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ABSTRACT 

A multidepth saturation dive was performed as the vehicle for a study of respiratory 
heat loss during deep-depth, cold, helium-oxygen breathing. Respiratory heat loss was 
computed fcr each of the 137 combinations of depth and inhaled gas temperature for which 
ventilation and exhalation temperature were measured. Skin site temperatures and other 
respiratory parameters were also monitored, and the diver-subjects were under visual 
surveillance. 

Exhalation gas temperature was always less than core temperature, regardless of 
the inhalation gas temperature (about 55, 45 and 35°F). The maximum rate of respiratory 
heat loss was observed with hard work (high ventilation rate) in 35°F water at 850 feet; about 
400 watts (345 kilogram calories per hour). Respiratory symptoms of copious upper air¬ 
way secretions, chest and back chilling and discomfort, and uncontrollable shaking and 
shivering reached peak severity during the 850 foot-35°F swims. 

Conclusions having significance to operational diving without supplemental heating of 
the inhaled gas were formulated from the computations of respiratory heat loss, observations 
of falling core temperatures, and the subjective responses. These are as follows: (i) Dives 
to 850 feet for exposure durations in excess of 90 minutes in water of 45#F or colder are 
hazardous; (2) Dives to 850 feet or deeper for exposure durations in excess of 90 minutes in 
water of 35°F are liable to be characterized by significant task performance degradation. 



SECTION 1 

INTRODUCTION 

The objective of these studies was to obtain, through immersion experiments with meas¬ 

urement of respiratory heat loss, information which is applicable in the estimation of depth 

and temperature operating limits for deep diving missions. The emphasis was upon immer¬ 

sion conditions encountered at a simulated depth of 850 feet. Actual mean temperature of in¬ 

haled gases approximated and was slightly warmer than that of ambient water temperature. 

At each experimental depth (450 ft., 650 ft., 850 ft. and 1,000 ft.) and at each controlled wet- 

pot water temperature (55°F, 45°F, 35°F) the divers were equipped with constant-flow hot 

water heated wet suits. These data are the first to be generated under conditions which thus 

mimic those of the operational scenario. 

At sea level pressure the heat loss through respiration is relatively constant and is af¬ 

fected directly by the ventilatory air flow rate. Carlson, et. al. ( 9 ) estimated that this loss 

was equal to about 24% of the total body heat generated. Bribbia ( 4 ) determined that the heat 

loss of vaporization in men exercising in Arctic conditions was 9% of the total heat expended 

and that the water vapor loss was proportional to the ventilation rate. Day (14) computed res¬ 

piratory heat loss (when the respiratory minute volume was 10 liters per minute and relative 

humidity was 50%) as follows: 

AIR TEMP. SENSIBLE HEAT LATENT HEAT OF TOTAL 
(°F) LOSS (BTU/HR. ) VAPORIZATION (BTU/HR. ) R.H.L. (BTU/HR. ) 

97 0 31 31 

68 11 49 60 

32 25 59 84 

Numerous measurements of respiratory heat exchange have been made under comfor¬ 

table, cool or hot conditions: Burch (5) (6), Cole (10) (11), Cramer (13), McCutcheon and 

Taylor (20) (21), Seeley (26) and Walker (31). For tabular resumes of the methods employed 

by most of the above investigators, as well as others, see the comprehensive review by Carl¬ 

son (8). The following table of respiratory heat loss data is reproduced from his work: 

1-1 
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Webb reported, in 1055 (34), that the relationship between ambient air and expired air 

temperatures approximates a linear function, as follows: "Starting at ambient temperature 

of 25#C, where the expired air temperature is 34*C, for every reduction of 5#C In ambient 

temperature there Is a corresponding decrease of 1*C In the expired air temperature." Al¬ 

though tills relationship was enunciated for conditions encountered at sea-level barometric 

pressure, the concept applied generally Indicates that respiratory heat loss will be erroneous¬ 

ly overestimated if the factor A(T exhaled - T Inhaled) is computed by assuming equality of 

exhaled gas temperature to body temperature. The following table, adapted from Webb's re¬ 

port, compares respiratory heat loss according to his measurements ("B" values) with es¬ 

timated values derived by assuming that exhaled air was at body temperature ("A" values). 

Heat loss data Is in units of 

AIR SENSIBLE 
TEMP. HEAT LOSS 
CO (A) (B) 

20 2.87 2.42 
0 6.16 5.39 

-20 9.25 8.37 
-40 12.58 11.35 

kilogram -calories. 

LATENT HEAT OF 
VAPORIZATION 
(A)_(B)__ 

12.27 9.40 
14.78 8.35 
15.40 6.96 
15.43 5.92 

TOTAL TOTAL (A) 
R.H.L. HIGHER THAN 

(A) (B) TOTAL (B) BY 

15.14 11.81 28% 
20.94 13.75 52% 
24.65 15.33 61% 
28.01 17.26 62? 

Armstrong, et. al. (2) also reported on respiratory aspects of breathing very cold 

Arctic air at atmospheric pressure and under subatmospherlc conditions as encountered dur 

ing high altitude flight without the protection of a cockpit canopy. Exposures to ambient tem¬ 

peratures at 40°F to -80°F for 2 to 6 hours did not cause dirept laryngeal Injury. In this 

regard Rawlins and Tauber (25) have cautioned that, "Much work has been done on the effects 

of breathing cold air down to -55aC, but we know of no studies of the effect of prolonged 

breathing of cold helium mixtures at great depths. At high rates of ventilation with relatively 

dense gas mixtures of high heat capacity there is a very large heat loss effecting a limited 

area of the body, the upper respiratory tract. The possibility of laryngeal damage, edema or 

functional Impairment, should be contemplated. " 

Spealman, et. al. (28) also observed subjects breathing cold (to -83°F) air at atmospheric 

pressure. These Investigators, In contradistinction to Webb, found that the expired air temp- 

perature was approximately 36°C in all cases. They reported the following respiratory heat 

losses per 1,000 liters of respired air (assuming 90% water vapor saturation): 

1-3 
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AIR TEMP. 

CO CP) 
SENSIBLE HEAT 
LOSS (KCAL.) 

LATENT HEAT OF 
VAPORIZATION (KCAL.) 

TOTAL 
R.H.L. (KCAL.) 

56 133 +6.4 
36 97 0.0 
16 61 6.4 
-4 25 12.8 

-24 -11 19.2 
-44 -47 25.6 
-64 -83 32.0 

+44.7 
0.0 

16.9 
22.6 
24.1 
24.3 
24.4 

+51.1 
0.0 

23.3 
35.4 
43.3 
49.9 
56.4 

Note the net gain In respiratory heat for the Initial condition (air temperature 133°F). By 

assuming that inhaled air is completely dry, however, there is a net respiratory heat loss 

in each instance: 

AIR TEMP 

CO CD 
TOTAL 

R.H.L. (KCAL.) 

56 133 18.0 
36 97 24.4 
16 61 30.8 
-4 25 37.2 

-24 -11 43.6 
-44 -47 50.0 
-64 -83 56.4 

Data on hyperbaric respiratory heat loss was reported in 1966 by Webb and Annis (37). 

Their study Included a panel of diver-subjects during immersion experiments with an open- 

circuit demand breathing apparatus at simulated depths of 100 feet (4 atm. abs. ) and 230 

feet (8 atm. abs.). Mean data from their report is as follows: 

CONDITION 
NO. OF 

EXPERIMENTS 

INHALED 
TEMP, AT 

(°C) (°F) (°C) 

TOTAL 
R.H.L. HEAT LOSS R.H.L. % 

(K CAL/MIN) (KCAL/MIN )*. of TOTAL 

Air, 1 atm. 35 
Air, 4 atm. 4 
SF6, 1 atm.* 37 
80*2 He, 1 atm. 40 
80$He, 4 atm. 8 
96$He, 8 atm. 8 

20.9 
17.0 
20.2 
22.7 
15.3 
16.5 

69.6 
62.6 
68.4 
72.9 
59.5 
61.7 

13.4 
16.3 
13.7 
11.1 
15.4 
16.0 

0.56 
0.90 
0.71 
0.48 
0.48 
0.90 

5.5 9.5 
4.8 17.7 
5.0 13.5 
5.4 9.0 
3.1 16.3 
3.8 25.1 

* 80% sulfur hexafluoride - 20% oxygen 
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Albano (1), ln his presentation of thermoanalysls ln diving, states that, "ln the respira 

tory tree, thermolysis takes place as a result of heating and humidification of the ventilated 

gas. Because of the effect of heating, air exhaled has a temperature of 37*C, regardless of 

the temperature of gas Inhaled. " Table VI of his monograph presents computed projections 

of respiratory heat loss at 15*C (59T) and these reflect the influence of his assumption re¬ 

garding exhalation temperature. For example, with air breathing at 25 liters per minute: 

DEPTH RESPIRATORY HEAT LOSS 
(ATM, ABS, ) (KCAL/M1N) (KCAL/HR) 

0.78 46.6 
0.93 55.6 
1.23 73.7 
1.83 109.8 

In his excellent review of body heat loss In undersea gaseous environments Webb (35) 

states that, "The loss of heat In warming cool dry Inspired air at 1 Ata Is determined by the 

heat needed to warm the air and to evaporate moisture from the lining of the upper airway. 

As gas density and specific heat Increase, the warming of the gas becomes the dominant 

element especially since undersea hyperbaric environments are humid. The only unknown 

is the temperature of the air as it leaves the oronasal portal in expiration. It is not correct 

to assume that gas leaves at body temperature (37#C), since heat absorbed by the Inspired 

air is returned to the respiratory tract as the warm moist air exits over the previously 

cooled tissues. " In other words, to assume that gas Is exhaled at body temperature is to 

Ignore the counter-current heat exchange mechanism of the respiratory passages (19). 

U.S. Navy studies (Naval Medical Research Institute - Navy Experimental Diving Unit) 

on respiratory heat loss from breathing cold gas at high pressures are in publication at this 

time. Preliminary findings have, however, been communicated. The investigators (Hoke, 

Jackson, Alexander and Flynn) reported significant problems during bicycle ergometer runs 

at 800 feet with inhaled gas at 32-35T: excessive body heat loss, discomfort, shivering and 

acute respiratory difficulties. TTiey measured respiratory heat loss as high as 780 watts 

during heavy work (respiratory minute volume = 64 1pm) at 1,000 feet when Inhaled tempera¬ 

ture was 45°F (7°C). Their conclusions noted that, "These experiments on respiratory heat 

1 
2 
4 
8 
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loss from breathing cold gases at high pressures show conclusively that at depths beyond 

600 feet and water temperatures (t.e. Inspired gas temperatures) of 40°F (4.2#C) or less, 

the results will be progressive negative thermal balance. The rate of heat loss will Increase 

as respiratory minute volume Increases at higher work rates. The data show that when res¬ 

piratory heat loss exceeds about 350 watts the diver will be In danger sooner or later, de¬ 

pending on Individual characteristics, because of excessive heat loss. In addition, a certain 

fraction of divers may exhibit sensitivity to the direct effects of cold gases and produce 

copious amounts of mucous which can cause acute respiratory difficulty. . . It Is difficult 

to estimate how long any particular diver could withstand an RHL of greater than 350 watts. 

Therefore, our conclusion Is that for safety, thermal comfort, and maximum efficiency, the 

diver's breathing gas should be heated for dives In excess of 500 feet ..." 

1-6 



SECTION 2 

METHODS AND PROCEDURES 

Hyperbaric Facility 

All experiments were conducted with the subjects within the wet pot chamber of the 

Westinghouse hyperbaric facility (Figure 1). Monitoring and surveillance were by direct 

visual through-port observation and by closed circuit television. Dimensional characteristics 

of this three-compartment facility are as follows: 

CHAMBER DIMENSIONS (FT) VOLUME (FT3) 

Entrance Lock dla 6 102 

Main Chamber dia 8 396 
length 10.3 

Wet Pot dla 8.3 346 
length 9.4 

Saturation Diving 

These experiments were performed during the course of a thirteen-day long multi-level 

saturation dive, May 7- May 19, 1971. Initial compression, and time at 450 feet, was about 

1 1/2 days, and just under two days were provided for runs at 650 feet. The remaining time, 

with excursion diving to 1,000 feet, was at 850 feet depth. The chamber atmosphere com¬ 

position was 0.3 atm. abs. oxygen, 1.2 atm. abs. nitrogen, balance helium. The usual 

temperature in the main chamber was 88-90#F. Decompression was in accordance with 

the following: 

DECOMPRESSION SUMMARY 

DEPTH (FEET) TIME (HR. MIN.) ELAPSED (HR. MIN.) CLOCK TIME 

850-835 1.30 
835-820 2.00 

820 0.30 
820-796 4.00 

796 6.00 

1.30 1600-1730 
3.30 1730-1930 
4.00 1930-2000 
8.00 2000-2400 

14.00 2400-0600 

2-1 
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DEPTH (FEET) 

796-748 
748 

748-700 
700 

700-652 
652 

652-604 
604 

604-556 
556 

556-508 
508 

508-460 
460 

460-412 
412 

412-400 
400-370 

370 
370-330 

330 
330-290 
- 290 
290-250 

250 
250-210 

210 
210-170 

170 
170-130 

130 
130-100 
100-92 

92 
92-60 

60 
60-50 
50-33 1/2 
33 1/2 

33 1/2-9 1/2 
9 1/2 
9 1/2-0 

DECOMPRESSION SUMMARY (CONTINUED) 

TIME (HR. MIN.) ELAPSED (HR. MIN.) 

8.00 
2.00 
8.00 
6.00 
8.00 
2.00 
8.00 
6.00 
8.00 
2.00 
8.00 
6.00 
8.00 
2.00 
8.00 
6.00 
2.00 
6.00 
2.00 
8.00 
6.00 
8.00 
2.00 
8.00 
6.00 
8.00 
2.00 
8.00 
6.00 
8.00 
2.00 
6.00 
2.00 
6.00 
8.00 
2.00 
2.30 
5.30 
6.00 
8.00 
2.00 
3.10 

22.00 
24.00 
32.00 
38.00 
46.00 
48.00 
56.00 
62.00 
70.00 
72.00 
80.00 
86.00 
94.00 
96.00 

104.00 
110.00 
112.00 
118.00 
120.00 
128.00 
134.00 
142.00 
144.00 
152.00 
158.00 
166.00 
168.00 
176.00 
182.00 
190.00 
192.00 
198.00 
200.00 
206.00 
214.00 
216.00 
218.30 
224.00 
230.00 
238.00 
240.00 
243.10 

CLOCK TIME 

0600-1400 
1400-1600 
1600-2400 
2400-0600 
0600-1400 
1400-1600 
1600-2400 
2400-0600 
0600-1400 
1400-1600 
1600-2400 
2400-0600 
0600-1400 
1400-1600 
1600-2400 
2400-0600 
0600-0800 
0800-1400 
1400-1600 
1600-2400 
2400-0600 
0600-1400 
1400-1600 
1600-2400 
2400-0600 
0600-1400 
1400-1600 
1600-2400 
2400-0600 
0600-1400 
1400-1600 
1600-2200 
2200-2400 
2400-0600 
0600-1400 
1400-1600 
1600-1830 
1830-2400 
2400-0600 
0600-1400 
1400-1600 
1600-1910 
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Subjects 

The panel of diver-subjects was composed of two former U.S. Navy Sealab aquanauts, 

one of whom was a medical deep-sea diving technician, and a Westinghouse life support 

groip engineer with a background in commercial diving. 

SUBJECT AGE HEIGHT (IN.) WEIGHT (LB.) 

