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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 quesrions and comments on the report and look forward to serv-
ing you in the future.

Cordially,

DWF:nn D. W. Frink
Enc. Chief, Equipment Engineering

Divis ion

cc: LCDR. W. I. Milwee, Jr.
CDR. J. H. Boyd
Mr. Denzil Pauli
Lt. Harry Cole
CDR. J. B. Orem

I



I

TABLE OF CONTENTS

Page

INTRODUCT'ON ......................................... 1

SUMMARY .............................................. 1I
DESCRIPTION OF SEMICLOSED SYSTEM . ........................ 2

System Components .................................... 2

ARRANGEMENT OF COMPONENTS................ 3
K

DERIVATION AND CALCULATIONS................ 4

Flow Balances......................... . . . . . . . 4

Inhalation Bag .............................. .... . 4
Man ................................. . ... ...... 5
Exhalation Bag.. ........ . . . 5
Canister ................................ . ........ 6

Derivation of the Fundamental Equation.. .......... . 7
Pulmcnary Ventilation and Oxygen Uptake.. .......... 8
Use of the Results.............*...................... . 8
Graphical Method of Selecting Liter Flow and Oxygen Content. 8
Origin of Figure 6.................................. . .. 10

Liter Flow Lines . . ............................... 10
Partial Pressure Lines . ............................. 10
Optimum Mixture........................... . . .. 11

Limitations......................................... 1. 2
Selection of Mix and Liter Flow ............................ 12

Calculation Method............................... . 1.2
Chart Method ................................... 13

Example Problems ..................................... 14
Example 1 - Dive From Surface. ....................... 14
Example 2 - Dive From PTC. ......................... 15
Example 3 - Chamber Dive.. ........... . . .- 6

Miscellaneous Calculations ............................... 18
Example 4 - 02 Usage in Chamber Dive .................. 18
Example 5 - P0 2 Determination in Chamber Dive ............ 18

ACKNOWLEDGMENTS ...................................... 19

REFERENCES. ........................................... 19

APPENDIX A

COMPUTER PROGRAM FOR LITER FLOW AND MIX SELECTION A-1

APPENDIX B

MISCELLANEOUS COMPUTER PROGRAMS DEVELOPED DURING THE

COURSE OF THE WORK. . ........... . ........... B-i

BATTELLE MEMORIAL INSTITUTE - COLUMSUS LABORATORIES



II

I
LITER FLOW AND MIX SELECTION IN

I SEMICLOSED-CIRCUIT SCUBA

by

I P. S. Riegel

INTRODUCTION

The concept of saturatinn diving has in r,!cent years allowed accomplishment of
deep-sea diving work long considered impossible. Use of underwater habitats, pres-
surized personnel-transfer capsules, deck-decompression chambers, 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.

I 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-
4 circuit breathing apparatus is now being rmanufactu-red commercially.

Although it is known that the semiclosed-circuit sicuba As an economical rig for
deep work, no analysis of the apparatus and its theoretical behavior has been published
to date. Flow selection is done by prepared tables, manufacturers' recommendations,
and approximate rules of thumb, and has been imperfectly understood by many users.

I SUMMARY

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

Finally, and most important, a graphical method is pre.sented which allows rapid
selection of proper gas mixture and liter flow. Use of the graphical "Liter Flow and

Mix Selector for Samiclosed-Circuit Scuba" should reduce greatly tha confusion which
I presently exists in this field.

!
B ATTELLE MEMORIAL INSTITUTE -COLUMBUS LABORATORIES
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DESCRIPTION OF SEMICLOSED SYSTEM

Figure I shows schematically a typical serniclosed-circuit breathing system.

Mou thpiece

t~abolt inihlto

6r@@thin Sup.g, Got

,,-C2 Aborbr Canister

C02 Absorbent

FIGURE 1. SCHEMATIC OF TYPICAL SEMICLOSED-CIRCUIT SCUBA

Systern Components

The circuit typically contains the following elements:

Mouthpiece. This can be either a jaw-held mouthbit or an oral-naaal mask. The

mouthpiece is the interface between the diver and the breathing apparatus.

Check Valves. These are cozn_.nonly mounted at the mouthpiece, and they are ar-
ranged so that the diver will inhale from one hose and exhale into another. B-4 providing
for unidirectional flow, it is assured that the diver inhales only pure gas and that no
significant amount of his COZ-laden exhaled gas will be reinhaled.

Hoses. Those connect the mouthpiece to the rest of the breathing apparpotus 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 inhaled gas. A rebreather system could not work without ..

iBATTELLE MEMORIAL INSTITUTE -COLUMBUS LABORATORIES I
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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 COZ. The diver's ex-
haled gas is circulated through the canister before it is reinhaled. This removes the
CO 2 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 steady flow of
"mixed gas" (oxygen plus a diluent gas) sufficient to replace the oxygen consumed ander

* the severest work conditions. This gas flow is commonly called the "liLcr flow". The
ratio of diluent gas to oxygen is chosen to keep PO2 , the oxygen partial pressure, below
a toxic limit.

