Selection
in Semiclosed-Circuit Scuba' and ten enlarged copies of the liter flow selector
(Figure 6 in the report).

We believe that use of the liter flow selector will remove much of the ‘numbo
jumbo present in the selection of liter flows today., With the great degree of usage that
semi-closed scuba is enjcying, a rational approach to selection of system parameters is
necessary and timely,

It has been a great pleasure for us to be able to work on projects as challenging as
this one. We invite your questions and comments on the report and look forward to serv-
ing you in the future.

Cordially,
2 , q}z @M
DWF:nn D. W. Frink
Enc. Chief, Equipment Engineering
Division

cc: LCDR, W. I. Milwee, Jr.
CDR, J. H. Boyd
Mr. Denzil Pauli
Lt. Harry Cole
CDR. J. B, Orem
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LITER FLOW AND MIX SELECTION IN
SEMICLOSED-CIRCUIT SCUBA

by
P. S. Riegel
INTRODUCTION

The concept of saturatinn diving has in rz2cent years allowed accomplishment of
deep-sea diving work long considered impoasible, Use of underwater habitats, pres-
surized personnel-transfer capsules, deck-decompression chamhers, and the like have
made it possible for men to descend to great depths, spend some hours working, and
return to a relatively comfortable, dry place to rest and live until the next underwater
excursion is made,

Besides decompression problems, which have been effectively approached by the
various schemes for saturation diving, the problem of gas usage arises. A closed-
circuit breathing apparatus is the obvious choice, However, development of closed-
circuit deep-diving breathing apparatus is still in its infancy, and today, the most widely
used breathing apparatus for saturation diving is the semiclosed-circuit scuba.

The U, S. Navy, with its Mark VI, VIII, and IX semiclosed rigs, has done consid-
erable development and hyperbaric evaluation of equipment, and a variety of semiciosed-
circuit breathing apparatus is now being rmanufactured commercially,

Although it is kaown that the semiclosed-circuit scuba .8 an ecoaomical rig for
deep work, no analysis of the apparatus and its theoretical behavior has been publiched
to date. Flow selection is done by preparcd tables, manufacturers' recommendations,
and approximate rules of thumb, and has been imperfectly understood by many users.

SUMMARY

This paper presents an analysis of the system, relating all of the variables tv one
another, Equations are presentcd to permit calculation of liter flow, mix, oxygen usage,
and partial pressure of oxygen,

Finally, and most important, a graphical method is presented which allows rapid
selection of proper gas mixture and liter flow. Use of the graphical "Liter Flow and
Mix Selector for Semiclosed-Circuit Scuba' should reduce greatly the confusion which
presently exists in this fieid.

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES

bctitnn, -




DESCRIPTION OF SEMICLOSED SYSTEM

Figure 1 shows schematically a typical semiclosed-circuit breathing system.

~Chech Vaive

Mouthpiece
Exhaust

inhalation
Braathing
Bog ;

Sreathing
8ag

COp Absorber Canister

COp Absorbent

FIGURE 1, SCHEMATIC OF TYPICAL SEMICLOSED-CIRCUIT SCUBA

System Components

The circuit typically contains the following elements:

Mouthpiece. This can be either a jaw-held mouthbit or an oral-nasal mask, The
mouthpiece is the interface between the diver and the breathing apparatus,

Check Valves. These are cor.nmonly mounted at the mouthpiece, and they are ar-
ranged so that the diver will inhale from one hose and exhale into another. B providing
for unidirectional flow, it is assured that the diver inhales only nure gas and that no
significant amount of his CO2-laden exhaled gas will be reinhaled.

Hcsee. These connect the mouthpiece to the rest of tne breathing apparatus with
one delivering exhaled gas to the system and the other bringing pure gas to the diver,
They are as flexible as possible to allow the diver to move his head freely.

Breathing Bags., These are flexible gas reservoirs that expand to receive exhaled
gas and contract to deliver 1nhaled gas. A rebreather system could not work without

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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breathing bags, since the breathing apparatus would not be able to store and redeliver
the tidal volume of the diver.

Canister . This is a container for a chemical absorbent for CO,. The diver's ex-
haled gas is circulated through the canister before it is reanhaled. This removes the
CO7 and makes the exhaled gas suitable for rebreathing.

Gas Supply. As the diver breathes he consumes oxgyen. A gas supply to the
system from either backpack bottles or an umbilical hose provides a ateady flow of
"mixed gas' (oxygen plus a diluent gas) sufficient to replace the oxyger consumed under
the severest work conditions., This gas flow is commonly called the "liicr flow'"., The
ratio of diluent gas to oxygen is chosen to keep PO,, the oxygen partial pressure, below
a toxic limit,

A common method of regulating the gas tlow is to use a sonic-flow orifice to meter
gas to the rig. A pressure regulator located upstream from the orifice maintains orifice
pressure at a constant level above that necessary to provide critical flow at the maximum
depth. Thus, the mass flow rate of ‘a2e supply gas is invariant.

Exhaust Valve. Since a mixed gas is supplied at & constant rate and since only
oxygen is consumed, all dilu nt gas must escape from the system. An exhaust valve
allows gas to vent whea a certain systern pressure is reached. Since gas is generally
supplied at a rate that is far less than the diver's breathing rate, gas escapes only at the
end of each exhaiation and only in an amount about equal to what was supplied during that
particular breathiag cycle,

Bypass Valve. As the diver descends, increasing ambient pressure causes grad-
ual collapse of the breathing bags. A bypass valve in the gas supply line usually is pro-
vided tc allow the diver to keep the apparatus properly inflated as he descends.