KC 39 69 170 
FA 29 70 153 
SZ 27 71 208 

Procedure 

Since the wet-pot water temperature served to control the temperature of Inhaled gas, 

all swims on a given day at a particular depth were at the same temperature. Each diver- 

subject made at least one immersion run per fidl working day. Studies at 450 feet were 

performed first, followed by compression to, respectively, 650 feet and 850 feet. Runs at 

1,000 feet were conducted as excursion dive maneuvers from a saturation level at 850 feet. 

When fully dressed, checked out and ready for entry Into the cold water In the wet 

pot the subject descended the ladder and then rigged it to function as an ergometer (described, 

following). A swim (work) - rest alternation pattern was employed, as follows: dress and 

enter water, 30 min. ; rest and checkout equipment, 10 min. ; resting ventilation measure¬ 

ments, 15 min.; light work, 20 min.; rest, 10 min.; moderate work, 20 min.; rest, 10 

min. ; heavy work, 20 minutes. All measured and derived parameters were referenced to 

the final portions of each of the four (rest and three work periods) activity levels. These 

parameters were: inhaled gas temperature, exhaled gas temperature, respiratory minute 

volume, tidal volume, respiratory frequency, inhalation and exhalation flow rate, exhalation 

pressure drop, mixed expired oxygen and carbon dioxide fraction, core temperature, skin 

site temperatures, water and equipment component temperatures. 

Water temperatures of exposure were approximately 35#F for runs at 450, 650 and 850 

feet, 45 T for runs at 450, 650, 850 and 1,000 feet, and 55‘F for runs at 850 feet only. 

Each combination of inhaled temperature-depth-activity level (ventilatory volume) was con¬ 

sidered as a potential data point for respiratory heat loss. 137 such data points were ob¬ 

tained during the effort. 
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Breathing Gaa Loop 

The breathing gas supply was drawn from the main chamber atmosphere at a point about 

6 feet from the carbon dioxide canister outflow and one foot above deck level. A positive dis¬ 

placement vane pump (Gast Manufacturing Corporation model 0740-P112A) was employed. 

The pump was driven by an explosion-proof, Dayton Manufacturing Company electric motor 

(model 6K040) rated at 0,75 horsepower. Both motor and pump were mounted in a sound¬ 

absorbing enclosure and the motor was continually flushed with dry helium. The gas stream 

was filtered at the pump Intake and output (Gast Manufacturing Corporation model B343B and 

Wilkerson microalescer model 1206-4 fUters, respectively). The filtered gas was pumped 

from the main chamber to the wet pot through approximately 6 feet of 1.5 inch polyethylene 

hose. 

Underwater In the wet pot the gas passed through a submerged cooling coll consisting of 

25 feet of 0.5 inch internal diameter copper tubing, a water trap (Bastian-Blessing Company 

model 8824) at the lowest point of the supply loop, three feet of 0.5 Inch internal diameter 

copper tubing and a 1.5 inch polyvinyl chloride tee-fitting to which a flexible hose and breath¬ 

ing bag was attached. 

The breathing bag (see Figure 2) which was inserted in the gas supply line to provide 

sufficient demand volume for peak inspirations was an Ohio Chemical and Surgical Equipment 

Company 5 liter rubber anesthesia bag (number 211-2800-100). The center of the breathing 

bag was at the approximate level of the diver's chest, about two feet below' the water surface. 

It was secured there with a wire frame and rigid support. A flexible hose (Warren E. Collins, 

number P-521, 1.5 inch internal diameter reinforced polyethylene) connected it to the breath¬ 

ing loop and the gas supply. 

The gas supply entered into the breathing gas circuit via a 1.5 inch polyvinyl chloride 

tee-fitting where it was divided into streams flowing through an exhaust flapper check valve 

and through a mushroom-type check valve to the mouthpiece breathing valve. The exhaust 

flapper valve was a Sadd valve (Warren E. Collins no. P-303-1) and the mouthpiece check 

valves were of the "V" type (Warren E. Collins no. P-315). A rubber mouthpiece (Warren 

E. Collins no. P-530) was also fitted to the mouthpiece breathing valve body which had been 

machined from a one inch internal diameter polyvinyl chloride tee-fitting. The inhalation- 

exhalation thermistor protruded downwards through the ver Meal aspect of the tee-fitting with 
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the thermistor bead itself exposed at a distance of 0.45 centimeters Into the air stream. The 

maximum protrusion of the protective guard wires was 0.96 centimeters. The thermistor 

was located 2.2 centimeters from the inhalation and exhalation mushroom check valves and 

was at a distance of 5.2 centimeters from the cavity margin of the rubber mouthpiece. A 

saliva trap was placed about 10 centimeters downstream from the exhalation check valve. 

The mouthpiece breathing valve assembly was weighted with lead to maintain neutral buoyancy. 

Suitable lengths of 1.5 Inch Internal diameter flexible hose conducted the exhalation gas 

stream vertically up into the main chamber and through the mixed expired gas sampling de¬ 

vice, the pneumotachograph head and the dry gasometer (see below). Finally, the flow 

passed through the above-mentioned exhaust flapper check valve. This latter valve was on 

the same rigid mount as the divers' mouthpiece and was so placed that Its location was at the 

divers chest level. Thus, the valve outlet was actually located about 2 feet below the water 

surface level and the entire breathing loop was thereby maintained at a slight positive pres¬ 

sure (about 1 pound per square Inch gauge). A United States Gauge Company model 19693 

pressure gauge at the pump outlet measured this pressure. (Also see Appendix 3). 

Volume, Flow and Pressure Measurements in the Breathing Loop 

The dry gasometer was a Parkinson-Cowan type CD-4 which had been modified (Figure 

3) so that the inlet and outlet gas flow connections were oriented horizontally instead of ver¬ 

tically. The gasometer was fitted with a potentiometer and an electrical output correspond¬ 

ing to revolutions of the ten liter scale were obtained and recorded on a channel oi a Elec¬ 

tronic Instrumentation Associates model 1910 recorder. The gasometer was compared to 

standards at the Standardizing Laboratory at the Westinghouse Defense and Space Center, 

Baltimore, Maryland, using shop air in the range of 5 to 50 standard liters per minute. The 

uncertainty of measurement was reported as less than 0.5 standard liters per minute and of 

voltage as less than 1 millivolt. 

The flow measuring system included a Fleisch pneumotachograph size 3, a Honeywell 

Accudata 113 brldge/DC amplifier and a channel on the Electronic Associates model 1910 

recorder. The pneumotachograph was heated during operation. Gas temperature was monitored 

upstream and downstream of the pneumotachograph head using Yellow Springs Instrument 

Company type 421 thermistor probes. A Statham Instruments Inc. PM 97 TC-350 0.05 PSID 

pressure transducer was used to sense pressure drop across the pneumotachograph tubules. 

(Also see Appendix 4). 2-7 
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Figure 3. Interior of Main Chamber, Showing Modified 
Parkinson-Cowan Type CD-4 Gasometer.
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One side of a Statham Instruments Inc. PM 60 TC-350 0.16 PSID differential pressure 

transducer was connected via a flush tap to the central cavity of the mouthpiece breathing 

valve. The other side, referenced to the same location on the external surface of the valve 

body, was kept free of water by means of a trickle flow of helium from the same source 

which supplied the pump and motor enclosure. This signal was processed with a Honeywell 

Accudata 113 brldge/DC amplifier and recorded with the Electronic Associates model 1910 

recorder. 

Oxygen - Carbon Dioxide Analysis 

Mixed expired gas was collected during the final minutes of each of the 139 Immersion 

tests. The gas sampling system (Figure 4) consisted of a 30 liter neoprene latex meteoro¬ 

logical balloon (Warren E. Collins no. P-342-30) mounted inside a five gallon polyethylene 

container. The gas sample bag inlet valve (Warren E. Collins no. P-321) was normally open, 

allowing the gas stream to bypass the bag. During sampling the gas entering the bag displaced 

gas enclosed within the surrounding rigid container into the breathing gas loop, replacing the 

sampled volume. The outlet tee-fitting from the polyethylene container was a 1.5 inch poly¬ 

vinylchloride fitting. The polyethylene container was also modified with a transparent lucite 

window for observing the degree of inflation of the enclosed balloon. Gas for analysis was 

withdrawn via lygon tubing affixed to the sampling port of the inlet stop-cock valve, through 

internal and external hull valves and fittings. A custom-manifold of needle valves, filters 

and rotometer flowmeters was used to divide the controlled flow through a Beckman Instru¬ 

ments Co. model E-2 oxygen analyzer and IR-315 carbon dioxide analyzer. Samples of this 

mixed expired effluent were also collected for Scholander microgat ometric analysis. 

Inhalation and Exhalation Temperature Measurement 

A micro-bead thermistor (Victory Engineering Corporation type E31A401C) was used to 

measure the temperature of respired gas. The thermistor bead is about 0.005 inches in 

diameter and is mounted on 0.00075 inch diameter wires. Its time constant in still air is 

0.12 seconds. The time constant in helium at 30 atmospheres absolute pressure with a flow 

of 100 feet per minute is 0.0102 seconds. Other characteristics of this thermistor are as 

follows: resistance approximately 1000 ohms at 25#C with a temperature coefficient of -3.2% 

per degree C at 25°C; dissipation constant approximately 0.045 MW/#C in still air. The 
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thermistor is mounted on a Victory Engineering Corporation TO-18 type header, and the 

thermistor-header was further protected by means of a pair of guard loops of number 24 

gauge wire which crossed and surrounded the thermistor at a distance of not less than 16 

diameters. 

The signal conditioning bridge was designed to produce an output of 0-20 millivolts di¬ 

rect current for a temperature span of 0-40*C. Linearity was ±0.4#C over this range and 

was attained by means of the equal slope criterion and the linearity equation supplied by the 

manufacturer. The maximum self heating error, despite the low dissipation constant of the 

thermistor, was O.TC. A stabilized mercury cell (Mallory RM-12R) was used to obtain a 

constant voltage source for the bridge. Variations were less than ±0.1%. 

The recorder was a Texas Instruments Company, Servo/Riter II model FS01N6B, and 

provided a 6-inch span for 0-20MV DC. The chart was readable to 0.1*C. For a span step 

response of 0.4 seconds the recorder accuracy was ±0.25% and linearity was ±0.1%. Re¬ 

corder input impedance was matched to the load of the bridge. 

Calibration of the complete system provided a correction curve which was applied to 

the raw data. Based on combined time response accuracies, a total step response of not 

less than 99.6% in 0.5 seconds was attained. 

Thermistor mounting and location in the mouthpiece is described, preceding (see above), 

concurrently with other components of the breathing gas loop. 

Appendix 2 provides further engineering documentation regarding the selection and use 

of the inhalation-exhalation thermistor. 

Other Temperature Measurements 

Skin site temperatures were obtained using Yellow Springs Instrument Company type 

409 thermistors fastened to the divers with Band-Aid clear tape, as follows (Figure 5): 

Thermistor No. Location 

1. - Head - on the neck below the hairline and behind 
the right ear 

2. - Arm - on the lateral surface of the right biceps 

3. Chest - just above the right nipple 
2-11 
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Thermistor No. Location 

4. - Back - on the surface of the right scapula 

5. - Thigh - on the lateral surface of the right thigh 

6. - Calf - on the lateral surface of the right calf 

7. - Finger - on the medial surface of the right second 
phalange midway between the tip and the first joint 

8. - Toe - on the medial surface of the right large toe 
midway between the tip and the first joint 

10. - Forearm - on the lateral surface of the right 
forearm 

Mean weighted skin temperature was computed according to the method of Teichner (29»: 

Tmws = 1.5 (T chest + T back + T thigh +T calf/8 + T head/10 + T arm/14) 

Additional temperature recording was done with thermistors placed in the following 

locations: 

Thermistor No. Location 

9. - Rectum - inserted approximately 9 centimeters 
beyond the anal verge 

11. - in the wet pot water approximately at diver level 
and 4 inches from the hull 

12. in the hot water umbilical flow 1 inch from suit 
connection 

13. 

14. 

15. 

16. 

inside the suits, various locations 

on the gas pump housing 

on the electric motor housing 

in the gas stream immediately prior to the 
pneumotachograph 

17. in the gas stream immediately after the 
pneumotachograph and prior to the gasometer 

18. in the gas stream immediately after the gasometer 
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The precise location for the wet pot thermistor was found through prior Investigation not 

to be critical when the chiller pump was operating and circulating the water. Thermistor 12 

was placed in the umbilical rather than switching it among the various suits. The function of 

thermistor 13 was to establish an exit temperature for the hot water leaving the suit. Ther¬ 

mistors 14 and 15 were used as safety monitors in the event the pump or motor began to fail 

and overheat. 

Yellow Springs Instrument Company series 400 probes were employed for these meas¬ 

urements. The bridge was designed using linearization criteria and computer data process¬ 

ing in the same maimer as the inhalation-exhalation thermistor bridge. Because of the higher 

dissipation constants of these probes an output of 0-40 millivolts DC was provided for a range 

of 0-40#C. Probes used to measure skin temperatures, gas temperatures (other than re¬ 

spired gas) and water temperature (YSI type 409) have a time constant of 1.7 seconds in 

stirred water. The rectal probe, YSI type 401, has a time constant of 7 seconds in stirred 

water. 

A Hewlett-Packard model 2900D scanner selected the thermistor to be monitored and 

connected it to a digital voltmeter (Hewlett-Packard model 3460D). This provided a visual 

output and a signal to a Hewlett-Packard model 5050B digital printer which printed the tem¬ 

perature in 4 digits on a paper tape. 

Calibration for Temperature Measurement 

An Anschutz fractional degree, precision grade, Centigrade thermometer, range -12 to 

6l*C, certified by the National Bureau of Standards, and accurate to 0.2#C was used for 

calibration checks before and after the dive. Overall steady state accuracy of the thermistor- 

recorder systems after adjustment for calibration was within 0.3<>C. 

Ergometer 

A spring-and-weight trapeeze ergon.eter was deployed underwater in the wet pot and 

provided the means of achieving serially increasing ventilatory volumes In response to the 

swimming work efforts thus applied. Since ventilatory volume, rather than simulated speed 

at thrust output was the parameter of interest, the assembled ergometer was not calibrated 

in units of work or work equivalents. 
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The variable, which was displayed to the swimming diver (Figure 6) and to topside 

(Figure 7) was displacement. A pointer, fastened to the ladder-trapeeze at the diver position, 

was situated several Inches from the prone diver's face and indicated position In Inches from 

the wall. A light cable directed vertically across a porthole, counter-weighted and with a 

pointer displayed the trapeeze position to topside supervisors. The movement of the ladder- 

trapeeze, as the diver pressed against the horizontal swim bar, was from a vertical, free- 

hanging position to a small angle where the base of the ladder contacted the chamber hull. 

The zero position was thus established at this hard-lnto-the-hull position, and displacement 

was marked in inches from the hull at the swim bar, 29 inches from the pivot. 

The weight and spring loadings were applied at a greater distance, 41 inches from the 

pivot, thus causing an amplification of (41/29 = 1.41) force to the diver. For this application 

5 lbs. of lead divers' weight-belt weights were used in a reverse pull arrangement (see 

Figure 8). A spring (K=l lb./inch) was mounted at the end of the trapeeze to provide an in¬ 

crease in load such that it was the maximum at maximum displacement from the vertical. 

The operating range was thus measured from the hull, beginning with an arbitrary zero in 

that position and the load decreased as the distance from the hull increased. The divers 

were thus swimming against a force that was a combination of the amplified weight loading 

and the horizontal component of the spring. It was felt that the divers could better regulate 

their swimming thrust output by working against an increase in load over a short displace¬ 

ment. hi operation, the divers swim at a rate to displace the ladder to markings on the 

indicator. 