I A common method of regulating the gas flow 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 Ae supply gas is invariant.

I Exhaust Valve. Since a mixed gas is supplied at a constant rate and since only
oxygen is consumed, all dilu nt gas must escape from the system. An exhaust valve
a~lows gas to vent when a certain system 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 exhalation and only in an amount about equal to what was supplied during thatI particular brea.hing cycle.

I Bypass Valve. As the diver descends, increasing ambient pressure causes grad-

ual c-illapse of the breathing bags. A bypass valve in the gas supply line usually is pro-
vided to allow the diver to keep the apparatus properly inflated as he descends.

I ARRANGEMENT OF COMPONENTS

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

The exhaust valve gentrally iq located somewhere between the exhalation check
valve and th, canieter. The vented gas then will contain some C0 2 , and this choice of
exhaus'. -valve location thus will reduce the amount of CO2 that the canister must absorb.
Also, since peak exhalation pressure normally occuis at tWe 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 - COLUMOUS LADORATORIES
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The gas supply may be brought into the system at any point, but it ii obvious that,
if gas is brought in between the mouthpiece and the exhaust valve, vented gas will be
richer in 02 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-
stream from the exhaust valve and upstream from the man.

DERIVATION AND CALCULATIONS

Flow Balances

Inhalation Bag

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

Supply gas:

02 flow = I,1

Total flow = L = liter flow

Inhaled by man:

0- flow = V1

Total flow = V2

Note:
V? >L

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

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

INHALED BY dAN(VARIABLE)

02" Vl

Tota gasx V2 SUPPLY GAS ( FIXED RATE)

InhalTota 2 a V

breathing To al 90 L

RECIRCULATED FL5W ( VARIABLE) FROM CANISTER I
02' VI-LI

Total go$ - Ve-L

FIGURE 2. INHALATION BREATHING-BAG FLOW BALANCE

BBATTLLI MECRIL. NSTTUT[ - C(LUMU$ ABOATOIESI
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Man

The man receives gas from the inhalation bag, absorbs some 02 from it, and adds
some CO 2 to it. Let us define theme rates as follows:

02 absorbed = U

CO 2 produced, = C

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

ORow4's U
cot 0poduesd *C

FROM INHALATION WAG

Total gas a V*

TO EXHALATION D"AT
AND VENT VALVE

OR ' Vl"
Total gasa , - U + C

c02 - C

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 2 absorbing canister, and part is exhausted from the

system through the vent valve.

Flows to the bag are as follows:

i Oz =vl -U

CO 2 = C

Total = 2 " t+C

It is also obvious that
v -U

Fraction of 0 2
i•aving bag V -U+C

C
Fraction of CO. = V -U+

leaving bag

Sinco. both exiting flows are presently unknown, let us call the exhaust flow "Ft

for the tirnt. being, It then is seen that, for the exhaust flow,

2ATTELLE MEMORIAtL INSTITUTE - COLUMOUS LABORATORIES
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Total = FF VU1 I
02 = F €2.U+C .

co 2 = Fz.+ .

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

EXHAUST GAS
Total oat - Fr

O 
_2 

Fi U+ c

Vent Volvo FROM MAN

breaflling
bag

* @ TO CANISTER
Totalgn' v 2 -u+tC -F

2* 
V 1-U

Svt- 2-- -)

FIGURE 4. EXHALATION BREATHING-BAG FLOW BALANCE

Canis ter

Since all CO 2 entering the canister is absorbed, a flow balance may be made as
shown in Figure 5.

FROM EXHALATION BAG TO INHALATION BAG

Total goes V2-U+C- F 02, VI-LI

02. v,-u-r Vl-- Total ,0 au V2•L

cosuc-P~,.c) I I•
S•-CO 2  Absorber Canister

Absorbed C02 11 C -J (

FIGURE 5. CANISTER FLOW BALANCE

OATTELLE MEMOtliAL INSTITUTE - COLUMBUS LABORATORIES
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Derivation of the Funde,.nental Equaticn

From the 02 balance in Figure 3 it is seen that
V1- U - F V_ - VI - LI)

or

F )Vz-U + C . (1)

From the total balance,

V2 -U + C-F - [cF C~ ) ~(VZ L) 0. (2)V2 U C- - F 2 VzU+C

Substitution of (I) in (2) yields, after appropriate manipulation,

L V 1 - L U -UV 1 -L V + LIU + UV 2 = 0

and more rearrangement yields
VI 1 U( 1) (3)

V2  L-U + ( -U

where -, is the volumetric oxygen fraction of the gas breathed by the diver.

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

D = depth, feet

A D+ 33 = absolute pressure, atmospheres
V33

= fraction 02 in inhalation bag

AV 1
V = P0 2 in inhalation bag

V2
P = volume fraction 0 2 in liter flow =L

or

V2 is 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:

V 2 = A(RMV).