ARRANGEMENT OF COMPONENTS

The system shown in Figure 1 is one typical arrangement. It is not necessary to
arrange the components precisely as shown, For erxample, it is not necessary to pro-
vide two breathing bage, Oue bag will do, but when two ave prcvided as shown, flow of
gas may proceed through the canister at a lower maximum rate, thus tending to reduce
pressure drop and the pulmonary work needed to overcome it.

The exhaust valve gencrally is located somewhere between the exhalation check
valve and tke caniester. The vented gas then will contain some CO;, and this choice of
exhaus* -valve location thus will reduce the amount of CO, that the canister must absorb,
Also, since peak exhalatinn pressure norrmally occuzs at tue time that the valve is ex-
hausting, breathing effort can be reduced by putting the exhaust valve as close as pos-
sible to the mouthpiece to reduce flow losses between mouthpiece and valve,

BATTELLE MEMORIAL INSTITUTE = COLUMBUS LADORATORIES
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The gas supply mey be brought into the system at any point, but it i» obvious that,
if gas is brought in between the mouthpiece and the exhaust valve, vented gas will be
richer in O, than would be the case if only exhaled gas were vented. This would cause
unnecessary waste of gas, so the gas usually is supplied to the system at a point down-
strearn from the exhaust valve and upstream from the man,

DERIVATION AND CALCULATIONS

Flow Balances

Inhalation Bﬂ

We will begin the analysis with a flow balance of the inhalation breathing bag. All
flows will be given in volumetric units converted to siandard temperature and pres-
sure — in the English system, SCFM, in the metric systern, SLM. Let us define the
supply to the inhalation bag and usage of gas from it by the diver as follows:

Supply gas:
OZ f].OW = I"l
Total flow = L = liter flow
Inhaled by man:
02 ﬂ.OW = Vl
Total flow = VZ
Note:
VZ >L

If not, we have an
open-circuit free -
flow rig.

The remaining flows are calculated by differerce, as shown in Figure 2,

INHALEC BY MAN(VARIABLE)

Og* V)
Totol gas = v

SUPPLY GAS ( FIXED RATE)

0g * L
Total gos * L
RECIRCULATED SQWSVMIA!LE) FROM CANISTER
2 ik

Totolgoss Vo-L

FIGURE 2., INHALATION BREATHING-BAG FLOW BALANCE
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Man

The man receives gaa from the inhalaiion bag, absorbs some O, from it, and adds
some CO2 tc it, Let us define these rates as follows:

U
C

"

02 abaorbed

CO, produced

The flows at the diver are as shown in Figure 3,

o!m“ 1]
€Oy produced o C

FROM INHALAT! G

02 Ly
Total gas * vp
TO EXHALATION BAG
Og*Vi-u
Total gas *vp~U+C
COp* Cc

FIGURE 3. MAN FLOW BALANCE

Exhalation Bag

At this point, we have one known flow rate - that from the man — entering the bag.
Part of this flow passes on to the CO, abaorbing canister, and part is exhausted from the
system through the vent valve.

Flows to the bag are as follows:

OZ = VI - U
Total = "2 - U+C
It is alao obvious that
Vl -U
Fraction of G, =
2 -U+C
1saving bag Vo-Ut
F tion of CO = ——(-:———
racti 2 = 2 Y

leaving bag

Sirce both exiting flows are presently unknown, let us call the exhaust flow "F"
for the time being. It then is seen that, for the exhaust flow,

4
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6
Total = F Vl-U
02 = F vz'U+C .

C
€0 = F[VTGTC'] :

The remaining flows are found by difference, as shown in Figure 4.

EXHAUST GAS
Total gas - F

v,-U
o #(rove)

FROM_MAN
02 * %~V
C0p: C
Total gos = vp-U+C

Exholgtion
breathing
bag

TO CANISTER
Total gos * Va=u#+C -F

vi-u
Op* V-V ‘F(W)
¢ '
C0op+C ‘F(m)
FIGURE 4. EXHALATION BREATHING-BAG FLOW BALANCE

Caniater

Since all CO2 entering the canister is absorbed, a flow balance rnay be made as
shown in Figure 5,

FROM EXHALATION BAG
Total gas * Vp-U+C~F

TO INMALATION BAG
02'Vi-L
Total gas = vp-L

vi-u
" v~y -+ (i)

c
Cog*cC '(vz—uﬂ:)
COgp Absorber conister

Absorbed COp & C-F (V{-_EFFE)

FIGURE 5, CANISTER FLOW BALANCE
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Derivation of the Funds nental Equaticn

From the O, balance in Figure 3 it is seen that

/
Vv -
1U

VI-U-F(m - (VI-LI) =0

or

Ll-U

F = ._VI-U (VZ-U+C). (1)

From the total balance,

VZ-U+C—F~[C-F(V2—_%;—C)]—(V2-L)=O . (2)

Substitution of (1) in (2) yields, after appropriate manipulation,
LV, -LU-UV; -LV,+L;U+UV, =0

and more rearrangement yields

v L -U L-L
bt (___1) o)
v, L-U Vo \L-U
Vl
where v, is the volumetric oxygen fraction of the gas breathed by the diver,
' 2

Since we normally desire to keep PO, within certain limits, an expression relat-
ing it tc the other variables is of benefit, Now, using more helpful terminology,

D = depth, feet

D+
A = -—3-52 = absolute pressure, atmospheres
v
\% = fraction O, in inhalation bag
AV1
——— = PO; in inhalation bag
V.
2
Ly
P = volume fraction O, in liter flow = T
or
L, = 1=

V, 18 the total volume of gas breathed by the diver per minute. Since the diver's
lungs inhale denser gas with increasing depth, V, is related to the diver's respiratory
minute volume (RMV) by the following relationship:

vV, = A(RMYV).