Suit Description 

The suits worn during all tests were free flooding hot water suits style Diving Unlimited 

Mk XAD. The suit is of one piece construction which includes torso, hood, arms, and legs 

sections. Boots and gloves are worn as separate items. The suit is a nominal 1/4 inch 

neoprene foam with nylon on each side. 

Hot water enters the suit at a manifold block on the right hip, from which it is directed 

into six outlet tubes. One tube leads to each of the arms and legs, one to the front of the 

body, and one to the back and head (Figure 9). Each tube has exhaust ports which vary in 
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size according to regional body hot water requirements. Soft flexible tubes extend beyond 

the wrists and ankles, and feed water to the hands and feet. The water exits the suit at the 

wrist, ankles, and neck in undetermined proportions. 

Approximately 1/2 inch of clearance is required between the suit and the diver's body 

for efficient circulation of the hot water. Diver subjects were measured and suits ordered 

which would provide adequate clearance after a 5% shrinkage with compression. A nominal 

1/8 inch neoprene foam suit consisting of pants and jacket was worn under the free flooding 

suit. 

The suit manifold block consists of three valves for regulating the amount of umbilical 

water flow into the suit, to the front of the body, and to the back and head, respectively. IXir- 

ing the test swims the valves were maintained in full open position. Hot water flow into the 

suit was maintained at 2.0-2.25 gallons per minute and inlet temperature to the suit at 105-107 F 

for the 450 and 650 feet runs and at 110*F for the 850 and 1000 feet runs. These water flow rates 

and temperatures were controlled topside. 

Calculation of Respiratory Heat Loss 

Heat lost from the respiratory tract due to heating and humidification of the breathing 

gas can be calculated using the following equation: 

Qr = Vg fg Cpg (Te-Ti) + Vg Pg hfg (We-Wl) (1) 

respiratory heat loss, Btu/hr. 

Respiratory rate, ft3/hr. 

gas density, lbm/ft? 

gas specific heat, Btu/lbm °F 

temperature of expired gas, °F 

temperature of inspired gas, #F 

latent heat of vaporization, Btu/lt^ 

humidity ratio of expired gas, U^/lb^ 

humidity ratio of inspired gas, Ib^/lbg 

pounds of water vapor 

pounds of dry gas 

Vg = 

g 

CPg = 
Te = 

Ti = 

bfg 

We = 

Wi = 

lbw = 

lbg = 
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The first group of terms, Vg *gCpg (Te-Ti), Is the heat required to raise the tempera¬ 

ture of the Inspired gas to the expired temperature, and is known as sensible heat. The 

second grtnp of terms, Vg hfg (We-Wl), Is the heat required to vaporise the water which 

Is added to the g$s from the respiratory epithelium and Is known as Insensible heat. 

The humidity ratio, W, can also be expressed as a ratio of the products of the molecular 

weights and partial pressures of the water vapor and diy gas. 

Where 

ph2o 

We-Wi 
V Ve - \°l 

Mg Pg 

(2) 

(3) 

M 
V 

M. 

H_° 
2 e 

H2°l 

g 

molecular weight of water vapor 

molecular weight of gas 

expired vapor pressure, psi 

Inspired vapor pressure, psi 

pressure of dry gas, psi 

To utilize the quick response of the computer system (Univac 1108 and teletype terminals), 

and to facilitate computer program writing and debugging basic language), equation (1) was 

rewritten Into three parts (1) sensible gas, (2) sensible water vapor, and (3) Insensible water 

vapor: (1) (2) 

Or * Vg ?g Cpg (Te-Ti) + Vg fg Wi CpH 0(Te-Ti) + 
2 

(3) 

^g Vg eg mh20 (Ph2o "ph201) 
(4) 

Mg Pg 
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The composition of Inhaled and exhaled gas was calculated using measured values for 

oxygen and carbon dioxide. 

The nitrogen component of chamber atmospheric gas was estimated at 1.11 atmospheres 

absolute partial pressure. This was based upon an Initial pressurization to 15 feet using 

air. This resulted In an oxygen partial pressure of 0.3 ata and a corresponding nitrogen 

partial pressure of 1.2 ata. During the dive the provisioning lock was pressurized using 

helium resulting in a loss of 0.4 ata nitrogen for the volume of gas in the lock. Make-up gas 

for the chamber was 100% helium. A main chamber atmosphere gas sample obtained on the 

final day at 850 feet showed an oxygen plus nitrogen percentage of 5.28%. Since chamber 

atmosphere oxygen composition was 1.12%, the nitrogen composition was 5.28-1.12=4.16%, 

and, at 850 feet, the nitrogen partial pressure therefore was 1.11 atmospheres absolute. 

The density of the expired gas was calculated using: 

«VW144 

=-’• <5> 
TeRe 

in which the subscript e stands for expired values, and Re is the expired gas constant which 

was calculated as follows: 

Re 
M02 R°2 * MC02RC0/ ***2 MN2 \ ^ MHe ^ 

*°2 V tîC02 “CO, ^2 V t'iHe MH. 
¿ ù ù 

(6) 

The expired gas specific heat is: 

%°2 M0 Cp0 *%C02 M Cpco *%N2 M Cp + %He CpHe 

CP. %02 M + %C02 Mc * %N2 Mn^ +%He 
2 £ ¿ 

(7) 

Equations (6) and (7) convert volume percent to mass fraction. 

The latent heat of vaporization was taken as 1045 Btu/lbm, corresponding to a vapori 

zation temperature of 85#F. 

Equations (8), (9), and (10) for specific heat of 02. C02, and H20 as a function of 

temperature were taken from Van Wylen (30). These equations were determined 

2-22 



for one atmosphere of pressure, and although they will change with pressure the overall 

effect on the specific heat of the gas mix Is small: 

Cp (11.515- ili + Í530 
p02 32 'AA*010 j-r T 1 (8) 

__1 0 6.53 • 103 A 1.41 • 106 4 
CpCO. " 44.01 <18*2“ T 2 ) 

2 T 
(9) 

« 1 597 7500 
CpH2o ■ ïiTôï? '19-86- — * —» (10) 

A similar equation was given for nitrogen, but values calculated for low temperatures 

did not agree with corresponding values from other sources. Assuming a constant value of 

0.247 Btu/lbmT results in an error of less than 1% for the nitrogen fraction, or 0.04¾ for 

the mixture. The specific heat of helium is essentially constant at 1.24 Btu/lbmT. 

Since expired volume was measured with a dry gasometer a correction was made for 

the difference between the gasometer temperature and the expired temperature. 

Vapor pressure was calculated using the formula for saturation pressure versus 

temperature from Smith, Keyes and Gerry (25): 

log 
218.167 

10 
H2° 

_X_ 
T 

2437814 +5.86826 IO*3 X+1.1702379.10 •V 
.-3. 

1 +2.1878462.10 X 

where X = (647.27-T), TC P is in int. atm. 

The computer could not solve this directly and an iteration procedure was used. 

] (11) 

Units of the British Technical System were used for this calculation because of the 

abundance of data in engineering texts and references. Once heat loss is calculated in 

Btu/hr multiplying by 0.292833 converts the answer to watts, and mubplying by 0.253 

converts the answer to Kcal/hr. Similar conversions could be applied for density or 

specific heat if required. 
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The following assumptions were made: 

1. Ideal gas laws apply for individual gases and ideal solutions are formed at every 

temperature and pressure. No data were found for thermodynamic properties of 

helium-oxygen mixtures and especially not for mixtures of helium-oxygen-nitrogen- 

carbon dioxide-water vapor. 

2. Inspired gas is saturated at the inspired temperature. The temperature in the 

chamber was approximately 90°F and the relative humidity estimated at 50-80¾. 

The resultant dew point was well ab. 'e 55#F, the temperature of the warmest 

inspired gas. 

3. Expired gas is saturated at the expired temperature. 

4. Expired temperature is the mean expired temperature. 

The complete computer program for calculating respirator}' heat loss is included in 

Appendix 1. 
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SECTION 3 

RESULTS 

Respiratory Heat Loss 

The 137 sets of measurements and the computed magnitudes of respiratory heat loss 
are listed consecutively, in Table I, In the order In which the data was obtained. Three 
sets of data are missing because the exposures were aborted voluntarily by the divers. 
The data number Indicates the sequential data point In the total experiment and the run 
number indicates a diver-subject In the water. The next two columns Index the data by 
depth in feet of seawater and by nominal water temperature ln *F. TI and TE denote 
Inhalation and exhalation temperature, respectively. Respiratory minute volume (RMV) 
Is in liters per minute (DTPS). These values are slightly higher than the measured 
volumes exhaled, due to the correction to 37*C. Values of respiratory heat loss (RHL) 
were calculated using the respiratory minute volume at exhalation temperature. That 
portion of respiratory heat loss due to vaporization of water is shown as insensible heat 
loss in Kcal/hr. The final three columns are respiratory heat loss in units of Kcal/hr, 
Btu/hr and Watts. 

Table I shows the essential components of the heat loss equation previously explained. 
The notable exceptions are the densities and specific heats of the breathing gases. Since 
these are relatively constant for a given depth, typical values are included below for the 
helium-oxygen-nitrogen-carbon dioxide mixes exhaled: 

Cp o Cp 
(Btu/lb -*F) (Btu/ft -*F) 

m _ 

Depth 
(feet) 

199 .684 450 .292 

.391 .280 .715 650 

358 .731 850 491 

415 .735 1000 565 

Respiratory heat loss in Kcal/hr is illustrated as a function of respiratory minute 
volume in figures 10, 12, and 14. Figure 10 shows the calculated values derived from 
data acquired during the swims in 35°F water at depths of 450, 650, and 850 feet. Since 
the exhalation temperature did not vary significantly with depth, and the gas mixture was 
constant for a given depth, the relationship between RHL and RMV was expected to be 
linear. The magnitude of heat loss for a given RMV will be proportional to the density and 
specific heat of the gas mixture. This can be seen more clearly in Figure 11 which is the 
least squares regression for the data at each depth. The difference in heat capacity of the 
gas respired at 450 feet and at 650 feet is approximately the same as the heat capacity 
difference between the gas at 650 feet and 850 feet. This is seen in the regression co¬ 
efficients for the different depths. 
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Figure 12 presents respiratory heat loss as a function of respiratory minute volume 
for data taken during swims in 45*F water. All data runs at 1000 ft were in 45#F water 
and these results are included in this figure. As anticipated, the difference between the 
slope of the 1000 ft data regression and the 850 ft data regression is less than slope 
differences for the other pairs of depths. The regression coefficients are shown in 
Figure 13. 

Results at 850 feet are seen in Figure 14. The Influence of changes in water (Inhaled) 
temperature is also shown in Figure 15 (regression coefficients for RHL at 850 ft). 

The insensible heat loss due to vaporization of water In the respiratory tract ranged 
between 5 and 26 Kcal/hr. This is plotted as percent of total respiratory heat loss 
(Figure 16). The respired gas was saturated at the inhalation temperature and assumed 
to be saturated at the exhalation temperature, which was considerably less than body core 
temperature. The variations in Insensible heat loss with Inhalation temperatures can be 
seen in Table I. Because the ranges of the different temperatures overlap considerably, 
the median and extreme values are marked for rach depth. 

Exhalation temperature as a function of Inhalation temperature is shown in Figure 17. 
The exhalation temperature does not vary appreciably with depth and the total regression 
equation is TE = 22 + 0.649 TI. Figure 18 shows the inhalation-exhalation temperatures 
at 850 ft. 

The mean respiratory minute volume for each diver-subject run was determined by 
dividing the total measured exhalation volume by the total elapsed time of the run. Since 
mean values of oxygen uptake and inhalation-exhalation temperature difference were 
required it was necessary to determine weighting factors for each of the four measurement 
periods, and for the rest periods during which no measurements were taken. The best 
correlation between measured mean RMV and the mean RMV calculated using weighting 
factors was found when the mean respiratory volume for the second and third rest periods 
equaled the respiratory volume for the light work period. Table II lists averaged 
measurements calculated using this weighting technique. The first three columns index 
the exposure according to run number, depth in feet and water temperature in *F and "C. 
Average A (TE-TI) is listed in column 5. The next three columns show the thermal 
imbalance of the diver's body as indicated by change in temperature. An average total 
body temperature is calculated using one third of the mean weighted skin temperature 
(Tmws) and two thirds of the rectal (core) temperature (Tr) (Burton, ref. 7 ). The 
change in total body temperature then becomes AT^ = 1/3 ATmws + 2/3 ATr. The change 
in Tmws is listed in column 6, the change In Tr in column 7, and the change in Tb in 
column 8. The last two columns show the mean respiratory minute volume (LPM.BTPS) 
and mean respiratory heat loss in kilogram-calories per hour. 

Body Heat Balance 
The mean weighted skin temperatures for each diver exposure are presented In 

Table III. These were calculated according to the method of Telchner, described earlier. 
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TABLE I 

Results Of Respiratory Heat Loss Calculations 

UAFA HUM DEPTH 
Kf 

TW Tl TE HMV LMSEiM U KHL hHL 
F C C LPM KCAL/HK KCAL/HR BTU/HK 

I 1 4b0 43 
P 1 450 45 
3 1 450 45 
4 1 450 45 
5 2 4 50 4 5 
6 2 450 45 
7 2 450 45 
U 2 450 45 
9 3 450 45 

10 3 4 50 4 5 
11 3 450 45 
12 3 450 45 
13 4 450 35 
14 4 450 35 
15 4 4 50 3 5 
16 4 450 35 
17 5 450 35 
IK 5 450 35 
19 5 4 50 3 5 
20 5 450 35 
21 6 450 35 
22 6 4 50 3 5 
23 6 450 35 
24 6 4 50 3 5 
25 7 650 35 
26 7 650 35 
27 7 650 35 
2o 7 650 35 
29 3 650 35 
30 Ö 650 35 
31 0 650 35 
32 3 650 35 
33 9 650 35 
34 9 650 35 
35 9 650 35 
36 9 650 35 
3/ 10 650 45 
3d 10 650 45 
39 10 650 45 
40 10 650 45 
41 11 650 45 
42 ' 11 650 45 
43 1 I 650 45 
44 11 650 45 
45 12 650 45 

7.1 24.5 11.2 
6.7 23.K 20.1 
6.7 24.5 22.0 
6.5 23.8 35.1 
6.3 23.0 15.8 
6*3 23.8 23.5 
6.1 23.8 26.5 
6.1 23*8 28.4 
5.9 25.7 22.0 
5.9 27.6 27.7 
5.9 26.0 34.6 
5.9 26.0 44.6 
2.1 22.3 7.1 
2.3 23.8 14.8 
2.3 24.5 29.0 
2.1 26.0 42.1 
1.7 26.0 14.1 
1.7 27.6 17.1 
1.9 26.0 18.1 
1.9 26.0 23.9 
2.1 21.5 24.0 
2.1 20.8 30.5 
2.1 20.8 32.5 
1.7 23.8 36.3 
1.9 23.8 11.7 
2.6 24.5 19.5 
1.7 24.5 35.5 
2.1 25.3 39.1 
2.3 23.8 16.8 
3.0 22.3 20.5 
3.4 21.5 23.1 
3.0 23.0 26.5 
2.6 26.0 14.1 
2.6 26.0 22.8 
2.1 25.3 28.0 
2.6 24.5 34.4 
6.7 26.0 9.2 
7.1 25.3 17.6 
6.5 26.0 29.2 
7.9 28.0 40.3 
5.9 27.6 13.6 
6.7 26.0 18.5 
6.7 26.0 19.1 
6.3 26.0 24.6 
6.7 26.d 18.0 