If the new terminology is substituted in (3), the following expression for PO 2

f results:

BATTELLE MEMORIAL INSTITUTE -COLUMBUS LABORATORIES
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PO2 A[LPUu] u+ U [L-P (4)O2 AL (R-MV- L-U

which is the fundamer.tal equation describing Lne system.

Pulmonary Ventilation and Oxygen Uptake I
The value of (UR-V must be determined before use can be made of the fundamen-

(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. (I, 3)

Now, let R = I I
(RMV)

Equation (4) then may be arranged as follows: I
PO = A ( LP - )+ R L-L-E (5)

2 L-UJ\L-U/

u (A - PO2)
or, L=[PA + R(I-P) -2 (5a)

UA + PO (L-U) - RL

or, P = L(A-R) (5b)

or,L [PA + R(l-P) POZ IA - PO 2

Use of the Results I
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. I

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 I
dive missions at varying depths.

Graphical Method of Selecting Liter Flow and Oxygen Content I!
Figure 6 is a curve sheet . ,ct.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 b-reathing gas.

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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To use Figure 6, it is necessary to read on the abscissa at the maximum depth
and mo-ie vertically until the line of maximum PO desired is encountered. Proper oxy-
gen perc~entage 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 whicha point liter flow may be read or interpolated. J

Origin of Figure 6 1

Liter Flow Lines

The properly functioning breathing apparatws will supply gas to the diver at a PO 2

of no less than 0. ZI ATA (which is the P0 2 of air at atmospheric pressure) even whenthe diver's oxygen consumption is at a maximum.

The maximum probable value of oxygen consumption was taken as 3. 0 SLM for
development of Figure 6. This value is supported by experirmental data and by the gen-
eral experience of users. Although there are surely some unusual individuals who, by i
heroic effort, can consume in excess of this value in underwater work, it is felt that
3.0 SLM 02 consumption represents a safe, even conservative, value for oxygen con-
sumption during underwater work. i

Liter flow lines were plotted by letting U 3 and P0 2  0.21. P vs D then was
plotted for various values of liter flow, resulting in the family of red liter flow curves LI
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 P0 2 within acceptable limits at any depth. .•

Using Equation (5a),

L [P A -POZ) (5a)

l bPA + R(1 -P) - Pz(

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

Q I inhalation PO at hard work, usually 0. 21 ATA (atmospheres absolute) I
U= 02 usage at hard work, usually 3.0 SLMI1

R = U/(RMV) = 1/24.

Substitution produces, for a condition of hard work

L u (A-Q 1 ) ( I

L=PA + R(I-P)Q)

IATTELLE MEMORIAL INSTITUTE - COLUMIOUS LAIIOPATORIES
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For rest, let

Q2 = inhalation P0 2 at rest, ATA

U2 = 0? usage at rest, usually 0. 5 SLM, minimum depth, ATA.

I Substitution In Equation (5a) produces, for a -_indition of rest,

I L (A-Q)(5-2)
L =({5-Z)

(PA + R(I-P) -Q2)

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-l) equal to
* (5-2) an follows:Su: (A-QI) uz (A-Qz)

L L 2 2
PA + R(I-P) -Q PA + R(l-P)-0 2

Elimina~ion of L produces

p 1 (Q2 -R)(A- Q) - U2 (Q -R)(A -Q) (6)

i (A - R)[Ul (A - Q)- U2 (A - Q2 )ý-

Plotting of Equation (6) produces the green P0 2 lines shown, which are based on
the following values:

U1 =3.0

U 2 =0.5

Q = 0.21

Q2 as indicated

R 1/24.

f 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 02 percent chosen for use will pro-
duce aoo high a maximum P0 2 .

A lesser 02 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 minimum 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 02 content that is still less
than the calculated value (P). This will yield a P0 2 that is acceptable and minimize
consumption of diluent gas.

-ATTELLE MEMORIAL INSTITUTE- COLUMBUS LABORATORIES
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Limitations

Aa is the c- se with many mathematical expressions, the liter flow formulas may

be used to produce erroneous results. To avoid error, the following limitatir.ns must
be observed:

UA U
(1)

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 PO2
result. That P0 2 must be less than total oxygen partial pressure is obvious. That it
exceeds R is not obvious, but it is true, nonetheless.

P0 2 -R

A-R

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 02 percentage or flow obtained by its
use need not be checked for violation of the limitations. However, it must ?De understood
that Figure 6 will allow selection of proper liter flow and mix for only the following
conditions:

(1) When the diver is hard at work, his 02 consumption will be
considered to be 3 SLM and his inhalation PO 2 will be 0.21 ATA.

(2) When the diver is resting, his 02 consumption will be 0. 5 SLM

and his inhalation P0 2 will be as indicated by the green lines.