If the new terminology is substituted in (3), the following expression for PO,
results:

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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i LP-U U [L-LP
PO, = A [L-U ]* R’MV) [L-U :|’ (4)

which is the fundamertal equation describing tne system,

Pulmonary Ventilation and Oxygen Uptake

The value of must be determined before use can be made of the fundamen-

9 _
(RMV)
tal equation, The ratio of oxygen consumed to respiratory minute volume has been

determined experimentally to have a value of between 1/22 and 1/26, with 1/24 (0,042)

a good representative value, (1,3)

U

Now, let R = m

Equation (4) then may be arranged as follows:

LP-U L-L
POz "A< L-U) * R(T

U@ - POZ)

o

): (5)

al

or, L=TPATR(I®) - PO, (52)
UA + PO, (L-U) - RL
or, P= LAR) | | (30)
L [PA +R(1-P) - PO,]
or, U= A - PO . (5¢)
2

Use of the Results

The derivation has allowed us to express all of the variables as functions of each
other. Any of the arrangements of the fundamental equation may be of help to the user.
For diving supervisors, solutions for liter flow and percent oxygen are of value. Medi-
cal researchers may find that the oxygen usage of an experimental subject may be deter-
mined easily through use of the expressions for U.

One of the most practical uses to which the work has been put was the develop-

ment of an accurate graphical method of determining the optimum gas mix and flow for
dive missions at varying depths,

Graphical Method of Selecting Liter Flow and Oxygen Content

Figure 6 is a curve sheet . iat.ng depth and oxygen percentage to liter flow and
oxygen partial pressure. It provides a simple and accurate means of selecting liter
flow and oxygen percent oi breathing gas,
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To use Figure 6, it is necessary to read on the abscissa at the maximum depth
and move vertically until the line of maximum PO, desired is encountered. Proper oxy-
gen percentage in the gas mix for the dive then may be read from the oxygen scale at the
left. Then move to the left until the minimum depth is reached at the same oxygen per-
centage, at which point liter flow may be read or interpolated,

Origin of Figure 6

Liter Flow Lines

The properly functioning breathing apparatus will supply gas to the diver at a PO,
cf no less than 0.21 ATA (which is the PO, of air at atmospheric pressure) even when
the diver's oxygen consumption is at a maximum,

The maximum probable value of oxygen consumption vias taken as 3.0 SLM for
development of Figure 6. This value is supported by experirnental data and by the gean-
eval experience of users. Although there are surely some unusual individuals who, by
heroic effort, can congume in excess of this value in underwater work, it is felt that
3.0 SLM O; consumption represents a safe, even conservative, value for oxygen con-
suimption during underwater work,

Liter flow lines were plotted by letting U = 3 and PO, = 0.21. P vs D then was

plotted for various values of liter flow, resulting in the family of red liter flow curves
shown in Figure 6.

Partial Pressure Lines

The maximum partial pressure in the breathing bag occurs when the diver is at
rest. Minimum partial pressure occurs during hard work. A single mixture flowing at
a single liter flow must keep PO, within acceptable limits at any depth,

Using Equation (5a),
U (A - POZ)

L= [PA+RO-P) - POy , (5a)

U will be maximum and POZ minimum for a condition of hard work,
Now, let

Q) = inhalation PO, at hard work, usually 0.21 ATA (atmospheres absolute)
U, = O, usage et hard work, usually 3.0 SLM
R =U/(RMV) = 1/24,
Substitution produces, for a condition of hard work,
U1 (A - Ql)
L=®E+rRO® -ap) - (5-1)
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For rest, let

Q,
U,

inhalation PO, at rest, ATA

O, usage at rest, usually 0.5 SLM, minimun depth, ATA.

Substitution in Equation (5a) produces, for a ~uadition of rest,
Uu,A-Q,)

L= BaTRr1D Q) ' (5-2)

Both Equations (5-1) and (5-2) relate L, P, and D to each other. Since Figure 6
plcts P vs D, elimination of L will be performed by setting Equation (5-1) equal to
(5-2) as follows:

U,A-Q) U, (A-Q))
1 1 = L = 2 2
PA + R(1-P) - Q PA + R(1-P) - Q,

Elimination of L produces

U, Q, -RXa-Q)) -0, (Q1 -R)(A '.Qz)
A-R[U; A-Q) -0, (A-qQ,);

P = (6)

Plbtting of Equation (6) produces the green PO, lines shown, which are based on

: :the following values:

U, = 3.0

U, =0.5

Q, =0.21

Q, = as indicated
R = 1/24.

Optimum Mixture

The value of P calculated using Equation (6) represents an optimum value from a
theoretical point of view, since any greater vaiue of O, percent chosen for use will pro-
duce :too high a maximum POZ.

A lesser O, percent may be used, but only if liter flow is increased as indicated
in Figure 6. For any mission, use of the value of P calculated by Equation (6) will re-
sult in minimumn gas usage.

It is recognized that certain standard mixtures may be available when a dive is
planned. A mixture should be chosen that has the highest O, content that is still less
than the calculated value (P). This will yield a PO, that is acceptable and minimize
consumption of diluent gas,

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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Limitations

Ag is the c-se with many mathematical expressions, the liter flow formulas may
be used to produce erroneous results. To avoid error, the following limitatinrns must
be observed:

UA U

(1) = >L>§-

This simply states that the total liter flow must be less than the maximum expected RMV
of the diver and that it must provide more oxygen than is consumed by the diver,

(2) AP >PO; >R

When the above limits of L are substituted in Equation (5), these restrictions on PO
result. That POZ must be less than total oxygen partial pressure is obvious. That it
exceeds R is not obvious, but it is true, nonetheless,

PO, -R

>
(3) 1>P AR

P must of necessity be less than 1, The second part of this restriction is necessary to
keep inconsistent values of P from being assumed before calculation begins.