5 
9 

1 I 
16 

7 
1 1 
12 
13 
12 
18 
19 
25 

3 
8 

16 
26 

9 
12 
1 1 
14 
10 
12 
13 
18 

6 
10 
19 
22 

8 
9 
9 

12 
8 

14 
16 
18 

5 
9 

16 
25 

9 
10 
10 
13 
10 

40 
71 
83 

124 
54 
85 
97 

103 
90 

125 
143 
184 

29 
64 

130 
203 

71 
91 
89 

1 18 
93 

115 
122 
162 

70 
1 19 
222 
250 

99 
108 
114 
146 

91 
148 
178 
207 

50 
89 

1 59 
223 

83 
100 
104 
135 
101 

159 
279 
329 
489 
214 
334 
382 
407 
356 
49 5 
567 
729 
114 
254 
512 
802 
279 
361 
353 
467 
369 
454 
483 
641 
279 
468 
879 
988 
392 
429 
452 
57 6 
361 
585 
704 
818 
197 
353 
627 
900 
327 
394 
410 
536 
400 
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KHL 
WATTS 

47 
82 
96 

143 
63 
98 

112 
119 
104 
145 
1 66 
213 

33 
75 

150 
235 

82 
106 
103 
137 
108 
133 
141 
138 
82 

137 
25b 
289 
115 
126 
132 
169 
ÍC6 
171 
206 
239 

58 
103 
184 
263 
96 

1 1 6 
120 
157 
1 17 



TABLE I 

Results Of Respiratory Heat Loss Calculations (Continued) 

DA rA Kb.* depth tw 
n N ï FT F 

TI TE KMV INSEN Ü RHL HHL 
C C LHM KCAL/HK KCAL/HK BTU/HR 

46 12 650 45 
47 12 650 45 
4o 12 650 45 
4/ 1J H50 55 
50 1J d50 5 5 
51 10 650 55 
32 13 «50 55 
53 14 «50 55 
54 14 «50 55 
35 14 «50 55 
36 1 4 8 50 5 5 
5/15 ö 50 5 5 
33 15 «50 55 
3* 15 « 50 33 
60 15 «50 55 
61 16 850 45 
62 16 «30 43 
63 16 « 50 4 5 
64 16 «30 45 
63 17 «50 45' 
66 17 «50 43 
67 17 «50 45 
6b 17 «30 45 
6* 1« «50 43 
70 1« «50 4 5 
71 1« «50 4 5 
72 1« «50 45 
73 iy 1000 43 
74 iy 1000 45 
73 19 1000 45 
76 19 1000 43 
77 20 1000 45 
7« 20 1000 43 
79 20 1000 45 
«0 20 1000 43 
«1 21 1000 43 
«2 21 1000 45 
«3 21 1000 45 
04 21 1000 45 
«5 22 « 50 3 5 
86 22 « 50 3 5 
87 22 «30 35 
bo 22 « 50 3 5 
.»•/ 23 biO 33 
90 23 «50 33 

6.9 27.6 24.7 
6.7 26.8 30.2 
7.7 26.0 36.4 

12.5 28.4 8.2 
12.7 2«.4 16.5 
13.0 29.2 27.7 
12.5 29.2 33.7 
12.7 28.4 12.5 
13.0 27.6 20.7 
13*0 2«.4 22.1 
13.0 28.4 24.4 
12.3 29.2 15.3 
12.3 28.4 22.2 
12.7 28.4 22.6 
12.7 29.2 24.5 
7.9 26.0 11.0 
7.7 27.6 25.6 
7.5 27.6 34.« 
7.3 27.6 39.1 
7.3 27.6 16.7 
7.3 26.« 28.0 
7.3 26.8 31.« 
6.9 26.0 34.« 
7.1 28.4 19.5 
6.9 28.4 28.0 
7.5 27.6 35.0 
6.7 26.8 36.0 
7.1 26.8 11.1 
7.5 27.6 18.4 
6.9 2Ö.4 30.3 
7.5 28.4 34.0 
7.5 26.« 15.3 
7.1 26.0 25.0 
7.1 26.8 28*8 
7.3 26.0 28.5 
6.7 2«.4 19.9 
6.9 27.6 26.8 
7.1 28.4 29.2 
7.1 28.4 .36.4 
3.2 26.0 8.3 
3.0 26.0 13.5 
3.2 26.0 20.7 
3.2 26.0 28.6 
3.2 26.0 17.5 
J.O 25.3 30*4 

15 
17 
19 

5 
9 

16 
20 

7 
10 
12 
13 

9 
12 
12 
14 

6 
15 
21 
23 
10 
16 
18 
18 
13 
18 
21 
21 

6 
11 
20 
22 

9 
13 
16 
1 5 
13 
16 
19 
23 

5 
« 

12 
17 
10 
17 

144 
170 
186 

47 
92 

160 
200 

71 
109 
123 
135 
93 

129 
128 
147 

70 
181 
248 
278 
120 
193 
219 
234 
147 
213 
248 
254 

89 
152 
265 
290 
120 
191 
231 
216 
177 
225 
254 
316 

67 
109 
165 
228 
139 
236 

567 
673 
736 
186 
366 
634 
792 
279 
430 
485 
535 
369 
510 
507 
581 
278 
714 
979 

1098 
475 
761 
864 
924 
582 
842 
9 79 

1004 
354 
600 

1047 
1146 
475 
755 
913 
855 
698 
891 

1005 
1250 
263 
432 
654 
901 
550 
933 

KHL 
WATTS 

166 
197 
216 

55 
107 
186 
232 

82 
126 
142 
157 
108 
149 
148 
170 

81 
209 
287 
321 
139 
223 
253 
271 
170 
247 
267 
29 4 
104 
176 
307 
336 
139 
221 
267 
250 
205 
261 
29 4 
366 

77 
127 
192 
2b4 
161 
273 
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TABLE I 

JATA HUM 
'ía N3 

Ü3 
Vd Ü3 
>3 «ÎA 
JA fc»4 
•>3 
-»to Ü4 

*1 üb 
9b 2S 
99 2 b 

loU 25 
101 26 
102 26 
103 26 
104 26 
10b 27 
106 27 
107 27 
10b 27 
109 2b 
110 28 
111 2ti 
112 2H 
113 29 
114 29 
115 29 
116 29 
117 30 
118 30 
119 30 
120 30 
121 31 
122 31 
123 31 
124 31 
12b 32 
126 32 
127 32 
12b 32 
129 33 
130 33 
131 33 
132 33 
133 34 
134 34 
13b 34 

Resulta Of Respiratory Heat Loss Calculations (Continued) 

DEPTH TW 
FT F 

TI 
C 

TE RMV INSERÍ 0 «HL «HL 
C LPM KCAL/HK KCAL/HH BTU/HK 

BbO 35 3.0 
BbO 35 *0 
bbO 35 2.7 
850 35 2.7 
b bO 3 b 3*0 
obO 3b .0 
b bu 3 b 2.7 
850 3 5 3.4 
8b0 3b 3.2 
850 35 2.6 
850 3 5 2.7 
850 3 5 3 *0 
850 3b 3.2 
BbO 35 3.2 
BbO 35 2.7 
850 3b 3.2 
850 3 b 3.4 
BbO 35 .0 
850 3b 3.B 
BbO 35 3.0 
850 35 3.2 
BbO 3b 3.0 
850 35 3*4 
BbO 3b 3.2 
850 3b 3*2 
BbO 3b 2.6 
850 3b 3*2 
850 3 b 3.0 
850 3 5 3.0 
BbO 3b 3.0 
850 4b 7.9 
BbO 4b 7.9 
b50 4b 7.9 
850 4b 7.5 
850 45 7.3 
850 45 7.1 
BbO 4b 7.1 
850 4b 7.5 
850 3b 3.0 
BbO 3b 3.0 
8 bO 35 3.0 
850 3b 3.0 
BbO 3b 3.2 
BbO 3b 3*2 
ò bO 35 3*2 

26.8 41.0 26 
.0 .0 0 

27.6 19.6 13 
26.8 31.1 19 
2 ó. 0 38.1 22 

•0 10.1 0 
26.0 .0 6 
25.3 15.7 9 
26.0 23.0 13 
26.0 29.0 17 
25.3 21.0 12 
25.3 24.5 14 
25.3 32.7 18 
25.3 36.5 20 
27.6 22.8 lb 
27.6 35.4 23 
26.8 41.7 26 

.0 7.7 0 
26.0 13.3 4 
25.3 .0 7 
26.0 21.6 13 
26.0 34.5 20 
26.0 24.4 14 
25.3 24.3 14 
25.3 31.7 lb 
24.5 37.7 20 
26.8 13.3 6 
26.0 24.6 14 
26.8 28*7 18 
26.4 37.7 23 
27.6 4.7 3 
26.8 11.9 7 
26.8 18.8 10 
26.B 21.4 12 
28.4 9.9 6 
26.8 19.8 11 
26.8 24.7 14 
27.6 29.9 18 
25.3 8.5 5 
25.3 17.2 10 
26.0 25.8 15 
26.0 30.7 18 
26.0 lb.0 9 
25.3 25.0 14 
25.3 21.5 12 

341 
0 

172 
2 62 
305 

0 
K2 

121 
183 
237 
165 
190 
252 
2B1 
200 
303 
341 

0 
60 

104 
172 
276 
191 
187 
243 
286 
110 
197 
239 
307 

33 
80 

12b 
145 

75 
138 
172 
213 

66 
133 
207 
246 
120 
192 
1 6b 

1347 
0 

679 
1035 
1207 

◦ 
324 
477 
722 
935 
652 
752 
99 6 

1111 
788 

1 197 
1349 

0 
237 
41 1 
679 

1092 
755 
739 
9 59 

1130 
433 
778 
944 

1212 
132 
315 
49 5 
575 
29 5 
544 
679 
841 
262 
526 
819 
973 
474 
758 
653 

KHL 
fcATTB 

39 4 
0 

199 
303 
353 

0 
95 

1 40 
21 1 
274 
191 
220 
292 
325 
231 
350 
39 5 

0 
69 

120 
199 
320 
221 
216 
281 
331 
127 
228 
277 
355 

39 
92 

145 
168 
86 

159 
199 
246 

77 
154 
240 
28 b 
139 
222 
191 
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TABLE I 

J«IA KIN DEPTH 
'O O FT 

Results of Respiratory Heat Loss Calculations (Continued) 

TW IX TE KMV IX3E¿I -0 KHL KHL 
F C C LPM KCAL/HR KCAL/HR BTU/HK 

HHL 
WATTS 

136 34 dSO 
137 35 1150 
13» 35 650 
Ijy 3o 650 
14u 35 o50 
>OiJ Aï 130 

35 3.2 
35 2.6 
35 3.0 
35 3.2 
35 3.0 

25.3 28.1 
27.6 16.1 
26.0 26.6 
26.0 35.6 
25.3 42.7 

15 217 
11 141 
16 213 
21 262 
25 342 

856 251 
559 164 
842 247 

1115 327 
1350 395 
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Run 
No 

1 

2 

3 

4 

& 

6 

7 

» 
9 

10 

a 
12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

TABLE II 

Averaged Parameters Of Respiratory Heat Loss 
And Thermal Balance For Each Immersion Exposure. 

Depth T Water TE-TI 
Ft *F A VO *C 

450 45 7.2 17.3 

450 45 7.2 17.5 

450 45 7.2 20.7 

450 35 1.7 21.9 

450 35 1.7 24.9 

450 35 1.7 19.5 

650 35 1.7 22.4 

650 35 1.7 19.5 

650 35 1.7 23.0 

650 45 7.2 19.0 

650 45 7.2 19.8 

650 45 7.2 20.0 

850 55 12.8 16.0 

850 55 12.8 15.1 

850 55 12.8 16.2 

850 45 7.2 19.7 

850 45 7.2 19.5 

850 45 7.2 20.9 

1000 45 7.2 20.5 

1000 45 7.2 19.1 

1000 45 7.2 21.1 
• 

850 35 1.7 22.9 

850 35 1.7 22.6 

850 35 1.7 23.7 

850 35 1.7 22.6 

850 35 1.7 22.3 

850 35 1.7 24.0 

850 35 1.7 22.5' 

850 35 1.7 22.1 

850 35 1.7 23.3 

850 45 7.2 19.1 

850 45 7.2 20.0 

850 35 1.7 22.6 

850 35 1.7 22.2 

850 35 1.7 23.1 

AT AT AT 
MWS -C RecUl ‘C Body 'C 

•»0.27 XX XX 

•0.38 -0.44 - .42 

-1.29 -1.66 -1.53 

-2.02 -0.32 -0.88 

-1.56 -0.81 -1.04 

-2.20 -1.61 -1.80 

-3.22 -0.73 -1.55 

-2.61 -0.49 - .90 

-1.57 -1.44 -1.48 

- .73 -0.31 -0.45 

-2.20 -0.53 -1.09 

-2.14 -1.21 -1.52 

-1.22 -0.50 -0.74 

-2.01 -0.81 -1.21 

-0.85 -0.80 -0.82 

-3.29 -0.47 -1.48 

-1.83 -0.89 -1.20 

-1.82 -0.93 -1.23 

-2.24 -0.46 -1.05 

-1.48 -0.94 -1.12 

-1.87 -0.94 -1.25 

40.84 -0.46 -0.59 

-1.66 -0.71 -1.03 

-0.87 -1.52 -1.29 

-1.35 -0.62 -0.86 

2.11 -1.00 -1.37 

-1.96 -1.12 -1.40 

-0.80 -0.91 -0.87 

-1.44 -0.65 -0.91 

-0.33 -1.21 -1.90 

-0.61 -0.59 -0.60 

-1.16 -0.70 -0.85 

-2.41 -1.14 -1.56 

-1.52 -0.82 -1.05 

-2.46 -1.55 -1.85 

RMV-AVO 
LPM 

22.4 

23.9 

31.2 

22.1 

18.1 

31.0 

25.4 

21.6 

24.5 

23.0 

18.8 

26.6 

20.7 

20.2 

21.6 

27.3 

27.7 

28.9 

22.5 

24.5 

27.4 

17.1 

29.9 

29.8 

18.8 

27.5 

33.4 

18.3 

27.9 

25.7 

14.0 

20.9 

20.0 

22.8 

29.7 

RHL AVG 
Kcal/hr 

80 

86 

136 

102 

93 

123 

161 

116 

158 

127 

105 

151 

122 

111 

127 

198 

195 

219 

195 

194 

243 

139 

246 

254 

152 

218 

291 

148 

220 

216 

96 

151 

162 

180 

243 
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TABLE DI 

Time Sequence For Mean Weighted Skin Temperature 

LIGHT MEDI UM HARD 
RW DEPTH TV REST WORK REST WORK REST WORK 
HO. FT F SUB 1 2 3 4 5 f 

MEAN 
TMWS 

F C 

1 450 45 KC 
2 450 45 SZ 
3 450 45 FA 
4 450 35 KC 
5 450 35 SZ 
6 450 35 FA 
7 650 35 KC 
R 650 35 SZ 
9 650 35 FA 

10 650 45 KC 
11 650 45 SZ 
12 650 45 FA 
13 850 55 KC 
14 8 50 55 SZ 
15 8 50 55 FA 
16 650 45 KC 
17 650 45 SZ 
18 650 45 FA 
19 1000 45 KC 
20 1000 45 SZ 
21 1000 45 FA 
22 8 50 35 KC 
23 8 50 35 SZ 
24 8 50 35 FA 
25 8 50 35 *KC 
26 8 50 35 SZ 
27 8 50 35 FA 
28 8 50 35 KC 
29 8 50 35 SZ 
30 8 50 35 FA 
31 850 45 KC 
32 8 50 45 FA 
33 850 35 KC 
34 8 50 35 SZ 