Selection of Mix and Liter Flow

Calculation Method

(1) Establish valuer for the following:

(a) Maximum 02 usage, SLM U1

(b) Minimum 02 usage, SLM =U 2

(c) Maximum P0 2 level, ATA = 2

(d) Minimum 202 level, ATA = 3
(e) Maximum depth, feet DI

(f) Minimum depth, feet D2
BATTELLE MEMORiAL INSTITUTE -COLUMBUS LABORATORIES
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I Dl+33
(2) Let A 1 = 33 maximum depth in atmospheres absolute

IL D2 +33

A2 = 33 = minimum depth in atmospheres absolute

•3) Calculate maximum fraction 0as follows:

UI (Q2 0. 042) (A QI) U2 (Q -0. 042)(A 1 -Q2P 1

max (A - 0.-042) [U (A -Q 1 U2 (A - Q 2)]

(4) Calculate minimum allowable fraction 02 as follows:

t P QI/A

1 (5) 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 = Pmix

(6) Calculate liter flow as follows:

I L U IU(A2  1
[P mix AZ + 0. 042 (1- P ) - Q I

Chart Method

Figure 6 was drawn based on the following:

SjMaximum 02 usage, U1 = 3.0 SLM

Minimum 02 usage, U2 = 0. 5 SLM

Minimum P0 2 level, Q1 = 0.21

[" To use Figure 6, proceed as follows:

(1) Establish values for

I (a) Maximum PO2 level, ATA = Q2

(b) Maximum depth, feet =DI

(c) Minimum depth, feet =D2

j (2) Locate maximum percent 0 at intersection of maximum
depth line and maximum P0 2 line

"(3) Locate minimum percent 02 at intersection of minimuni
depth line and 0.21 PO2 line

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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(4) Select a mix from what is available, so Long as it lies in
the range between Pmin and Pmax. The most economy
will result if Pmix is near but just less than Pmax.

(5) Locate correct liter flow at intersection of Pmix line
and minimum depth line.

Example Problems

In all of the problems, the following is assumed:

P0 2 minimum, QI = 0.21 ATA

Maximum 0 2 usage, U 1 = 3.0 SLM

Minimum 02 usage, U2 = 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 that a P0 2 of 1.6 ATA uiust not be exceeded.
What mix should be used and what should be the liter flow?

Solution by calculation:

(1) Given: U 1 = 3.0

U 2 = 0.5

Q, = 0.21

Q? = 1.60

D1 = 125

D2 = 0

125 + 33

(.) A1  0+33 -0..7)
0 + 33_!

A 2 - 33 1

S3 (1.60 - 0. 042)(4. 79 - 0.il) - 0.5 (0.2 - 0. 042)(4,79 - 1.60)t

( 3) max = (4.79 - 0.042)[3.0 (4.79 - 0. 21) - 0.5 (4.79 - 1.60)]

= 0. 367 - 36.7 percent j
(4) Pmin 021-- 0.21 = 21 percent pmin 1

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES
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(5) Either 25 percent or 30 percent can be used. Use
30 percent since it is more economical.

(6) L =3.0 (1 - 0.21)
[0.30(1) + 0.042 (1 - 0.30) - 0.21]

1 :19.9 SLM

1 Thus, a 30 percent 02 mix should be used at a flow of 20 SLM.

j Solution by graph (Figure 6):

(1) Maximum PO level = 1.6 ATA

I Maximum depth =125 feet

Minimum depth = 0 feet

(2) Maximum percent 02 = 37 percent (at intersection of
D = 125 and PO 2 = 1.6)

(3) Minimum percent 0 = 21 percent (at intersection oi
D = O and PO 2 = O.21)

(4) Use 30 percent mix.

1 (5) Liter flow = 20 SLM (at intersection of 30 percent 02
and D = 0)

I Note: If we had chosen to use a 25 percent 02 mix, liter
flow would be .33 SLM.

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. PO 2 is limited to 1.3 ATA. What
should be the mix and flow?

f" Solution by calculation:

(1) Given: U 1 = 3.0

U2 = 0.5

= 0.21

Q2 = 1.3

" I = 820

D2 = 450

J BATTELLE MEMORIAL INSTITUTE- COLUMBUS LABORATORIES
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(2) A1  820+ 33 25.8ATA
33

A2  4 33 = 14.6 ATAA2 33

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 0.21
(4)m 14.6 0.0144 = 1.44percent

(5) Pmix = 4 percent

This is the only available mix that lies
within the acceptable range.

(6) L 3 (14.6 - 0.21)
[0.04 (14.6) + 0.042 (1 - 0.04) - 0.21]

= 104.2 SLM

Solution by graph (Figure 6):

(1) Maximum PO 2 level = 1.3 ATA

Maximum depth = 820 feet

Minimum depth = 450 feet

(2) Maxmum percent 02 = 5. 6 percent (at intersection of
D - 820 and PO 2 = 1.3)

(3) Minimum percent 02 = 1.42 (at intersection of D = 450
and PO 2 = 0.21)

(4) Use 4 percent 0
This is the onlr av•ailable mix in the range.