A computer program has been prepared that permits selection of liter flows and
mixes within the necessary limitations. It is included in Appendix A of this report.

F'igure 6 incorporates these limitations; any O, percentage or flow obtained by its
use need not be checked for violation of the limitations. However, it must Ye understood
that Figtire 6 will allow selection of proper liter flow and mix for only the following
conditions:

(1) When the diver is bard at work, his O, consumption will be
considered to be 3 SLM and his inhalation PO, will be 0.21 ATA,

(2) When the diver is resting, his O, consumption will be 0.5 SLM
and his inhalation PO2 will be as indicated by the grzen lines,

Selection of Mix and Liter Flow

Calculation Method

11) Establish valueg for the following:

(a) Maximum O, usage, SLM = U,
(b) Minimum O) usage, SLM = U,
(c) Maximum POZ level, ATA = Qz
(d) Minimum POZ level, ATA = Ql
(e) Maximum depth, feet = D, |

(f) Minimum depth, feet = Dy
SATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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13
D,;+33
Let A} = 33 maximum depth in atmospheres absolute
D,+33
AZ = 33 minimum depth in atmospheres absolute
Calculate mazximum fraction O2 as follows:
o =U1(QZ - 0.042) (AI-QI)-UZ (.Ql -0.042)(Al -Qz)

max (Al - 0.042) [U1 (Al - Ql) - Uz (A1 - QZ)]

Calculate minimum allowable fraction O2 as follows:

Pmin = QI/AZ

Select a mix from what is available, so long as the selected
mix lies in the range defined in Steps (3) and (4), Use the
highest available mix in the range.

Let mixture 02 fraction = P |
mix

Calculate liter flow as follows:
U1 (A2 - Ql)

I, =
[Pmix AZ + 0.042 (1 - Pmix) - Q1]

Chart Method

Figure 6 was drawn based on the following:

Maximum O, usage, U; = 3.0 SLM
Minimum O2 usage, U, = 0.5SLM
Minimum PO, level, Q; =0.21

To use Figure 6, proceed as follows:

(1)

(2)

(3)

Establish values for

(a) Maximum PO2 level, ATA = Q,
(b) Maximum depth, feet = D,

(c) Minimum depth, feet = D2

Locate maximum percent O, at intersection of maximum
depth line and maximum PO, line

Locate minimum percent O, at intersection of minimum
depth line and 0.21 PO, line

BATTELLE MEMORIAL INSTITUTE -~ COLUMBUS LABORATORIES




14

(1) Select a mix from what is available, sc iong as it lies in
the range between Pp i, and Pp,5,. The most economy

will result if P,,;, is near but just less than P .. .

(5) Locate correct liter flow at intersection of Py, i, line
and minimam depth line.

Example Problems

In all of the problems, the following is assumed:

PO, minimum, Q; = 0,21 ATA
Maximum O, usage, U; = 3.0 SLM
Minimum O, usage, U = 0.5 SLM.

Available mixtures have the following oxygen percentages: 4, 6, 8, 10, 12, 15 20, 25,

=
30, 40, 50, and 60.

Example 1 — Dive from Surface

A diver must descend from the surface to a depth of 125 feet, perform a task, and
reascend. The mission is of such duration tha: a PO, of 1. 6 ATA 1aust not be exceeded.
What mix should be used and what should be the liter flow?

Solution by calculation:

(1) Given: U; = 3.0

U, = 0.5
Ql = 0.21
QZ = 1.60
D; = 125
D2 =0
125 + 33
’ ey -_—
(2) A,y 33 4,79
0+ 33
Ay, = 33 1
(3) P = 3(1.60 - 0.042)(4.79 - 0.21) -0.5(0.21 - 0,042)(4.79 - 1.60)
max (4.79 - 0,042)[3,0(4.79 -0.21) - 0.5 (4.79 - 1,60)]
= 0.367 - 36,7 percent
(4) P = —-—0'21 = 0,21 = 21 percent
min 1

Y ut

]

'
M; Pr——y
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(5) Either 25 percent or 30 percent can be used, Use
30 percent gince it is more economical,

3.0(1 -0.21)
{0.30(1) + 0,042 (1 - 0,30) - 0,21}

19.9 SLM

(6) L

Thus, a 30 percent O, mix should be used at a flow of 20 SLM,

Solution by graph (Figure 6):

(1) Maximum POZ level = 1,6 ATA
Maximum depth = 125 feet .
Minimum depth = 0 feet

{2) Maximum percent O, = 37 percent (at intersection of
D = 125 and PO, = 1.6)

(3) Minimum percent O, = 21 percent (at intersection of
D = Oand PO, = 20.21)

(4) Use 30 percent mix,

(5, Liter flow = 20 SLM (at intersection of 30 percent O2
and D = 0O)

Note: If we had chosen to use a 25 percent O, mix, liter
flow would be 33 SLM,

L]

Example 2 - Dive from PTC

Divers will descend in a PTC to a depth of 450 feet. They will not swim above the
450-foot level, but may descend to the 820-foot level. POj is limited to 1.3 ATA. What
should be the mix and flow?