HOW AT 540 

88.1 90.2 87.9 
93.9 95.7 91.9 
94.4 92.3 91.6 
93.5 93.5 90.3 
94.1 95.8 93.4 
93.8 93*1 91.4 
93.7 91.0 89.0 
96.5 94.6 92.7 
96. 1 96.9 95*5 
93.7 93.8 91.4 
94.2 94.7 92.4 
95.8 95.3 92.4 
94.0 94.1 93.3 
93.9 92.3 90.1 
97.0 99.2 96.6 
96.4 92*5 90.7 
92.8 90.6 89.3 
94.3 95.5 92.6 
99. 1 98.0 95.8 
95.0 95.8 93.2 
95.6 95.8 95.2 
92.1 94.3 92.6 
94.5 92.4 93.6 
91.9 92.3 88.2 
93*9 92.5 93.4 
93.6 96.1 93.0 
93.9 94.2 90.9 
94.6 95*5 93*6 
93.3 91.4 90.8 
94.1 96.3 94.2 
95.3 96.8 94.5 
97.6 99.3 97.9 
97.6 97.2 95.0 
93.8 91.8 91.5 

89.0 88.9 88.1 
92.7 92.0 91.2 
91.3 92.3 91.7 
90.7 89.9 89.7 
93.9 91.3 91.5 
91.8 90.2 91.5 
91*5 89.2 90.0 
93.8 93.3 94.6 
96.7 94.9 95.6 
92.2 92.5 93.6 
93.0 91.8 93.1 
92.5 92.3 94.3 
94.2 92.7 93*3 
91*0 90.8 91.1 
98.6 96.9 98.5 
91.2 89.5 91.2 
92.0 91.1 92.2 
95.1 91.2 93.5 
97.4 95.7 96.4 
94.6 92.9 94.0 
95.2 92.9 94.1 
93*2 95.0 95.8 
91.5 
89.2 90.3 
92.1 92*8 92*9 
95.4 93.6 91.3 
91.8 90.3 
93.7 93.2 92.3 
90.3 90.6 90.6 
94.8 92.5 94.5 
96.7 95.1 95.6 

100.3 9 6*4 98.5 
95.2 94.2 94.6 
91.0 9 5.2 91.1 

88.6 88.3 31.3 
93.2 93.5 34.2 
92*1 93.2 34.0 
89.8 91.7 33.2 
91.3 92.7 33.7 
89.9 91.8 33*2 
87.9 90.7 32.6 
91.7 94. 1 34.5 
93.2 94.7 34.8 
92.4 93. 1 33.9 
90.3 92.2 33.4 
92.0 93.9 34.4 
91.8 92.9 33.8 
90.2 92.1 33.4 
95.4 9 6.1 35.6 
90.5 9 3.4 34.1 
89.6 91.2 32.9 
91.0 92.7 33.7 
95. 1 97. 1 36.2 
92.4 93.7 34.3 
92.2 93.9 34.4 
93.6 92.8 33.8 

93.0 33.9 
91.1 32*8 

91.5 92.7 33.7 
69.8 91.7 33*2 

92.1 33.4 
93*4 94. 1 34.5 
90.7 92.0 33.3 
93.5 93.8 34.3 
94.2 94.7 34.8 
95.6 96.6 35.9 
93.3 95.4 35*2 
91.1 92.3 33.5 

15*51 RAN 0 MINS 0.7 5 SECS 

ÆADY 
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Oxygen consumption and carbon dioxide production were computed from the Inhaled 
and exhaled gas composition and the exhalation volume. Oxygen consumption (STPD) Is 
shown as a function of respiratory minute volume (BTPS) in Figures 19-22. The reasons 
for the scatter of this data at 850 feet are not evident. Carbon dioxide production (STPD) 
as a function of respiratory minute volume (BTPS) Is plotted in Figures 23-28. The data 
at 850 feet, Figure 26, Is again completely random. Without the 850 feet data there Is a 
trend: VCO = .045 RMV (Fig. 28). Figures 29-33 are plots of oxygen consumption- 
carbon dioxide production. The 850 feet data> (Fig. 32) which was scattered for both VCO^ 
and appear to correlate along a line of VCO = O.gVO^. This correlation line also 
appears to be the best representation of the totaTdata shown in Figure 29. 

Other Ventilatory Data 

Tidal volumes, respiratory frequency, Inhalation and exhalation pressure drop and 
exhalation peak flow rate, as well as VO2, VCO2, and respiratory exchange ratio are 
presented in Table IV. Neither pressure drop, flow, nor respiratory resistance during 
exhalation appear to vary consistently as functions of depth (density) or Inhalation temper¬ 
ature. The applicability of pneumotachography to diving research is the subject of 
Appendix 3. 

Subjective Effects of Breathing Cold Hyperbaric Gas 

The following paragraphs, and Table V, are from the test subjects' reports, and are, 
In fact, directly quoted (author: subject SSZ). 

"The respiratory heat loss effects reported here are those noted by one test subject, 
myself, and partly those reported or observed from the other two test subjects. The data 
summarized in Table V are from 850 feet, 35°F water dives of May 12, 14, 15, 16, and 
18, 1971. Factors which affected the heating and cooling of each test subject were the 
ability of the inner and outer wet suits to heat the subject and the level of muscular activity 
of the subject. These factors are discussed below. Both the sequence of appearance of the 
effects of respiratory heat loss and the magnitude of these effects were consistent in 
several of the experiments, despite variations in heating from the wet suits and in work 
rates used. 

"Early in the experiments, loosely fitting inner wet suits caused cold skin areas on 
all the test subjects and inadequate hot water circulation from the outer wet suit caused 
cold skin areas on two subjects, FA and KC, throughout the experiments. Table V shows 
a correlation of cold skin areas with early onset of shivering, usually within the first few 
minutes of the first rest period. The third subject, myself, noted fewer cold skin areas 
and had a later onset of shivering. These data indicate that the onset of heat loss effects 
is somewhat dependent on external heating. 
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"Another effect of the inadequate circulation of the wet suits was that the feet and 
hands became cold if they were not in at least intermittent movement. Thus, the rest 
periods were actually periods of activity of about 30-50% of work rate 3 (lightest effort). 

"Where heating from the wet suits was sufficient, the onset of chest muscle shivering 
occurred during either work rate 3 or the second rest period. Work rate 3 was a very 
light work rate, requiring only a slew, easy kick with the fins. This work rate was 
sufficient to increase the subjects* heart rate and breathing rate find to create some 
warmth from exercise. 

"All test subjects had chest muscle shivering during the second rest period, indicating 
that the warmth lost from cessation of exercise, or the continued exposure caused the 
onset of shivering. 

"A decrease in shivering in both limbs and torso occurred with the increased activity 
of the moderate and the heavy work rates, Indicating that the warmth produced by exercise 
somewhat affects the heat lost to the large volumes of cold gas that are breathed at these 
work rates. 

"The first respiratory symptom was a flow of saliva, starting within the first minute 
of exposure and increasing to a steady rate within a few minutes at each work rate. These 
steady rates seemed to be proportional to the volumes jf gas breathed. The total flow was 
about four to eight ounces of saliva per subject per dive, estimated from the drainage from 
the water trap and transparent hose for all three subjects. 

"The second symptom was nasal drainage, beginning in the first work period and con¬ 
tinuing at a slow, steady rate throughout each dive. The total flow was about 0.5 to 1 
ounce per subject per dive. This flow is estimated from observations of all three subjects. 

"Another symptom was shivering in the torto, beginning in the skeletal chest muscles. 
The following estimates of frequency and magnitude of shivering are only for one test sub¬ 
ject, myself. The Initial frequency of shivering was about once every three breaths, or 
approximately evtery 9 to 12 seconds, for a duration of about two seconds. The frequency 
would decrease to once every four or five breaths during heavy work with about the same 
duration. 

" Shivering would usually spread over the skeletal muscles of the chest and abdomen, 
then over the back muscles from shoulders to thighs. This shivering was Involuntary and 
uncontrollable. 

"The fourth symptom was shivering of the muscles of the limbs, starting with the up¬ 
per arms and thighs. This symptom usually began in the second rest period, decreased 
or stopped during the second work period, recurred in the third rest period, and usually 
stopped during heavy work. Thus, warmth from exercise apparently decreased this shiver¬ 
ing. 

"The shivering of the upper limbs spread to the hands and feet during two of the five 
dives, during the second and third rest periods. The rate of shivering was approximately 
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once every three breaths, for a duration of about two seconds. This shivering was involun¬ 
tary and uncontrollable. The amplitude at the fingers was about one-quarter inch, estima¬ 
ted by holding the trapeze firmly and watching the work rate Indicator. This symptom also 
Includes shivering of the jaw and neck muscles, which caused difficulty retaining the mouth¬ 
piece. Shivering of the hands never became severe enough to prevent holding any object. 

"Other symptoms, such as chest pain, headache, coughing, visual disturbance and 
breathing difficulty occured occasionally, with no appreciable repeatability or consistency 
among all three subjects. " 
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Figure 29. Relationship Of Oxygen Consumed To Carbon 
Dioxide Produced (V /VQ - Respiratory 
Exchange Ratio). 2 2 
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TABLE IV 

DATA RMV 
.>J3 LPM# BIPS 

Ventilatory Parameters 
VT F P(CMH20> FLOW V32 VC(J2 

L#BTPS IN EX L# SEC LPM LPM 

1 11.189 
2 20.138 
3 22.816 
A 35.136 
5 15.778 
6 23.543' 
7 26.537 
h 28.359 
9 22.035 

10 27.722 
1 1 34.573 
12 44.610 
13 7.052 
14 14.751 
15 29.033 
16 42.103 
17 14.148 
15 17.092 
19 lb.087 
20 23.946 
21 23.959 
22 30.498 
23 32.505 
24 36.299 
25 11.656 
26 19.545 
27 35.471 
28 39.111 
29 16.816 
30 20.466 
31 23.062 
32 26.465 
33 14.080 
34 22.809 
35 27.964 
36 34.378 
37 9.170 
38 17.644 
39 29.184 
40 40.277 
41 13.632 
42 18.476 
43 19.133 
44 24.566 
45 18.031 
46 24.678 

.9 
1.4 
1 .4 
1.6 

• 8 
1.4 
1.6 
1 .8 
1 .9 
1.9 
1.7 
1.8 

• 6 
i. i 
1 .8 
3.6 

.7 

.9 
1.1 
1.6 
1.7 
1.9 
1 .8 
1.7 
.7 

1.0 
2.1 
3.1 

.7 

.9 
1 .0 
1 .2 
1*2 
1.6 
1.5 
1.5 
.7 

1.4 
2.8 
3.4 

• 6 
1.0 
1.1 
1.3 
1.4 
1.6 

13.0 0 0 
14.4 3 5 
16.6 8 8 
21.3 8 10 
19.6 2 3 
17.4 2 5 
17.0 4 6 
16.2 7 8 
11.9 4 4 
14.3 6 8 
20.4 7 10 
24.3 8 12 
12.0 0 0 
13.7 3 4 
16.4 14 17 
11.8 15 35 
19.0 3 3 
18.8 3 3 
17.2 3 5 
15.0 6 12 
14.0 0 0 
15.8 6 8 
18.2 0 8 
21.0 0 0 
16.5 0 0 
19.4 0 0 
17.0 7 10 
12.8 11 18 
22.8 4 4 
22.9 2 8 
22.8 4 5 
23.0 4 4 
11.8 0 0 
14.6 0 0 
18.5 0 0 
22.2 10 12 
13.0 2 3 
13.0 4 5 
10.4 10 12 
12.0 12 35 
21.0 4 4 
18.6 3 7 
18.2 4 5 
19.4 6 8 
12.7 3 4 
15.1 5 8 

NOT reproducible 

.5 

.7 
1.2 
1 .8 

• 6 
1 .0 
1 .2 
1 .2 
.7 

1 .0 
1 .2 
1.8 

. 4 

. 8 
2.2 
2.5 

• 4 
.7 
.9 

1.3 
1 .0 
1.4 
1.6 
1 .8 

• 6 
.9 

1 .8 
3.5 

• 6 
.9 

1.0 
1 .0 
.8 

1 .0 
1 .2 
1.6 
.5 

1 .0 
3.0 
3.6 

.5 

.8 

.9 
1.2 
.7 

1 .0 

2.283 .280 
4.010 .520 

.393 .437 

.844 1.328 
2.584 .564 

.479 .925 
3.977 1.016 
1.313 1.057 
1.768 .775 
2.164 1.017 
2.864 1.257 
3.220 1.671 

.235 .252 

.341 .466 
1.015 .586 
2.000 1.235 

.575 .520 

.733 .680 
•964 .534 

1.456 .882 
1.344 .804 
.917 1.261 
.924 1.586 
.724 1.520 
.749 .503 

1.283 .888 
2.672 1.604 
3.111 1.106 

.635 .668 
1.231 .918 
1.706 1.053 
2.209 1.292 
1.077 .571 
1.772 1.027 
2.251 1.061 
3.112 1.447 

.758 .395 
1.729 .678 
2.952 1.227 
4.325 1.650 

.394 .526 

.565 .795 

.617 .888 

.533 1.119 

.425 .629 

.849 .864 

KE,< 

.12 

.13 
1.11 
1.57 
.22 

1 .93 
.26 
.80 
.44 
• 4 / 
.44 
.52 

1 .07 
1.37 
.58 
.62 
.90 
.9 3 
. 55 
.61 
.60 

1 .37 
1.72 
2.10 

.67 

.69 

.60 

.36 
1 .05 
.75 
.62 
.58 
.53 
.58 
.47 
.46 
.52 
.39 
.42 
.38 

1.34 
1.41 
1 .44 
2.10 
1 .48 
1.02 



TABLE IV 

DATA KMV 
«JO LPM# BIPS 

Ventilatory Parameters (Continued) 
VT F P(CMH20) FLOW V32 

L#BTPS IN EX L# SEC LPM 
VC02 

LPM 
RER 

A7 ao.ibv 
Ab 36*364 
A'J tí*213 
6ü I 6. 520 
tíl 27.750 
tííi 33 • 6Ö 6 
53 12.4Ö4 
54 20.732 
d5 22.14« 
56 24.3 66 
57 15.315 
5« 22.176 
57 22.533 
60 24.52 6 
61 10.77« 
62 25.606 
63 34.826 
64 37.140 
65 16.708 
66 27.775 
67 31.805 
68 34.843 
63 17.500 
70 28.006 
71 35.002 
72 35.974 
73 11.118 
74 18.431 
75 , 30.261 
76 34.022 
77 15.339 
76 24.775 
79 28.834 
80 28.469 
bl 19.921 
02 26.750 
ö3 29.249 
b4 36.401 
«5 8.283 
8 6 13.478 
«7 20.735 
«8 28.632 
«7 17.451 
90 30.413 
>1 41.017 
72 .000 

1.8 17.0 0 
1.9 18.7 0 
.7 11.5 2 

1.4 11.5 3 
3*3 8.4 7 
4.1 8.3 10 

.8 16.0 0 
1.0 21.0 6 
1.0 22.0 10 
1.1 22.5 10 
1.3 11.6 0 
1.7 12.8 0 
1.9 11.7 0 
1.6 15.8 7 
.7 15.2 2 

2.0 13.0 4 
3.0 11.5 5 
3.6 10.8 6 
1.0 16.6 2 
1.5 18.2 5 
1.6 20.2 0 
1.5 23.0 0 
1.6 12.2 2 
1.« 15.5 3 
2.2 16.1 8 
2.1 17.1 8 

.8 14.7 0 
2.2 8.5 0 
3.4 8.8 5 
3.8 7.0 7 

.7 21.0 0 
1.1 23.3 5 
1.3 22.0 0 
1.4 21.0 5 
1.5 13.0 3 
1.8 14.5 0 
2.0 14.3 0 
2.2 16.5 0 

.8 10.8 0 
1.2 11.0 3 
2.6 8.0 7 
3.0 9.5 8 
1.1 16.2 2 
1.6 18.5 3 
1.7 24.3 5 
.0 .0 0 