(5) Liter flow = 106 SLM (at interdection of D = 4,-3 and
percent 02 = 4 percent)

Example 3 - Chamber Dive

A simulated saturaAon dive is being conducted in a pressure chamber. Depth is

600 feet. Maximum allowable P0 2 is 1. 2 ATA. A gas mixer is available to produce any
desired mix. What mix and flow should be used?

B
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Solution by Calctulations

(1) Given: U1 = 3.0

U2 = 0.5

Q = 0.21

SQ? = 1.2

D I = D 2 600

iI 600 + 33
(2) Aj = Az = 33 19.2 ATA

(3 P 3 (1. - 0.042)(19. - 0. 21) - 0 5 (0. Z - 0.042)(19.2 - 1.2)
,nax (19.2 - 0.042)[3 (19.2 - 0.21)- 0.5 (19.2 - 1.2)]

0.0702 = 7.02 percent
I 0.21

(4) P. = -. = 0.0109 = 1.09 percent
Sain 19.2

(5) Since we have a gas mixer, we will use P mix P 7.0 percent.

( L = 3 (19.2 - .21)

(6) L [ •07(19.2) + .042 (1 - .'07)- .211

L = 48.6 SLM

Solution by graph:

(1) Maximum P0 2 level = 1.2 ATA

Maximum depth = 600 feet

Minimum depth 60(" feet

(2) Maximum percent 02 = 7. 0 percent (at intersection of
D = 600 and P0 2 = 1.2)

(3) Minimum percent 02 = 1. 15 percent (at intersection
D = 600 and P0, = 0.21)

(4) Use 7.0 percent, since we have a gas mixer.

(5) Liter iow = 49 SLM (at intersection of D = 627 and
percent0 2 = 6.7 percent)

I
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Miscellaneous Calculations

Example 4 - K .age in Chamber Dive

In the saturation dive of Example 3, a 4 percent 02 - 96 percent He mix is being
used at a flow of 96 SLM. A subject wearing a semiclc-,ed-circuit rig is exercising in

the wet pot. A f)cible hose removes samples of gas from his inhalation bag for ana-
lysis. At one time, it is observed that his inhalatio:, O2 percentage is 2.0. What is
his rate of 02 consumption?

Solution: From Equation (5c),

L [PA"-POC +R(1-P)
U A-PO0

From Example 3, A = 19.2 ATA

Inhalation PO = 0.02 (19.2) = 0.384 ATA

Substituting in Equation (5c) above,

96 0."04 (19.2) - 0. 384 + 1 (1 -0.04)]

19.2 - 0.384

U 2. 16SLM

Example 5 - P0 2 Determination in Chamber Dive

If the diver in Example 4 was resting and consuming 0 at a rate of 0. 5 SLM,
wmat would be the P02 in his inhalation bag?

Solution: From Equation (5), f/ . / 
!U

POz A(P ) +a -jP)

From Example 4, A = 19.2 ATA

Substituting,

2 9 96(0.04) - 0.56 96(0.04)

P 0 2-"96 --L. +- L 96 - 0.0 5
= 0.711 ATA

B
I
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APPENDIX A

I ~COMPUTER PROGRAM FOR LITER FLOW AND MIX SELECTION4

The program incorporates the limitatinna of the method and~ will noit 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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LI TERS 14836 Cy TUB Ot0PI3#70

100 PRI S? "TINNS PROGRAM CDLCtLATES 711C PROPER GAS MIXTL4493 ANDPMOWS"m

110 PRINT "PON SWI-CLOSED aRRO? iCUII*. TO USE IT& JUST MNSWER
130 PRINT "INC OUSTIfWS AS IIIEY APPEAR*'
130 PRINT
340 PRIN'
ISO PRINT MAXIMUM @11 USAGSE LW sees
I"0 INPUT US
170 PRINT "MINIMUM 03 UISAM "i NODS
ISO INPUT U4