Solution by calculation:

(1) Given: U; = 3,0
U, = 0.5
Q, = 0.21
Qy = 1.3
D, = 820
D, = 450

BATTELLE MEMORIAL INSTITUTE -~ COLUMBUS LABORATORIES
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_ 820+ 33
(2) Ay = 33 = 25.8 ATA
_ 450+ 33
A, = 13 = 14,6 ATA
(3) P _3(0.5-0.042)(25.8 -0.21) -0,5(0.21 - 0.042)(25.8 - 1. 3)
max (25.8 - 0,042)[3 (25.8 - 0.21) - 0.5 (25.8 - 1,3)]
= 0,056R = 5,68 percent
(4) P = 9.21 0.0144 = 1,44 percent

min 14,6

(5)

. 4 percent
mix
This is the only available mix that hies
within the acceptable range.

3(14.6 -0,21)
[0.04 (14.6) + 0,042 (1 - 0,04) - 0,21]

104.2 SLM

(6) L

Solution by graph (Figure 6):

(1) Maximum PO2 level = 1,3 ATA
Maximum depth = 820 feet
Minimum depth = 450 feet

(2) Max.mum percent O, = 5,6 percent (at intersection of
D : 820 and PO, = 1.3)

(3) Minimum percent U, = 1.42 (at intersection of D = 450
and PO, = 0.21)

{(4) Use 4 percent O
This is the onlravailable mix in the range.

(5} Liter flow = 106 SLM (at interdection of D = 4503 and
percent O, = 4 percent)

Example 3 - Chamber Dive

A simulated satura.ion dive is being conducted in a pressure chamber, Depth is
600 feet, Maximum allo'vable PO, is 1.2 ATA, A gas mixer is available to produce any
desired mix. What mix and flow should be used?
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Solution by Caiculaticns

(h

UZ = 0,5
Ql = 0,21
QZ = 1.2
D, = D2 = 600
600 + 33
2 - - A
(2) A A, 33 19.2 ATA
(3) . 3(1.2-0,042)(19.2 ~0.21) -0.5(0.21 - 0.042)(19.2 - 1.2)
Jnax (19.2 - 0,042)[3 (19.2 - 0.21) - 0,5 (19.2 - 1,2)]
= 0,0702 = 7,02 percent
_ 0,21 _ _
(4) Pmin = 152 =0,0109 = 1,09 percent
(5) Since we have & gas mixer, we willuse P . = P = 7.0 percent,
mix may
3 (19.2 -~ .21)
(&) L = 571972y +.042 (T - .07 - .21]
L = 48 6 SLM
Solution by graph:
(1) Maximum POZ level = 1.2 ATA
Maximum depth = 600 feet
Minimum depth = 60( feet
(2) Maximum percent O, = 7.0 percent (at intersection of

(3)

(4)

(5)

Given: Ul = 3,0

D = 600 and PO, = 1.2)

Minimum percent O, = 1,15 percent (at intersection
D = 600 and PO, = 0.21)

Use 7.0 percent, since we have a gas mixer,

Liter tlow = 49 SLM (at intersection of D = 627 and
percent O, = 5.7 percent)

BATTELLE MEMORIAL INSTITUTE -~ COLUMBUS LABORATORIES
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Miscellaneous Calculations

Example 4 - 0> i jage in Chamber Dive

In the saturation dive of Example 3, a 4 percent O, - 96 percent fle mix 18 being
used at a flow of 96 SLM, A subject wearing a semiclcsed-circuit rig is exercising in
the wet pot. A flcvible hose removes samples of gas from his inhalation bag for ana-
lysis, At one time, it is observed that his inhalatio:. Uy percentage is 2.0, What is

his rate of O, consumption?

Solution: From Equation (5¢),
L [PA - PO, +R (l-P)J

A-I:’Oz

U =

From Example 3, A = 19,2 ATA
[nhalation PO, = 0.02 (19.2) = 0.384 ATA

Substituting in Equation (5¢) above,

96 [0.04 (19.2) - 0,384 +T;.'Z (1 - 0.04)]
- -
u = 19.2 - 0,384

U 2.16 SLM

H

Example 5 - POy Determination in Chamber Dive

If the diver in Example 4 was resting and consuming O, at a rate ot 0,5 SLM,

waat would be the PO, in his inhalation bag?

Solution: From Equation (5),
/
LP-U L-LP
PO, - AQ—L_U ) +R(L_U )

From Example 4, A = 19.2 ATA

Substituting,

r
4 96(0.04) - 0.5 | . 1 |96 - 96(0.04)
PO, - 19'2L 96 - 0.5 ]"24[ 36 -0.5 ]

= 0.711 ATA
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APPENDIX A

COMPUTER PROGRAM FOR LITER FLOW AND MIX SELECTION

The program incorporates the limitatinns of the method and will not give a final
answer until all data are presented properly,

The program is followed by printouts of sample problems showing the debugging
process as it confronts the user,
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LITERS 14126 CY TUE 01/13/70

100 PRINT ~THIS PROGRAM CALCULATES THE PROPER GAS NIXTUKES AND FLOWS”

110 PRINT “FOR SDNI-CLOSED CIRCUIT SCURA. T® USE IT» JUST ANSWER™
120 PRINT “THE QUESTIONS AS THEY APPEAR."
130 PRINT
140 PRING
150 PRINT "MAXINUM SR USAGE, AN =%
160 INPUT UD
70 PRINT ‘MININUN 02 USASE, 9N =™
180 INPUT U4
190 1F U4U3 T™MEN 210
o 1™ 83