0 
10 

2 
4 

I 5 
25 

0 
7 

12 
20 
0 
0 
0 

22 
2 
6 
8 

12 
3 
6 
0 
0 
4 
5 

13 
13 

0 
0 

1 6 
21 

0 
5 
0 
9 
5 
0 
0 
0 
0 
3 

II 
14 

3 
6 
7 
0 

1.2 1.201 
1*8 1.174 
.4 .516 
.8 1.165 

2.0 2.083 1 
3.0 1.732 1 

.6 .382 

.9 .681 
1.1 .779 
1.2 .967 
.7 .303 

1.0 .682 
1.3 1.067 1 
1.6 .977 1 
.6 .413 

1.2 1.376 1 
2.2 2.035 1 
3.1 2.004 1 

.9 .970 
1.6 1.990 
1.9 1.791 
2.0 2.579 
1.2 .863 
1.4 1.633 
2.0 1.544 
2.4 1.843 

•4 .464 
.9 1.195 

2.6 1.765 
3.5 2.076 

.7 .910 
1.1 1.860 
1.4 1.952 
1.3 2.395 
.7 1.099 

1.1 2*134 
1.3 1.688 
1.9 1.072 
•4 .213 
•7 .837 

2.3 1.292 
2.7 1.771 

.7 .615 
1.4 1.421 
2.2 5.736 

.0 .000 

1*110 .92 
1.534 1.31 

319 .62 
580 .50 
066 .51 
532 .88 
556 1.45 
940 1.38 
994 1.28 

1.176 1.22 
• 512 1.69 
•981 1.44 
009 .74 
165 1.Í 9 
470 1.14 
203 .87 
661 .82 
801 .90 
707 .71 

1.347 .68 
1.439 .80 
1.623 .63 

• 850 .98 
1.321 .81 
1.536 .99 
1.641 .89 
.430 .93 
.761 .64 

1.243 .70 
1.465 .71 

. 57 6 . 63 
1.011 .54 
1.226 .63 
1.224 .51 
.850 .77 

1.163 .54 
1.280 .76 
1.650 1.54 

•364 1.71 
•626 .75 
•882 .68 

1.248 .70 
•700 1.14 

1.341 .94 
•336 .06 
•000 .00 
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Hot hepR{ 
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DATA 
N3 

*3 
94 
95 
96 
97 
9tí 
99 

1ÜÜ 
101 
102 
103 
104 
105 
106 
107 
103 
109 
110 
11 1 
112 
113 
114 
115 
116 
117 
1 13 
119 
120 
121 
122 
123 
124 
125 
126 
127 
12tí 
129 
130 
131 
132 
133 
134 
135 

RMV 
LPMíBTPS 

19 
31 
38 
10 

15 
22 
28 
20 
24 
32 
36 
22 
35 
41 

7 
13 

21 
34 
24 
24 
31 
37 
13 
24 
28 
37 

4 
11 
18 
21 

9 
19 
24 
29 
8 

17 
25 
30 
15 
24 
21 

641 
097 
120 
052 
000 
745 
976 
992 
956 
503 
726 
531 
844 
400 
749 
694 
344 
000 
597 
513 
387 
34-9 
672 
682 
266 
So O 
743 
673 

.747 
• 874 
• 828 
• 384 
• 947 
• 832 
• 714 
• 897 
• 51 1 
• 1 60 
• 843 
655 
012 
976 
528 

TABLE IV 

Ventilatory Parameters (Continued) 

VT 
L»BTPS 

P(CMH20> 
IN EX 

FLOW VO 2 
L# SEC LPM 

VC02 
LPM 

7 
0 
4 
0 
0 
3 
9 
6 
9 
2 
3 
6 

• 8 
«2 
.2 

0 
2 
0 
6 
1 
1 
1 
4 
7 
3 
7 
9 
6 
4 
0 
7 
1 
2 
6 
8 
6 
7 
3 
8 
9 
0 
2 
4 

11 
15 
1 6 

12 
1 1 

7 
11 
23 
21 
24 
23 
12 
16 
19 

11 
1 1 

8 
1 1 
22 
21 
22 
22 
10 
14 
15 
21 
10 
11 

7 
6 
6 

12 
14 
18 
1 1 
12 

9 
10 
14 
20 
15 

3 
3 
0 
0 
8 
8 
8 
0 
9 
0 
6 
2 
4 
2 
2 
0 
3 
2 
4 
0 
4 
8 
9 
8 
6 
6 

• 1 
.2 
.7 
.4 
• 0 
.9 
2 
3 

• 0 
• 2 
.7 
.8 
.3 
.5 
.7 

6 
2 

4 
5 
0 
0 
2 
3 
7 • 
6 
3 
4 
5 
7 
4 
5 
5 
0 
0 
0 
4 
8 
3 
3 
4 
5 
0 
5 
7 
8 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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4 
7 
0 
0 
3 
4 

16 
20 

4 
6 
7 

14 
5 
8 
8 
0 
0 
0 
9 

14 
6 
7 
8 
9 
0 
6 
9 

11 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 *0 
1.6 
2.2 

.0 

.4 

.7 
2. 1 
2.3 

.8 
1 .2 
1.4 
1 .8 
1.1 
1 .3 
1 .9 
.0 
.4 
.7 

2.6 
2.4 
1.2 
1.4 
1.6 
2.2 

.7 
1 .3 
1.7 
1 .9 
.4 
• 6 

2.3 
2.6 

.7 
1.0 
1.5 
1.7 
.4 
.8 

1.7 
2.0 

• 8 
1.7 
1 .9 

.062 

.988 1 

.961 1 
• 988 1 
.000 
.961 1 
.174 
.904 
.251 1 
.575 1 
.699 
.153 1 
.391 1 
.898 1 
.700 
• 488 1 
.369 1 
.000 
. 184 
• 594 
.114 
.856 1 
• 208 
.375 1 
.944 1 
• 023 1 
.922 
• 503 1 
.605 1 
• 924 1 
• 146 
.730 
• 841 
.951 
.448 
.289 
.211 1 
.926 1 
.326 
.812 
.269 1 
.963 1 
.681 

.874 

.407 
• 69 3 
.407 
• 000 
• 693 
.409 
.706 
.074 
.378 
• 858 
.175 
.417 
.701 
.993 
• 644 
• 889 
.000 
.299 
• 590 
.934 
• 531 
.910 
• 020 
.338 
.733 
• 550 
• 089 
.329 
• 694 
• 188 
• 538 
.727 
.878 
• 368 
• 800 
.117 
• 324 
.305 
• 689 
.161 
.417 
.562 

KEH 

.82 

.71 

. o 6 

.71 

.00 

.86 
2.35 

.78 . 8 6 

.87 
1.23 
1 .02 
1.02 
.90 

1.43 
1.11 
1.38 
.00 

1.63 
.99 
• 84 
.83 
.75 
.74 
• 69 
.86 
.60 
.72 
• 83 
.88 

1 .29 
.74 
.86 
.92 
.82 
.62 
.92 
.69 
.94 
.85 
.92 
.72 
.83 



TABLE IV 

D4TA 
.40 

»36 
137 
13* 
13* 
140 

Ventilatory Parameters (Continued) 

RMV VT 
LPM#BTPS L*BTPS 

20.079 1.3 
16.140 1*5 
26.595 1.9 
35.569 2.0 
42.710 2.0 

F P<CMH20> 
F IN EX 

22.3 0 0 
10.7 0 0 
14.0 0 0 
Ib.O 7 13 
21.2 9 15 

FLOW V32 VC02 
L«SEC LPM LPM 

1.7 1.366 1.012 
1.2 1*280 .906 
2.1 1.949 1.517 
1.9 .917 • 6H5 
2.3 1.775 1.172 

RER 

.74 

.71 

.78 

.75 

.66 
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SECTION 4 

DISCUSSION 

Temperature of Exhaled Gas 

Unless there are reliable measurements of the temperature of the gas as it is exhaled, 

projections of the heat loss through respiration remain speculative. With respect to the 

mathematical expressions for respiratory heat loss, one can define the magnitudes of the 

gas properties, density and specific heat, and assign sample values to inhaled gas temper¬ 

ature and pulmonary ventilatory rate, but, as Webb(35) has stated, "the only unknown is the 

temperature of the air as it leaves the oronasal portal in expiration. " The effect of pre¬ 

suming that the exhaled air is at core temperature has already been reviewed (see 

Introduction). Thus, the most important quantitative information acquired during this study 

is the temperature data for exhaled gas. The extensive engineering efforts in support of 

this data acquisition have been documented in Appendix 2. 

The results listed herein for respiratory heat loss will be approximately 60 - 80% of 

theoretical values calculated assuming exhalation temperature equals core temperature. 

Also, these results are based upon a gas saturated at inhalation temperature and saturated 

at exhalation temperature, not core temperature. This will produce a lower value of in¬ 

sensible heat loss of 30 to 60% depending upon the water temperature. 

Diver-Subject Heat Balance 

The energy generated by metabolism is thermally stored in the body or lost to the en¬ 

vironment by work and thermal conduction, convection, evaporation, and radiation heat 

transfer. The rates of energy flow are given in the energy flow equation for a body, as 

shown by Nevins (23) 

Nj[ = S+ W + K+ C + E+ R 

4-1 



where: 
M is rate of metabolic energy produced within the body. It varies with the level of 

physical activity and is calculated using the measured oxygen consumption. 

S is rate of heat stored into the body. It is calculated by the technique of Burton 

described earlier 

3--¾°¾ (2/3¿Tr+l/3¿Tmw,) 

m is mass of the body 
b 

Cpb = . 83 Btu/lb - *F (0.83 Kcal/Kgm •€) is the most acceptable 

mean value of specific heat of the body (17). 

AT is change in rectal temperature 
r 

AT is change in mean weighted skin temperature 
mws 

In this study the temperatures decrease so we have a negative 

value of stored heat, S, or a positive value of (-S). 

W is rate of work done by the body on the environment. For the swimmer 

working against the ergometer described herein, his body motion work energy 

is converted into ambient water kinetic energy and finally dissipated in the 

ambient water as viscous energy loss. 

K is rate of heat loss conducted into a solid surface touching the skin. 

C = C + Cr is rate of heat conducted and convected away from the body by a gas or 

a liquid medium touching the skin, Cs, or breathing gas in the respiratory 

tract, Cr. 

E = E + Er is rate of heat loss by evaporation from the skin, Es, and from the 

respiratory tract, Er. 

R is net rate of heat radiated from the skin. 

The total boat loss through the skin (Qs) is 

Q = + K +C + E +R 
s s s 

4-2 



and, the heat loss from the respiratory tract (Qr) is 

Cr and Er are calculated from changes In temperature and composition of the breathing 

gas, utilizing the equation shown in Section 2 and Appendix 1. 

In the case of a fully submerged diver wearing a free flooding hot water suit the radi¬ 

ation term, R, and skin evaporation term, Es, are assumed to be zero, and the energy flow 

equation for the diver subjects of this study becomes 

M = S + W +Q +Q . 
s r 

The heat balance, thus computed on a run basis, is shown in Table VI. 

A rough estimate of the diver-subjects mean work rate is W = 0.1 hp or 64 Kcal/hr. 

This value was obtained assuming a maximum work rate of 0.4 hp and scaling the work rates 

according to the diver—subjects reported effort levels. The reference for this estimate is 

the Bioastrouautics Data Book (36) which summarizes the sustainable work levels on a time 

and subject fitness basis. This value is used to calculate Qg in Table VI. 

Metabolic rates of the diver subjects were calculated from measured compositions of 

mixed exhaled gas. To obtain an average value for each diver-subject run the values of 

oxygen uptake were averaged using the technique described earlier for respiratory minute 

volume. These values were then converted to units of energy (1 liter per minute Og uptake 

* 1158 Btu/hr or 293 Kcal/hr) and are listed in column 2 of Table VI. The wide range in 

metabolic rates for the individual data points resulted in average metabolic rates which did 

not allow a heat balance analysis of any consistency. Therefore two assumptions were 

made: (1) that the average respiratory quotient for all data was 0.9; (2) that COg production 

was 0.045 liters CO- produced per liter exhaled gas. Oxygen consumption was then esti- 

mated by assuming that 0.05 liters of were produced per liter of gas exhaled. The 

metabolic rates thus calculated (M ) are listed in column 3 of Table VI. 
c 

Columns 4 and 5 of Table VI list respiratory heat loss and body heat storage respec¬ 

tively. The storage term is negative indicating that the body is in negative thermal 

balance. The magnitude of the storage term indicates the rate that the energy leaving the 

body exceeds the metabolic rate. 
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TABLE VI 

HEAT BALANCE ANALYSIS 

Run 
No. 

Metabolic 
Rate M 
Kcal/hr 

Adjusted 
Metabolic 
Rate Me 
Kcal/hr 

RHL (Qr) 
Kcal/hr 

S 
Storage 
Kcal/hr 

Qr/Mc 

% 
Qs 

Heat Transfer 
Coefficient 

Realer m\j 
W 

Kcal/hr 

1 
2 
3 

180 
262 
721 

328 
350 
457 

79 
86 

135 
-21 
-48 

24 
25 
30 

221 
306 

42.2* 
50.6* 

64 
64 
64 

4 
5 
6 

238 
265 
276 

324 
265 
454 

101 
93 

122 

-37 
-53 
-64 

31 
35 
27 

196 
161 
332 

25.3 
21.5 
49.0* 

64 
64 
64 

7 
8 
9 

547 
421 
597 

372 
316 
359 

160 
116 
157 

-65 
-60 
-53 

43 
37 
44 

213 
196 
191 

25.3 
31.7 
49.0* 

64 
64 
64 

10 
11 
12 

694 
158 
270 

337 
275 
390 

126 
105 
151 

-19 
-54 
-54 

37 
38 
39 

166 
160 
228 

26.5 
18.7 
46.4* 

64 
64 
64 

13 
14 
15 

374 
208 
223 

303 
295 
316 

122 
111 
127 

-31 
-61 
-29 

40 
38 
40 

148 
182 
154 

23.3 
22.4 

64 
64 
64 

16 
17 
18 

436 
558 
448 

400 
406 
423 

197 
195 
218 

-62 
-60 
-44 

49 
48 
51 

201 
207 
185 

35.1 
22.5 
29.1 

64 
64 
64 

19 
20 
21 

404 
548 
482 

330 
359 
401 

194 
193 
242 

-44 
-56 
-54 

59 

54 
60 

116 
158 
150 

53.6* 
26.0 
27.0 

64 
64 
64 

22 
23 
24 
25 
26 

301 
334 
510 
293 
376 

250 
438 
437 
275 
403 

139 
245 
254 
152 
218 

-11 
-75 
-68 
-36 
-68 

55 

56 
58 
55 
54 

204 
186 

95 
189 

9.2 

' 27.2 
25.0 
13.4 
24.4 

64 

64 
64 
64 
64 
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TABLE VI (Continued) 

( 

Run 
No. 

Metabolic 
Rate M 
Kcal At 

Adjusted 
Metabolic 
Rate Me 
Kcal/hr 

RHL (Qr) 
Kcal/hr 

S 
Storage 
Kcal/hr 

Qr/Mc 
% 

Qs 

Heat Transfer 
Coefficient 

HS 
Kcal/hr M2C 

W 
Kcal/hr 

27 
28 
29 
30 

367 
264 
469 
444 

490 
268 
408 
376 

290 
147 
219 
214 

-73 
-36 
-46 
-68 

59 
55 
54 
57 

208 
175 
172 
166 

29.9 
39.6 
21.6 
33.8 

64 
64 
64 
64 

31 
32 
33 
34 
35 

206 
372 
313 
397 
548 

205 
306 
293 
334 
435 

96 
159 
161 
179 
242 

-25 
-31 
-65 
-52 
-66 

47 

49 
55 
54 
56 

70 
123 
133 
143 
195 

16.3 
75.0* 
38.6 
19.4 

158.5* 

64 

64 
64 
64 
64 



The percentage of metabolic heat lost through respiratory heat loss Is shown In 

column 6. In all cases but two at 850 feet and deeper this value exceeds 50%, Including each 

case that was diver aborted. 