90Itoli U4bs 113 10 It0
too "i ISO35
310 PRINT
310 PRINT "ETRY MI STAKE* TNT AGAIN"
too PRINT
SAI0 as To ISO
330 PMONT "MMINUM DEPItH t lT was
30 IonPg Do
370 PRINT "MINIMUM DCPlN. FEET 0"9
goo INPUT Do
090 IF D3"DI 71110 310
300 W 10 350
310 PRINT
300 PRINT "ENTRY ERROR.t TRY AGAIN.0
330 PRINT
340U0 TO 350
350 LET AIet0I.331#'33
360 LET ASmCDO.33)/33
370 PRINT ""AXIMWW Poll LEVEL* ATA m"m
360 INPUT 04
390 LET 11101040
400 IF 0443t THIN 470
410 IF 044PA3 IWO 510
430 PRINT @9ININW P03 LEVEL. ATA =08
430 INPUT 03
440 IF 0341R THIN 470
450 17 WobA '1144 sic
460 a To 9>50
470 PRINT
490 PRINT "Pl03 LCVG. NAY NOT KE LESS 71MM 1,04o TRY MGAIN"
490 PRINT
500 0 TO 370
9>10 PRINT
510 PRINT "P03 CANNOT DCEESCD At."TRYV AGAIN"
530 PRINT
5>40 U TO 370
59>0 IFr 43"4 1101111 570
56 0U TO 610
117O PRIt
500 PRINT WETRY WI STAXE. TNT AGAIN"
5>90 PRwIW
600 a TO 370
630 PRINT
610 LET XmU3.(O4-R,.(AI-O3)-U4.(O3-m*cA3-O,4
630 LET YwCAI-R)$(U3*(AI-O3)-U*l(AI-G4),
640 LET P30X/
690 LET Zu03.VA2
66017F Z'PS 1MW 710
670 PRINT
"60 PRINT 'KAXIWM ALLOWABLE PERCENT 03 a". SOOP3
690 PRINTNIWININIH ALLGVAllL9 PERCENT ON 80. IS02
700 U 1U 740
710 PRINT "DWPI RMOG9 TOO IXRTUWE PUN SPErCI IE OR RANGE."
710 PRINT 0111PAIISI IKE FOS RAG fit NARROW INC 9E1302 RMellft"
730 0 TO 350
740 PRINT
750 PRINT "111AT PERCENT 03 DOf YOU WINE If USDf"I
760 U7 TO000
770 PRINT
700 PV4NT "17F YOU WINE TO TRY A01911211 PERCEN 03. TYPE IT WMRW"
790 PRINT OnIK OU9STION APPEARS. IF NOT& TYPE 1003"
g00 INPUT P3
010 PRINT
310 LET POP3 3100
020 li Postal INC" 940
640 top P3P INN" 900
350 17 ZsP THUN 930
660 LET LmU30(AS.OS3).*Al*P#*R( 3-F-S31$70 PRINT T
000 PRINT 0% 'tQ PLOW "L"N
590 U TO 170
900 PRINT "YOUR 03 OONTOT IS TOO WISE. SEUSE A LOWER VALUE."O
910 U TO 750
930 PRINT wfOUR 03 CONTENT IS TOO LOW. 0EUSE A MIStER VALUC."I

940 on
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ILITERS 14,50 G TUEC 01,#1/70

V.413 pRgo6RM MOUWAYEs INC PUPtR MAS MICTUIE AND FLOWS
Fel SIMI-CLOSU GIUMlT IOWA- TO USE I?. JUST ANSOER

t 1INC OSESTIONS AS lINV APPIAN-

"NAINIm go LOAN&E o 51.0.9f
IINNW 184l st GE Up N a 0.1

Maximum DWIN *FEET?.? 900
ottN1NU DUTW.~ fIPCT of AN
mAXRmOW P00 LtIVE. AYA of 1.4

M11W 0LVE.AA6IAXIMUM A.LOWA11.3 PneROEN as 5 .63199
"S1010W *LOWkAU.3 PIRODIT 02 10 04

WHAT P330W? 00 DO YOU KE INT10 V e

L~t= MLOWM 760166 am

I IF YOU WIWl TO 11!Y ANO1WUR PRCD#T 03. lIYPt IT WIDE
I"i TO*UESTSOM APPEARS. IF NOT& TYPE '101'

LITER PLOW * 95.903 3.

IF YOU WEN To TRY MIINERMI PERGEElT OS. TYPE IT WIN
1363 GUISTION APPEARS. IF NOT& TYPEC '1010

95*61199

LIT10 FLOW * 60.2*33 M.N

IV' YOU III IN To TRY ANOIWIR PatODET 03. TYPE IT WINE
III, OUESTIGN APPEARS. IF NOT. TYPC 0101

10
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LITES 141 14 Cy TUE 0114417O

13415 PwaNGR CM.cuLATIj 1sit PalPEr GAS NixTutsS AnS mows
FOR SENI-COUSER CIRCUIT SOUBA. 10 USE IT* JUS3T ANSWER
THE oUEtSTIONS As KIEV APPEAR.

NAXIMIK US USAGE, 13042 0.5
NININIl fit USAGE. =.N 3?.0

ENTRY NI STMKo TRY AGMIN

"NAXIWISI 03 USAGE.U. ao 3.00
14MINUNM Ol3 USAGE. AM o? 0.5
04AXINUP 0013s4 PIE?.a? 600
"~inimum 013134. VES? 900go