210 PRINT

S20 PRINT “ENTRY MISTAXE. TRY AGAIN"™

£30 PRINT

240 & 70 150

230 PRINT "WAXINUN DEPTH: * TET ="3

260 18PUT DI

270 PRINT *“WININU DEPTM, FEET »*s

2660 INPUT DR

290 17 D2*D) THEN 310

300 @0 ™9 330

310 PRINT

380 PRINT “ENTRY ERROR. TRY AGAIN."

330 PRINT

340 @0 T 230

350 LET Aje(DI+3M/33

360 LET AB=(DR+33)/33

370 PRINT *MAXINUX PSR LEVELL, ATA =™3

WO INPUT 04

90 LET R=1/Q4

400 IF G4<R THEN 470

410 IF Q&AL THEN 3510

420 PRINT *WININUM PO LEVEL, ATA =%

430 INFUT @3

440 17 Q3<R THEN 470

450 IF @3>Al ™M 310

460 @ T8 SS0

AT0 PRINT

480 PRINT “P82 LEVEL MAY NOT BE LESS THAN 1/784. TRY ABAIN"
490 PRINT

S00 @0 10 370

S10 PRINT

S20 PRINT “POg CaNNGT EXCEED™:Al, "TRY AGAIN™

330 PRINT

S40 @ T 370

SS0 IF @304 ™HEN S7TO

$60 @9 T9 410

$T0 PRINT

380 PRINT “ENTRY MlSTAKE. TRY AGAIN"

590 PRIN/

600 @@ 10 370

610 PRINT

620 LET XoUN (A4 R 6(A1-03) ~ U0 #(AL1~ 00

630 LET YuCAl-RISCUIMNCAL-0D)-Um(ALl-00))

640 LET PI=X/Y

450 LET Z=sQu/AR

640 1F Z>P3 THEN 710

670 PRINT

680 PRINT “WAXINUM ALLOVARLE PERCENT 88 ==, 100¢P3
690 PRINT'HININUN ALLOVABLE PERCENT 892 »%, 10002
700 @ T® 740

710 PRINT “DEPTN RANGE T8 EXTRINE FOR SPECIFICD POR RANGE.™
720 PRINT “EXPAND THE POR RANGE OR NARRSY THE DEP™ RANGE."
730 68 70 830

740 PRINY

7SO0 PRINT “WAT PERCEINT 02 DO YOU VISM 19 USEY™s
760 @0 79 800

770 PRINT

T80 PRINT “1IF YOU VISH TO TRY ANSTHER PERCEINT 08, TYPE IT WMEN"
790 PRINT “THE QUESTION APPETARS. IF NMOT, TYPE *101°%
800 INPUT PI

810 PRINT

€80 LET P=P)/100

930 1F Pi=101 THEN 9240

840 IF PP THEN 900

630 IF 2»PF ™HEN 220

860 LET LaUICAR-03) 7CARNP+ RO ( 1~F) -0

870 PRINT

S80 PRINT *L° TR FLOV s™,L, "RLKN"

890 @ T¢ 10

900 PRINT “YSUR 62 CONTENT 13 TOO NIGM. CHOOSE A LOVER VALUE.”
210 68 T 7850

$80 PRINT “YOUR S8 CONTENT IS TOG LOW. CHOOSE A NI SIER VALUE.*
230 @ T 780

240 DNOD
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A-3
LITERS  1ar82  CY TUE 01/1W/70

TNIZ PROGRAN CALCULATES THE PROPER GAS WIZTURES AND FLOUS
POR SMMI-CLOSED CIRCUIT SCUBA. T8 UST IT, JUST ANSWER
THE QUESTIONS AS TMEY APPEAR.

NAXINUMN 62 USASE, &M =t 3.0
NININUM Of USACE, BN e? 0.8
MAXINUN DEPTM, PEET =? 900
xININUM DEPTH, FERT =? 400
MAXINUN POS LEVEL, ATA =? 1.4
HININLM POE LEVEL, ATA @7 .8}

MAXINUN ALLOVABLE PERCENT 02 = S.61199
WININUM ALLOWASLE PERCENT 02 = t.00479
WHAT PERCEXT 08 DO YOU WIS TO USE?? S.0

LITER FLOVW o 0. 166 L X

1F YOU WISH TO TRY AMGTMER PRRCENT 82, TYPL 1T WKEN
THE QUESTION APPEARS. IF N8T. TYPE °*101°

? 40

LITER MLOVW = 23. 2900 S

17 YOU VISH TO TRY ANGTHER PERCENT 82, TYPE IT WMEN
THE QUESTION APPEARS. IF NOT» TYPE °*101°

? S.61199

LITER PLOV & 62,8338 an

IF YOU WISM T8 TRY ANOTHER PERCINT 62, TYPE 1T WEN

‘Nf QURSTION APPEARS. LT NOT, TYPE ‘101°
T 0

usko 24.47 UNITS
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Lirens 14114 CY TUL 01/33/70

THIS PROGRAM CALCULATES THE PROPER 3AS WIXTURES AND MLOVS
FOR SDNI-CLOSED CIRCUIT SCUBA. T8 USE 1T, SUST ANSWER
THE QUESTIONS AS THEY APPEAR.