Theoretically, reducing the respiratory heat loss by an amount equal to or greater than 

the value of negative thermal storage would restore thermal balance. Unpublished results 

of prior dives In 35eF water at 650 ft. with the diver subject wearing the Identical hot water 

suit described herein showed divers in thermal balance over a four-hour period. The 

breathing apparatus worn by the diver was semi-closed circuit and featured a hot-water- 

heated C00 absorbent canister. These divers also used full face masks with inner oro-nasal 
ù 

masks. At that time the inhalation temperature (not measured) was estimated to be water 

temperature. Subsequent unpublished tests with this breathing apparatus and face mask 

indicate that actual inhalation temperatura was much higher, possibly 65°F. This, of 

course, has a considerable influence on the magnitude of respiratory heat loss, and evidently 

allowed thermal balance. 

The remaining factor in the heat balance expression is the heat lost through the skin. 

Heat lost through the skin of the diver-subjects depended on mean temperatures, and on 

characteristics of the diver, the water heated suit, and the ambient wet pot water. Figure 

34 shows a schematic cross section of diver's skin, suit, and wet pot water with a hypothe¬ 

tical mean temperature profile and mean heat flows. The complex shape of the human body 

and the unknown distribution of hot water within the suit make it difficult to directly calculate 

this heat loss. However, since the other components of the heat balance are measured, the 

energy loss through the skin can be calculated indirectly. The results of solving the 

equation, Q = M-S-W-Q , are shown in column 8 of Table VI. The amount of heat lost by 
s r 

the body at the skin surface must equal the heat flowing to the skin from the deep body 

tissues. This heat flow can be expressed as follows: 

Q = h A. (T - T ) 
s sor mws 

where 

h = mean heat transfer coefficient for the skin and body tissues, and 
s 

A^ = body surface area according to the method of Dubois (15): 

v [o.ios] [w0-425] [h°-725] , 
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Figure 34. Hypothetical Mean Temperature Profile Across 
A Diver's Skin And Water Heated Suit. 
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with weight (W) in pounds and height (H) in inches. 

The values for J 3A as computed for our subjects are as follows : 

Subject Body Surface Area (M'S Data Runs 

SZ 2.14 2, 5, 8, 11, 14, 17, 20, 23, 26, 29, 34 

KC 1.93 1, 4, 7, 10, 13, 16, 19, 22, 25, 28, 31, 33 

FA 1.84 3, 6, 9, 12, 15, 18, 21, 24 , 27 , 30, 32 , 35 

This equation can be rearranged, and the unknown term h calculated using 
s 

_S_M-S-E-W 
s A, (T -T ) = A. (T -T ) 

nb ' r raws7 b ' r raws' 

Results of this equation are given in Table VI for all runs except the first, for which a 

value of mean corrected heat flow out of the skin was not obtainable. 

Calculated values of heat transfer coefficient, h , show 24 of the 33 values are grouped 
2 8 

between h = 9.2 and 38.6 Kcal/hr m °C. The remaining values seemed higher than 
s 

possible. Nine of the calculated values of hs are much greater than the approximate range 

of skin heat transfer coefficients found in the literature. For example, an approximate 
2 

range of skin conductance is given as 9-30 Kcal/hr m °C by Webb (36). References (9) (24) 

indicate that heat transfer coefficients are greatest for high work rates, high skin tempera¬ 

tures, and thin subjects. These sources report variation in h between 2.2 and 33 Kcal/hr 

m^°C, for immersed subjects. The variation in skin heat transfer coefficient is mainly due 

to differences in fat skin fold thicknesses and the variation in vasoconstriction of the 

peripheral blood vessels. It is not surprising therefore that six of the rine high values of 

h were for runs by the thinnest diver, F.A. 
s 

The divers mean weighted skin temperatures were in the range normally considered to 

be comfortable (38) (39). This indicates that the peripheral vessels were not constricted, 

and that the heat transfer coefficient was high. 

The measured mean weighted skin temperatures and their correlation with reported 

comfort zones are contradictory to the divers subjective reports. The method of Teichner, 

which was selected for calculating mean weighted skin temperatures to allow direct 
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comparisons with earlier results (3), does not include extremity temperatures. Some 

sample calculations were made with the DuBois formula which includes extremity tempera¬ 

tures, and the results for mean weighted skin were about 0.8°C (l,4eF) lower. Also it is 

characteristic of this hot water suit that the extremities are maintained warmer than they 

are under conditions of thermal comfort in air. A 1°C lower skin temperature is not sig¬ 

nificant since all the measurements except one indicate that skin temperature is in the 

comfort range. Also the drop in skin temperatures is much less than would be expected 

from either the subjective responses or the fall in rectal temperature. Two of the exceptions 

are runs 23 and 27, which were aborted by the divers. 

One explanation for the discrepancy between reported comfort levels and that Indicated 

by the skin temperatures is that the extreme local discomfort of breathing the cold gas 

interferes with appreciation of warm skin areas. Another may be that sections of the 

diver's suits trapped and held water, causing cold skin temperatures in areas not under 

thermistor monitoring. This would cause the measured mean skin temperature to be 

greater than actual skin temperature, thus producing unreasonably high calculated values of 

h . Cold water within the suit could be due to wet pot water flushing in and out, or to low 

flow of heating water as a result of flow restrictions. 

To determine the effectiveness of the water heated diving suit, the heat flow, Q , 
s 

through the diver's skin for a typical run is compared to the theoretical heat flow, Q',, if the 

diver had been wearing a hypothetical suit with a uniform flow of heating water in it. The 

hypothetical suit is assumed to have rectangular shape with a length of L, a breadth of B, 

and a heating water gap of The heated water is assumed to have a uniform velocity and 

a constant temperature at each distance, x, of the total flow length, L. The typical run 
o 

chosen for the comparison is run 29. The value of h for this run is 21.6 KcalAr m °C, 
s 

which is about the mean value of the grouped values of h . The heat flow out through the 

skin, calculated from test data is 681 KcalAr as compared to the heat flow into the skin 

from the hypothetical suit, 43 KcalAr. The heat flow into the hypothetical suit is found from 

Ab (Tr-Tw) = -170 BtuAr (-43 KcalAr) 
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where 

D = thickness of inner suit 
2 

K = thermal conductivity of inner suit material, Btu/hr ft 'F 
m 

T = mean water temperature inside the suit 
w 

The heat transfer coefficient of the skin, h * 4.4 Btu/hr ft2#F, for run 29 is con- 
0 

siderably less than the heat transfer coefficient of the inner suit material, K^/D^ “ 

. 1/. 00833 = 12 Btu/hr ft2°F. This indicates that the inner suit material does not significantly 

contribute to the thermal insulation. 

The mean water temperature (T^) used to calculate the heat flow through the skin of the 

diver with the hypothetical suit is 101°F. This was calculated by assuming heat flow only 

across the outer suit material. Such a simplification results in little error because the heat 

flow across the outer suit material is much greater than the heat flow across the inner suit 

material. Heat flow across an Incremental length, dx, of the outer suit material would be 

in which «S ” Km <T-Twp> Bd*/b0 

T = wet pot water temperature, 
wp 

Heat flow from an incremental length of water in the suit would be 

dQ2 = Cpp V dT 

Equating the heat flows, 

R B dT 

Km<T-VBd,t/D0-Cl>pVdT ■^V 

Integrating across the water flow length, L, 

f 
K B 

_ffi_ 
D2 CpPV 

dx = •/' 
out dT 

T-T wp 
in 
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Since 

pV “ w, l.e., density multiplied by volume flow equals mass flow, 

K 
m 

DgCpw 
+ -In 

T -T 
out wp 

T -T 
in wp 

Using (area) A = BL (breadth - length) and rearranging 

equation of outlet water temperature: 

r = T + (T. -T ) e 
out wp In wp' 

in exponential form, results in the 

K A 
m_ 

D2 Cpw 

Evaluating Tout: 

T = 35+(110-35)6 
out 

.1 (23.0) 
.00833 (1.0) 1044 

= 92.5°F 

The temperature distribution is a function of water flow path length and surface area, 

resulting in a mean water temperature in the suit of 

o 

For the cas* of even distribution, Tw can be approximated by Tw = (T^ + Tout)/2 . For the 

example just described T “ 101#F. 
W 

The mean skin temperature for the diver wearing the hypothetical suit is about 100°F 

and the suit is heat to the diver's body. This was not the case during this study since 

the skin temperatures were always below core temperature, and the thermal gradient 

indicates heat flow from the body. This is corroborated by the correlation between values 

of h derived from the heat balance and those reported in the literature. The suits there- 
s 

fore did not heat the body, but by maintaining a warm skin temperature did decrease the 

magnitucte of heat flow from the body core. 
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Respiratory Effects 

It must not be thought that the subjects were able, uniformly, to swim and endure their 

exposures in 35#F water at 850 feet to completion. In three such Instances the diver elected 

to discontinue the run, and thus we present 137 sets of data rather than 140. Often it was 

necessary for the divers to Interrupt the swimming tasks because the accumulating fluids 

within the breathing valve and their mouths inhibited respiration gas flow. Of course, in 

the simulation scenario of a wet pot, in contradistinction to a real operation in the water, the 

diver is never more than a few feet away from a refuge. And the applied stresses of these 

experiments repeatedly forced them to utilize it, even in the runs which they swam to 

completion. 

Diver reports (also refer to Table V) filed subsequent to the aborted runs are of par¬ 

ticular interest in this context. Following are brief exerpts: 

(1) "By the end of work no. 2 it was constant moderate to severe shaking. During the 

rest period it remained same. Right after start of work number 11 started constant 

severe shaking with difficulty in holding work load. When I quit I was unable to 

even come close to holding work lead and was experiencing difficulty in taking 

breaths." 

(2) "At the time I aborted today's dive I was in bad shape. Due to neck and jaw hurting 

I was having a very hard time holding the mouthpiece. Experiencing severe shakes 

with ice cold back and chest. " 

(3) "Torso shivering on work number 3 and rest period, stopped as I started work 

rate 2. Began shivering while cleaning thermistor, waited for a couple of minutes 

while shivering, decided the situation was unhealthy at least and possibly dangerous, 

and bailed out. I really thought I was in jeopardy. " 

Miscellaneous Discussion 

The chamber atmosphere oxygen partial pressure was increased to 0.5 atm. abs. Just 

prior to the excursion dive to 1.000 feet. The length of die swimming-work periods and 



interspersed rests was reduced to IS and 5 minutes, respectively, so that all three subject 

immersion exposures could be completed within the allotted four hour span of the excursion. 

Subsequent decompression to 850 feet was gradual, over a period of 10 hours, and was un¬ 

eventful. There were, likewise, no incidents of decompression sickness during the final 

ascent from 850 feet to the surface. 



SECTION 5 

CONCLUSIONS 

Computed magnitudes of respiratory heat loss, observations of progressively decreasing 
core (rectal) temperatures, and subjective responses (diver reports and observations of their 
behavior) have been used in formulating the following conclusions which relate to operational 
diving: 

(1) Dives to 850 feet for exposure durations in excess of 90 minutes in water of 458F 
(or colder), I.e., with 215 idlogram-calories/hour (250 watts) respiratory heat loss are, 
in this context, hazardous without supplemental heating of the inhaled gas; 
(2) Dives to 650 feet, or deeper, for exposure durations in excess of 90 minutes in water 
of 35°F, i.e., with 150 kilogram-caloriesAour (about 175 watts) respiratory heat loss 
are, in this context, liable to be disccmforting to the point of distraction and task per¬ 
formance degradation. 
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APPENDIX 1 

COMPUTER SYSTEM 

This section describes the computer system used to calculate respiratory heat loss, 
mean weighted skin temperature, oxygen uptake, exhalation resistance, and several other 
parameters. A system with a punched IBM card input capability was chosen to facilitate 
the loading of data from several sets of manually constructed tables each having 137 
entries, and from 35 machine printed paper tapes with 70 entries. 

Although OR&EC does not have an in-house computer, access to several large 
computers via telephone link is available through two communications terminals as shown 
in Figure 1 to this appendix. 

Some of the chief characteristics of the components of these terminals are listed 
below: 

EQUIPMENT 

Card Reader 

Card Punch 

Line Printer 

Computer 

Digital 
Plotter 

MFR, CHARACTERISTICS 

UNIVAC Mod 
No. 711-00 

80 cols 
400 cards/min 

UNIVAC Mod 
No. 603-04 

UNIVAC Mod 
No. 3030/ 
F0868-01 

80 cols 
75-200 cards/min 

120 Print Positions 
100-250 line/min 

UNIVAC 1108 36 bit words 
0.750 msec memory access 

ZETA 230 10 mil Resolution 

Teletype ASR-33 72 Print Positions 
8-100 line/min 

The high speed terminal possesses a large volume of input/output capability. Data and 
computer programs to perform mathematical analysis on the data are entered via punched 
IBM cards, interpreted by the card reader and sent via the telephone link to the computer. 
The results of the computation are returned via the link to the high speed printer. 
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The low speed terminal presents an alternate access to the computer. Here the data 
and programs are entered directly to the computer through the teletype keyboard or by 
way of the paper tape reader. The punched paper tape is analogous to the punched cards 
and can be prepared via the teletype keyboard. Computational results are returned to the 
teletype printer or to the X-Y plotter or both. 

There are advantages and disadvantages associated with both types of terminals. The 
high speed terminal possesses fast printout capability, rapid data via cards, but access 
to the computer is far more limited due to loading schedules. 

The low speed terminal though slower in its input/output capability has almost 
unlimited immediate access to the computer because of its keyboard entry, particularly 
important during the checkout phase of computer programs. An additional bonus is its 
plotting capability. 

Approximately fifteen computer programs were written to read data into the computer, 
combine data into useful files, scale the data, make calculations and print out and plot 
results. Of these programs only the program for calculation of respiratory heat loss 
(RHX1) Is included and explained. 

Program RHX 1 

100 Calls files to be used 

110 Sets up QRHX (file No. 4) for entry 

120-140 Sets limits for entry from files 1-3 

150 States heading for printed output 

160-330 Reads files 1-3 and adds decimal points 

340 R8 = gas constant for nitrogen 

350 MS = molecular weight of nitrogen 

360 M4 = molecular weight of oxygen 

370 M5 = molecular weight of carbon dioxide 

380 M6 = molecular weight of helium 

390 R4 = gas constant for oxygen 

400 R5 = gas constant for carbon dioxide 

410 R6 = gas constant for helium 

420 M7 = molecular weight of water vapor 

430 K3 = specific heat of helium 

Al-3 



Program RHX 1 (Continued) 

440 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570-590 

600 

610 

620 

630 

640-670 

680-710 

720 

730 

740-900 

K4 = specific heat of nitrogen 

Begins for/next loop. 

V0 = gasometer volume flow, ALPM 

P0 = correction for barometric pressure 

T2 = gasometer mean temperature, eC 

P5 = diver depth, ft. 