ENTRY CWR9R TRY AGAIN. e

04AXINWOP 013134. OP9T a? 900
NININWO 05TH.p PEEof 600
NAXIPNW POO LCVtL. ATA of .81
NItNtNN POO LIVE.. AlA of 1.4

ENTRY NISTAM(e. TRY AGAINl

NAXINtH P02 LIVE.. AA at l.4
NININUM 003 LIVE.. AA o? , 001

Poll LCIVE NAY WT? SE LESS lI4~l W2549 TRY AGAIN

NAXINUO PUB LIV2.. ATA a? 140

POO OAMPNT =CEEO 0 * 3737 TRY AGAINX

NAXINUN Poll LIVEL., ATA -? 1.4
N4IN11MUO POO LIfVE.. ATA al 1.0

013136 MROC 7UG EDRE FOR SPECIFIC POO0 RANGE.
C9PAHD 7TWO Pot RANGE ON NARRIW 341 DEPIN RMGE.

N4AXIMUN OEPTH. rEEof 900
MIN114MW 313134. 77*.of 400
NAXIUiN P62 LEVE.. AlA of 1.4
041"I41MW FOS LIVE.. AlA a? *21

04AXINUH 3LLOWASLE PERCNT fit a 5.61199
NININWIN 3LGWAE.E PERCE0NT 80 2 1190479

WHA? PERCEO? ft3of YOU 143I To USE?? 6.0

YOUR fi3 CONENT IS TM 31140l. CHOO51 A LOWER VALUK.
WHA? PERCENT U2 33 YOU MINI 13 USE?? 1.0

YOUR 33 CONTENT IS133 79 8LW. C66651 A HIGHER V3LUE.
WHAT PERCENT 09SDO YOU MIN SI TI USE?? 5. 0

LITER PLOM a 7291&6 AL"

IF You MIEN To TMY mTERm PeRtCoxT #so TYPE IT LEER
INE OUCSTIUN APPEARS.e IF NUT. TYPE "101'

LI TER FLOW a 9563922 53.3

IF YOU MIEN TI TMY ANOIhER PER1CENT @to TYPE IT LHEN
THE SIJESTIUN APPECARS. IF NUT. TYPE '1010

USED 49.67 WI.XTS
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APPENDIX BKI
MLqCELLANEOUS COMPUTER PROGRAMS DEVELOPED

DURING THE COURSE OF THE W(ORK

DEPTHS

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

j LITRES

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

I FIGPOZ

This program computes POZ.

:I PETE08

This program computes liter flow by the new method and by one old method and
S [ illustrates that significant gas may be saved through use of the new method.

II
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DEgilS ias32 CT TUE 01913970 T

100 LET L0300
I 1OPRIN% ""to".ITCR FLOW m..*N
100 PRINT
130 PRINT
1 4oppirompNT""."UP TIXI C LIMITS FIR IwO0. 8 .N'6
I WILT Rule 560

170 LLT 00C3(30U0721-m33
160 LtT P~v(33O0*s1)/(DO33)
1903 as 1 00
2100 PRINT "*9*D0.P3v*".1Io
*10 MIR PI..4 TI 1.01l STEP of
a10 LET J090
830 LET N810O -

140 FIR DmJ TI 10000 STEPN
250 LET ANCD#33)&*33
26CLIET PSIOO*CS3mA*.21*(Lm3)uRuL)flL*CA-R))
170 LET TI'm100(*CSA.Pt*CL-o 5)-RfL)/CL*CA-R))
160 LET X=P.,'T

""10 IF X2,1 HEl 1
300 NUT 0

4330 LET J=D-N
320 LEtT NOW 10
330 IF W=19-3I TDO 350
340 06 TI 140
350 PRINT m '.D*P*P1
360 NIXT PI
370 PRINT
360 PRINT
39OPRINT"""o`EP7H VS PERCDIT @2 MIR U03 S.N* P990921 ATA"
400 PRINT ""a "DEPtH". "PERCOIT 42"
410 READ 0
410 LET AUC04=33)3
430 LET Ps0 D*C3*A+ tt*CL.3) -ROL) **L*CAu'R))
440 LELT 1T00(.OC*SA+*1L-.5)-R*L).CL*CA-mR))
450 LET XaPP#T
460 IF 042DO 7HD4 410
470 PRIN T "I'sDo.P
480 1IF X b TH Of 530
490 W1 TI 430
500DATA0& t.1.3.4&Sv6*?*S.9* 10. Its 14.16. l6*M20.*30#3S&4O#SO&60&70 d

510 DATA 60.90.100.120.140.116060.1*00.300.400.500.600.700.600.
5110 DATA900. 1000a.1200.1400. 1600&.1600. 1000
530 EDi
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OWNS~ 14*35 CY TUE 0313170

I ~LITER FLOW * 300 L

L ~UPPRt TOXIC LIMITS FOR tU0.5 .
OWNT PERCWT 63 Pot

*104*5 1.04 *at
j725.06 1.72676 .4

1515.76 1.3554 .4
2304.44 1*23521 so
3097.13 1.17577 to
3867.6 1914031 lot

4676.49 1011616 3.4
5469*( 1.009996 1.6
6859.164 1.08741 too

7050.51 1.07765 go

AL OWEPN VS PtRCT Ot MOR U0 S"# P99me3I ATA
WINT PERCWOT $a
too3 4*62701
140 4*120434
160 3.6699
too U09646
goo 3.37419
300 3.69333
400 2.17413