MAXINUM 02 USASK:; SN =2 0.5
NININUN 02 USAGE, 5 =? 3,0
ENTRY MISTAKE: TRY AGALN
MAXINUN 02 USASE, SN =? 3,0
MININUM 82 USAGE, SN =7 0.3
MAXINUN DEPTH, FEET =? 600
MININUN DEPTM, FEET ot 500
INTRY ERROR. TRY AGAIN.
HAXINUN DEFPTM, FEET =7 900
MININUN DEPTH, FEET =? 600
WAXINUN PO LEVERL, ATA s? .}
HIMIMUN PO LEVEL, ATA =? 1.4
ENTRY MiSTAKE. TRY AGAIN

MAXINIGN PPE LEVIL, ATA =7 1.4
MINIMUM PR2 LEVEL, ATA =7 .OR)

POR LEVEL MAY NOT SE LESS THAN 1784 TRY ASAIN
MAXINUM PER LEVEL, ATA =T 140
POE CANNAT EXCIED 2%.2727 TRY AGAIN

MAXINUM POP LEVRL, ATA =% 1.4
MININUN PSS LEVEL, ATA »? 1.0

DEPTH RANIE TH8 EXTRDME FOR 3PECIFIED POR RANGE.
EXPAND TME POR RANGE OX NARROY THE DEPIM RANGE.
MARINUM DEPTM, FECT =? 200

MININUM DEPTM, FIET =? 400

MAXINUN POQ LEVEIL, ATA =7 1.4

MININUM PR LEVEL, ATA »? .21

MNAXINUM ALLSWVABRLE FEIRCENT 82 = 3. 61199
MININUM ALLOVADZLE PERCENT 08 = 1,00479
WHAT PERCENT 02 DO YOU MISN T USEr? 6.0

YOUR 62 CONTINT 183 TO6 HIGH. CHOBSE A LOVER VALUE.
WHAT PERCINT 62 DO YOU W1 T9 USE!? 1.0

YOUR 82 CONTENT 1S TOO LOW. CHOOSE A NIGMER VALUE.
WHAT PERCINT 02 DS YOU WIS TO UBEM? S.0

LITER FLOV = 2. 166 an

IF YOU VISH T8 YRY ANGOTHER PERCENT 68 TYPE IT WMEN
THE QUESTION APPEARS. IF NOT, TYPL *101°

? 40

LITIR FLOV » ?S.2928 an

IF YOU WIS T8 TRY ANOTMER PERCENT 68, TYPE 1T WHIN

THE QUESTION APPEARS. IF NOT, TYPE °*101°
T 10

useop .47 UNLTS
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APPENDIX B

MISCELLANEOUS COMPUTER PROGRAMS DEVELOPED
DURING THE COURSE: OF THE WORK

DEPTHS

This program was used to plot points for the liter flow guide.

LITRES

This program calculates liter flow and mix for various depth conditions, It does
not incorporate all of the limitations of the method,

FIGPO2

This program computes PO,.

PETE(08

This program computes liter flow by the new method and by one old method and
illuastrates that significant gas may be saved through use of the new method,
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DEPINS 14832 CY TUE 0171 /70

100 LET L=300

1I0PRING %G LITER FLOV o™, AN"

120 PRINT

136 PRINT

1 AOPRINT*", “UPPER TEXIC LIMITS FOR U=0.5 ANMN*
1S0L.ET R=g, S/60

1 GOPRINT™, *DEPTH™, “PERCUNT #2%,"Psg"

170 LET DO=CCIMNLIZT72)-23

180 LET PXxCI3005.21)/7100+33)

190 60 T 200

200 PRINT "% D0, P3, " 2§i™

210 POR Pis 4 70 2,01 STEP .2

£20 LET J=DO

£30 LET Ne 1000

240 FOR D=J T 10000 STEP N

2350 LET As(D+33)/33

LEOLET P 1008 A+ 212CL~3)=ReL) 7CLRCA-R)?
270 LET Tu 000+ 38AeF IRlL~e¢ S)=ReL) /(LB CA-R))
280 LET X=P/T

290 1F X>=1 THEN31O

300 NEXT D

310 LET J=D-N

320 LET N=N/LO

330 IF Nez=1E-3 THEN 350

340 O8 T 240

350 PRINT™, D, P, P}

360 NEXT Pt

370 FRINT

380 PRINT

J9O0PRINT™ "DEPTN VS PERCENT 82 FOR U=3 SLM, P82e,21 ATA"
400 PRINT "% "DEPTH™, "PERCENT 82"

410 READ D

420 LET A=(D+33)/33

430 LET Pz2100¢C 32A¢ . 218(L~ J)-RL) 7CLECA=R))
440 LET T=1000C « 32A+20CL=¢ S)=Rel) /CLeCA-R})
450 LET X=P/T

A40 IF D<=DD TMEN 410

470 PRINTY %D, P

480 IF X>=1 THEN 530

490 G0 T® A1D

SOODATACS 158530 43560 768,95 105, 125 145 165 18, 20, 25» 30, 35» 40, 30, 60, 70
S10 DATA 80,90, 100, 120, 140, 160, 180, 200, 300, 400, 500, 600, 700,800,
SR0 DATA900, 1000, 1200, 1 400, 1600, 1300, 2000
$39 END
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DEpS

14133 CY TUE 01/1¥/70

LITER FLOVW = 300

SN

UPPER TOXIC LIMITS FOR (m0.S SLM

DEPTH
104. 8
725.08
1518%.76
2306. 44
3097.18
3887.8
4378 « 48
Sagy. .t/
629 .84
70350. 52

DEPTM VS PERCENT 02 FOR U=3 LN, POS=.21 ATA

DEPM
189
140
160
180
200
300
400
S00
600
700
800
200
1000
1200
1 400
1600
1800
2000

PERCEINT 02

S.04

1. 72676
13984
123521
1417977
1014031
111676
109998
1.08 741
1.0776S

PERCENT 02
4. 62701
4.20434
3.8899
J. 868
3.37409
2.43833
2.27413
2.03446
1.87048
175168
1:66129
1. 99031
1+ 353309
1¢ 440652
138414
1.33708
130008
1.2708

SUT 8F DATA 1IN 410

417 UN1TS
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LITRES 14638 CY TUE 01/1¥ 70

100 READ D1, De, 02

110 LET U1=3

120 LET US=,.S

130 LET A1=(D1+33)/33

140 LET A=(D2+33)/3)

130 LET Q1=.21

160 LET R=1/24

170 LET X=URS(A1-98)2¢Q1-R) ~U18(02-R &(AL1=-01)
180 LET Y=(A1=-RISCULSCAI-OR)-U1sCA1-01))
190 LET P=X/Y

200 LET P1=100eP

£10 LET Lo(U10(01-A2))/7C(01=ReC 1=P) -PeAR)
SR0 PRINT "MAXIMUM DEPTM,FT =, D1

230 PRINT "MINIMIM DEPTH,FT =, D2

240 PRINT "MAXINUM INHALATION POR,ATA =%, 02
£S0 PRINT "MAXIMUM 02 CONSUNPTION, LM =%, Ul
260 PRINT *MININUI 02 CONSIMPTION, &M =%, UR
870 PRINT *MAXINUS PERCENT 02 =%, PF1

280 PRIKT "LITER FLOW, LN =%,L

290 DATA 625,300, 1.4

300 END

RUn

LI TRES 1413 CY TUE 01/713/70

MAXIMUN DEPTH,FT = 23
NININUG DEPTH,FT » 300
MAXIMUM INHALATION POR,ATA = led
MAXINUM 82 CONSWIPTION, LM o 3

NININUM 02 CONSUIPTION, LN = 9

MAXINUM PERCENT 02 = 793718
LITIR PLOW, AN = 47.10%
useo 217 UNITS
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rieree 1441 CY TUE 0172270

100 PRINT "DEPTH™, "PERCIENT 62", *LI TER FLEW","§2 USAGE"™, "PIR"
110 PRINT

1280 READ Do PsL, U

130 LET AaCD+33)/73)

140 LET M=i/04

130 LET @uARCCLOP-)/ZCL-W))+Re(CL-LeP) 7CL-)
760 PRINT Dy 1000P,L, U0

170 8 T8 120

180 DATA 3500, .06,60,.5

190 DATA 800, .06,60,.5

200 IND

F1aree 14542 CY TUL 01/13/70

DEPM PERCINT 02 LITER FLOW 2 usaetr reg
300 e 60 Y] +881003
800 be 60 3 135468

SUT OF Dv...:. IN 120

usep 1.83 UNITS
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PETEOS fat43 CY Tut 01/1 %70

, 100 LET G8=1.2

' 110 PRINT “LITER FLOW AT SPTIMUM PERCENT 62 FSR P2 =2%,00,"ATA”

180 PRINT

130 PRINT “DEPTH", ""SLM, NEW™, “SLM, 8L.D"s “ERROR"

140 RIAD D

150 LET A=(D+33)/233 ,
’ 160 LET B=(0R-A)/C.21-A) '

170 LET US=.S
180 LET R={/04
190 LET Ui=)
200 LET Qin,. 21
£10 LET PoCcURePDC0i=RI=UIeCO02=R)) /CCA-RIeCURSB~U1))
220 LET ¢ i000(08/A)
230 LEY P2=100¢C(P/70Y)
240 LET Plu00eP

230 LET Pa=qe/sA

260 LET L1=(U12(01-A)>/(01=Re( 1=P)=P3A)

£70 LET L2=CUI12C01-A))/(Q1=-PI*A)

£80 LET T=100s(CLE-LI)N1)

290 PRINT DL 1,L8 T

300 60 19 140

310 DATA 0, 10, 20, 30, 50, 70, 100, 200, 300, $00, 790G, 1000, 2000

320 END

PETCLOS 14348 Y TUE 01213770

LITER FLOW AT OPTIMUMY PERCENT 62 FSR PS2 = 1.2 ATA

DEPTH .M, NEW $.M1, 00D ERRON
] 2:.8009% - 29994 c4:.048 %
10 3.24018 3. 31821 1 394609
20 402341 4.23048 $.0%447
30 4. 79063 S. 148764 T 47836
$0 632109 6.983531 10. 308
70 7.85188 8.88,893 18. 3582
100 10. 1472 11.57¢7 14,6371
200 17.71998 20.7T9 4 16.6891
300 £235. 4518 .29 1 7. 6406
300 40. 7564 e DT & 18. 3278
700 S6. 0609 666731 18.9897
1000 7.0178 94,2813 19 . 2407
2000 15%. 541 186. 049 19.6142

OUT OF DATA 1IN 140

usepo 2:67 UNITS
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INSTRUCTIONS ‘
3 - — o _p+33]LP-u i fL-LP ‘
—4= P9 "?3—[—56'] *24 [_L—-U-] -
I. GHOOSE UPPER PO, LIMIT, MAXIMUM DEPTH, j— ~
2.5 MINIMUM DEPTh — ‘
2. MAXIMUM PERMISSIBLE 02 PERCENT IN . PO2 = Op PARTIAL PRESSURE IN
2 ILITER FLOW LIES AT INTERSECTION OF — - BREATHING BAG, ATA
A ) —f— D = DEPTH, FEET
4 MAXIMUM DEPTH AND UPPER PO, LIMIT. 1 L= LITER FLOW, SLM
(] AMIX OF LESS PERCENT Op MAY ALSO —_1- P=0a IN LITER FiOW, FRACTION
1 U=0z CONSUMPTION, SLM )
1.5 BE USED. —1- RANGE OF U: 0.5 to 3.0 ‘
3. PROPER LITER FLOW LIES AT INTERSECTION —]
OF MINIMUM DEPTH AND O, PERCENTAGE
Wy, 7 7 7 7 7 7 7 7 7 77 7 Y,
<
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