600 1.57046
700 1.75146
Goo 1*66129

3000 1.53309P
1300 1*.44632

1400 1.35414
1600 1.33705[1300 1.30085
100 1.3700

J UT or DATA in 410

USED 4.37 hUNTS
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LI TRES 14336 CY TUEC 0 111 W70

to0 READ Dl.Ibe
130 LET U833
360 LET U196 &5
130 LCT AirCDI*33)i'33
140 LET A99(0@433)/*33
150 LEtT Itself
160 LET N' 3924
170 LET X~A~)(3R.3(2R*A"3
1SO LILT Tx(A3R)*t1M*t(At-2)-Ul3*(AI-O1))
390 LECT P-X/T
200 LET P33100*P
@10 LEtT LotU(3A*)(1* 3.)PI
32*0 PRINT "NMAIMUM DEPIK. PT 01e 01
@230 PRINT "MNINIMU DEtP7H.PT mlesf
240 PRINT "MAXIMUM INHALATIONS PO**ATA ="&G*
350 PRINT NMAXIMNI 03 CONSUMPTIONe. w",vUl
360 PRINT "'NININWM OR CONSUMPIIP.U94 *s%
IT0 PRINT 9NAXINWM PtRCWT 82 a"* P3
$00 PRINT "LITER PLOW.LN a"&L
390 DATA 625So300. 1.4
300 IND

LI TRES 14839 CT TUE 01/13/*70

MAXIMUM DEPI. OPT 6253
MINIMUM DEPIh. rT a300
WMAIMUM INHALATION Pf**ATA a 1.4
MAXIMUM OR CSNSUMPTISN U.N 3L 3
NININWp OR CSNSUMPTIONO 3L" a .5
MAXIMUM PERCINT S3O 7.93715
LITiZR PLUW3.S.N 47.105

USES 2. 17 WLJITS
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I

I

[i IPr n 11411141 ar Iut 01al?•O

1 100 PRINT "DEPIh"o"PERCINT 61"2"LITER PLIW,.lp"0 USAE"*wMl"
I 0 PRINT
1t0 READ .P*L.*U

1 130 LET AMCD033)133
140 LET 11/24
150 S ET ORAI*(? ( P-ID/IL-U) )4.lCL-boP)/11-D))
P60 PRINT Db IOO*P&.L* U*
tic As To I to
I9O DATA 500e.06*60a*S190 DATA BOO&#,046 60a, *

+too IND

I
RUN

?I GPI02 1442 C1 TUEIC 01o1 3170

DEPlH PERCDIT SO LI TER FLOW 1t USAGE Poi

5o0 60 60 *5 .8 1003
S00 6* 60 .5 1*35465

NUT SIP , IN 130

I

USED 1.83 UNITS
BT

I
I
I
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PECTE06 14143 CY TUE 0 1/113VT

100 LET 41-1.1
110 PRINT 9.LITER PLO6W AT OPTIMUMI PERCENT 62 lFtR PO2 0"sOils"ATA"
IS0 PRINT
130 PRINHT "DEPNh". 0"o.N NEW90". LN*N UDws unERRoR
240 R ZAD D
150 LET AO(0+33)*33
160 LET 3.(*2mAlt(.33QA)
t170 LET U@0*5
160 LET Its 1.024
190 LET U1N3
100 LET @IS.3t
110 LET Pa~tU109( OJ-R)-Ult*( 3R)'CA*R)*( US*-Ug))
120 LET 030100s COV/A)
230 LET POO100# P#9O3)
140 LET P1.31000P
150 LET P3wftfA
160 LET Lim(UD1*C92-A))/colmRC tlP)-POA)
170 LET L~w(Ul*(OJ-A))/#CB1.P3A)
360 LET TlO00(CL2-L 3)/LI)
190 PRINT I.LI&LINT
300 U To 140
310 DATA 0#301 0a30#.50#10s.100#.100s300m.50O*100&.1000#.1000
3120 00D

PETEOG 14145 CI' TUE 0OV I v 70

LITER FLOW AT OPTIMUM PERCENT 63 FOR Pot as1. AlA

DEPTH ILNPNECW S.NR@LD ERROR
0 *.4949$ 2.39394 *4004Us
t0 3.26016 3*3122a 1639609
20 4.002541 4&113049 S600467
30 4.79063 5.14876 7047556
so 6.32109 6.98531 10.506
T0 IeSSISS lst'$$IS5 11352
t00 10.1472 1.657,6-1 14.0871
too 1707995 10. 79P 4 16.6991
300 95.4516 at e 40 17.64126
500 4007564 48 ba"6 o 135270
700 56 0 6a9 66067361 1809997
1000 79.0176 9431bR13 1902407
11090 1559S41 166.049 19.6142

OUT OF DATA IN 14o00

USED 1. 67 UNI Ts
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