T3 = inhalation temperature, °C 

T5 = maximum exhalation temperature, °C 

T1 = average exhalation temperature, °C 

= volume % mixed exhaled CO^ - Scholander analysis 

¢3 = volume % mixed exhaled 0¿ - Scholander analysis 

f(5 = volume % mixed exhaled COg- Beckman IR 315 

¿6 = volume % mixed exhaled O - Beckman E-2 
ù 

Convert temperatures from Celsius to Rankine 

¢4 = volume fraction nitrogen 

converts depth (feet) to pressure (psia) 

42 = volume fraction helium, found by subtraction 

VI = exhaled minute volume - corrected for temperature difference 
between mouthpiece thermister and gasometer temperature, 
also converted to ft Vmin 

Z1-Z7 multiply the volume fractions, molecular weights and gas 
constants for 0^, CO^, He, and Ng 

Z4-Z8 divide the Z1-Z7 values by the respective gas constants 

M2 = molecular weight of exhaled gas 

R9 = gas constant of exhaled gas 

This sub-program calculates the partial pressure of water vapor 
for the inhaled and exhaled temperatures. The computer cannot 
solve the equation directly therefore an iterative procedure is used. 
Starting with a low value of vapor pressure the equation is arranged 
to result in a negative number. The trial vapor pressure is then 
increased in steps of . 0001 until the result of the equation is a 
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positive number. Values of vapor pressure calculated in this manner 
are accurate to the fourth decimal place. Line 880 converts the answer 
from international atmospheres to psia. 

910-930 PI * saturation vapor pressure for corresponding temperatures 

940 sets T equal to the expiration temperature for the following 
equations 

950 K1 ■ specific heat of oxygen 

960 K2 » specific heat of carbon dioxide 

970 R » density of the exhaled gas 

980-1010 Y1 to Y4 multiply the volume fractions, molecular weights 
and specific heats for O2, C02, He, and N2. 

1020 Cl = specific heat of the exhaled gas 

1030 C2 a specific heat of water vapor 

1040 A1 « sensible dry gas heat loss 

1050 XI a mass of inhaled gas 

1060 A2 a sensible water vapor heat loss 

1070 A3 a insensible water vapor heat loss 

1080 Q a total respiratory heat loss, BtuAr. 

1090 W ■ total respiratory heat loss, Watts 

1100 D a inhalation-exhalation temperature difference 

1110 V5 = respiratory minute volume, converts VI (ft3/hr) to ALPM (BTPS^ 

1112 Q2 » total respiratory heat loss, Kcal/hr. 

1120 Outputs Q, W, D, V5 into file No. 4 QRHX 

1130 Tells computer to print out J, Q, W, D, V5 

1140 Tells computer to make next calculation 



lUO 
I \J 
114 
120 
1 JO 
140 
I JO 
I b 1 
1 60 
17 J 
1 riO 
170 
‘ííiJU 
210 
ti.-ÎO 
2JU 
24«) 
2bU 
¿60 
¿70 
2ö0 
¿7«J 
300 
310 
320 
JJO 
340 
3 SU 
J 60 
370 
3öO 
370 
400 
410 
420 
430 
440 
450 
460 
47 ' 
4<>U 
470 
SOO 
SlO 
S¿0 
S3Õ 
S40 
SSO 

K 

FÍLF:s L2rtKrG#TI >lTFX#XC32a2#ÜRHXB 
5CkA rCH#4 
V7»VO*310. 16/(,^(3 )+270.16) 
OÍM F(lt>0)«H(l50>*i(150)#K(150) 
Dirt L(lbO).MClSÜ). «Kl SO) 
OIM 3( 1 50)«PC 1 SO) » U(1 SO)« V(1 SO) 
PKMr USX MG 1S1 

: J W ó 02 V7 
► Ok J * 1T 3 140 
UPUT 1M«F(J)«H(J),I<J),K(J) 
F(J)=F(J)/1000 
H(J)*H(3)/10000 
1(3)=1(3)/100 
IF KMO 71 (,3 fO 220 
IMPUr 72«L(3)«M(3>*M(3) 
L(3)=L(3)/10 
tv: ( 3 ) = M ( 3 ) /1 0 
M(J) = \|(3)/10 
IF E>10 72 G3 f3 270 
1-JPUT 73* 3(3) «H(3)*U(3)#V(3) 
IF E'JO 73 G3 f3 270 
0(3)=3(3)/10000 
P(J)=P(3)/10000 
0(3)=0(3)/10000 
V(3)=V(3)/10000 
«JEXT 3 

k»= ss.15 NOT REPRODUCIBLE 
^0=2)3.01 6 
*14=32 
6)5=44.01 
i*/6= 4.003 
K4=4tí.2tí 
«5=35.1 
R6=3«6 
¡M/altt.Üló 
K3=l.24 

Cl H*C1 

<4=.24 7 
F3K 3=1 T3 140 
VO =F(3 ) 
PU=h(3) 
f2=i(3) 
r* 5=K (3 ) 
f3=L(3) 
r5=,v)(3) 
T!=M(3) 
31=3(3) 
33=1^(3 ) 
3S=U(3) 

RHXI Computer Program For Calculation Of Respiratory Heat Loss 
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D 
D 
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lJ 
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béü 36=V(J) 
b7ü Tl = n*l .8 + 491.67 
b80 r2sf2*l.8+491.67 
b9l) r3»T3*l .8+491.67 
6ÜÜ 34*35/(P5+33) 
610 Pb*(Pb+C33*H0>>*l4.696/33 
620 32« 1 -36-34-05/ (pb/ 1 4.696) ) 
630 VlsVO+f1*60/(28.32*f2> 
640 ¿1«36*M4*K4 
680 ¿2=Jb*Mb*rtb 
66u 43«32*M6*H6 
670 ¿7«J4*rt8*R8 
680 ¿A-¿1/K4 
690 ¿b«¿2/K5 
700 ¿ 6«¿3/K6 
VIO ¿bs¿7/K8 
/20 M2*(44+¿8+¿6+48) 
/30 U9«<¿1+¿2+¿3+¿7>/,v|2 
740 3(1)*f1 
VbO b(2)»T2 
/60 8(3)=(3 
7/0 F3h 4=1 JJ J 
/80 :=8(/.) 

not reproducible 

/90 f= ( I'-49 1.67) + 8/9+273. 1 6 
bOO A=(647.27-() 
810 G=.006 TO .06» SffcP .0001 
»20 A=(L3G(G)-L)G(21rf.l67)>/2.3025881 
»30 H=X+ (3.24378 14+.008861 >26*A♦ 1 . 1 702379fc>b + (X» 3) > 
«40 C=( 1+X*2. 187846211-3) 
»80 t:=A+(B/c>/r 
860 IF £>0 THEi^ tíbü 
8/0 VEXT G 
880 G=G*14* 69 6 
890 H(4) = G 
900 ^Exr ¿ 
910 Pl=P(l) 
920 P2«PC2> 
930 P3»P(3) 
940 1«T1 

980 .-(1 = (11.81 8-1 72 80í<(T) + l 530/f)/32 
960 K2=(l6.2-6530/1+1410000/(f»2))/44.01 
970 K=(P5-P2)*144/(k9*T1) 
9ÖU 11=¿4*K1 
990 /2=45*82 
1000 Y3=46*X3 
1010 r4=48*X4 
1020 01 = (/1+/2 + /3+/4)/,12 
1030 C2=(19.86-597/S0K(T)+7500/1)/18.016 
1040 AlaVl+K*Cl*(n-T3) 
1050 Xl = Vl*K*il7+P3/(,12*(P5-P3> ) 

RHXI Computer Program For Calculation Of Respiratory Heat Loss (Continued) 
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IJ60 A2-X1*CÜ*<T1-T3> 
1070 AJ=(104b+Vl♦K+M?*(H1-^3))/<M2+(P5”P1)) 
IJHÜ J=AH-A2+A3 
lu^O lv=a*.292tt33 
iioo o*(n-r3) 
11io vs=vu+ti/ra 
1112 02*0*.2b3 
1114 V7 = V0*310. 16/(^(0)+270.16) 
1120 OUiHUr *4 UoXMt 1132#A3#l«.>0#02#\/7ii^>Cl#h*Cl 
1130 Akî aIF USI.^G 1 132*J#W*a»02# V7#H#Cl*rt*Cl 
1132:^7/).# MM,# M».* ***** ***** ***** ***** 
1140 Nipxr o 
11 bO Kvlü 
¡nF.AOÏ 

RHXI Computer Program For Calculation Of Respiratory Heat I oss (Continued) 
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APPENDIX 2 

CONSIDERATIONS FOR DESIGN OF AN 
INHALATION/EXHALATION THERMOMETER FOR DIVERS 

Requirements for measuring minimum and maximum inhaled and exhaled gas tempera¬ 

tures of a diver were given as follows: accuracy of 0.5°F in 0.5 seconds for a range of 

32-1008F; measurements to be made with air at approximately one atmosphere absolute, and 

96% helium at approximately twenty-six atmospheres absolute; anticipated size of each step 

was 50-60°F; the diver to be in cold water, inhaling cold gas and exhaling it at an elevated 

temperature through a mouthpiece. 

Measurement of temperature to the above accuracy is not of itself a problem; however, 

introduction of the time requirement for the desired acc uracy introduces problems of trans¬ 

ducer selection (most transducers, thermistors, resistance thermometers, thermocouples, 

etc., have time constants larger than desired) and considerations of reduced excitation level 

to avoid self heating of transducers. The transducer then must be mounted in and thermally 

isolated from the mouthpiece, which is in approximate thermal equilibrium with the sur¬ 

rounding water. Additionally, the gas being measured is very moist and the walls of the gas 

conductor are wet with saliva and mucous. At times, airborne saliva or mucus may im¬ 

pinge on the transducer or its mounting. 

Transducer selection was rapidly narrowed to thermistors due to the requirements for 

speed, relatively large signal, and independence from special leads or lead resistance 

problems. 

The time constant required was determined to be 0.094 seconds for 0.5% in 0.5 seconds; 

however, this did not leave any tolerance for other uncontrollable errors. A time constant of 

0.075 seconds would leave an error of 0.125% at the end of 0.5 seconds, and a thermistor 

(VECO "Thinistor", free standing) was available with this time constant for still air. An 

analysis by Dr. W.A. Stewart of Westinghouse Research Laboratories indicated an improve¬ 

ment by a factor of ten in helium at 26 atmospheres absolute and a flow velocity of 100 

ft/min. A derivation from that analysis indicates a factor of two improvement for air at 1 

atmosphere absolute and 100 ft/min. Information in the Conax Corporation's catalog 
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no. 3000 supports the factor of two improvement. (In actual application, the "Thinistors" 

thus selected were not obtainable. A thermistor with a time constant in still air of 0.12 

seconds (0.06 seconds in air at 1 atmosphere absolute and 100 ft/min and 0.01 seconds at 

depth) was obtained and was utilized in the design. ) 

The consideration of moisture, saliva and mucous on and about the thermistor was given 

some quantitative limitations when laboratory tests with pieces of fine wire immersed in a 

mixture of saliva and water displayed resistance of 6-10 megohms between wires configured 

to simulate the thermistor mounting. This resistance, which is high, is a function of the 

impressed voltage (30-50 millivolts) on the thermistor. A decision was made not to attempt 

to insulate the fine wire suspending and connecting the thermistor because: (1) the wires 

were too fine (0.75 mil diameter) to apply a conformal coating; (2) any insulation would have 

a heat capacity and a thermal conductivity which could affect the temperature of the thermis¬ 

tor bead; (3) the effect of short circuits of saliva would amount to errors of a small and 

predictable nature. The effect of a 9 megohm shunt on a thermistor with resistance of 1000 

ohms at 25°C and a beta1 of 2800°K is an error of 0.007°C at 0°C and 0.003°C at 40°C. A 

thermistor with a lower resistance at 25°C would be less affected; however, one thousand 

ohms was the lowest value available for the thermistor type with the necessary short time 

constant. (See Attachment 1) 

Thermal isolation of the thermistor was accomplished by mounting the unit by its lead 

wires (0.75 mil dia.) according to the manufacturer's recommendations in a transistor type 

header. The mounted thermistor was protected from physical damage by a guard made of a 

pair of crossed loops of No. 24 wire approximately sixteen diameters from the thermistor 

bead. (Figure 1) 

Design considerations for the signal conditioning bridge included optimizing the linearity 

of the bridge, minimizing self-heating errors, accounting for lead resistance from the 

thermistor to the bridge, consideration of the thermistor's aging or drift characteristics, 

drift of the resistors used in the bridge and changes in battery voltage during the ex¬ 

periment. 

1Beta is a material constant of the thermistor used to relate resistance to 
temperature. 
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Figure 1. (To Appendix 2)

Figure 2. (To Appendix 2) 
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Optimization of linearity was accomplished using linearization criteria supplied by the 

manufacturer (Victory Engineering Corp. ) and solved using computer data processing to 

enhance accuracy. Since the errors due to non-linearity could be predicted, corrections to 

final data could be made (Attachment 2). 

Minimizing self-heating errors required knowing the dissipation constant of the thermis¬ 

tor (0.045 mw/°C for the bead used) and keeping the voltage across the thermistor (Ert' 

sufficiently low. Attachment 3 describes the equations used and resultant errors. 

Lead resistance from the bridge to the thermistor as mounted in the breathing apparatus 

in the chamber amounted to approximately four ohms in series with the thermistor, a factor 

which could be designed for. Components included resistance of the copper conductors into 

the chamber, the connectors inside the chamber and resistance of the copper leads inside 

the chamber. The temperature coefficient of copper is approximately 0.04%/°C, resulting 

in a net change of 12% or 0.48 ohms over the 30oC temperature range. The effect of this 

variance is less than 0.03°C in the worst case. 

Thermistors which are used at temperatures below 150°C have shown aging character¬ 

istics of better than 0.2% per year (typically 0.1% or less for ambient temperatures less 

than 50°C) which characteristic is nearly constant and unidirectional. Extrapolation for the 

month period of the experiment yields an expected variation of 0.02% or 0.007°C (coeff of 

Res * 3.1%/°C), a negligible amount. 

Resistors and potentiometers used in the bridge drifted between 0.2 and 0.3% over a 

month's period when not subjected to severe physical shock, thermal shock or moisture. 

The conditions of measurement of drift were similar to the conditions of the experiment ex¬ 

cept that some vibrations of the bridge box was deliberately done during drift measurements. 

A better choice of components for the bridge would have been exclusive ust of stabilized 

metal film resistors padded to oij‘,ain desired values, eliminating the adjustment pots. The 

elements of the adjustment pots were very stable, however they were subject to mechanical 

dislocation of the wiper. 

A stabilized mercury cell (Mallory RM 12-R) was used as a power source. Measure¬ 

ments under load at the beginning, and after the experiment indicated a variation in voltage 

of less than 0.1% (1.355-1.354). The life expectancy of the cell exceeded six months, con¬ 

tinuously powering the bridge. 
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A predicted error curve was generated from combined calculated values for non¬ 

linearity and self-heating errors. This error curve was based on preliminary data, being 

produced rapidly to facilitate early correction of data. Later calculations of effects of 

saliva shunting, lead resistance and approximations of the time response error allowed 

production of a curve of expected net error in corrected reduced data. The net expected 

error in reduced data for both static and dynamic conditions at depth is shown in the follow¬ 

ing table. (If the error is minus the data is below true value and conversely) (See Fig. 2. ): 

°c 0 4 8 12 16 20 24 28 32 36 40 

Static 
Error °C 

-.068 -.013 +.014 +. 062 +.084 -.037 -.144 -.184 -.175 -.193 -.157 

Dynamic 
Error 8C 

-.058 

«
 

o
 

o
 •
 

1 X X X -.117 -.244 -.284 -.275 X X 

The components making up the net error are believed to represent a realistic approxi¬ 

mation of worst case. The dynamic net error figures are for maxima only at the higher 

temperatures and minima at the lower temperatures and are based upon oscillations between 

the two ranges of temperature. (See Attachment 4) 

A2-5 



Attachment 1 (to Appendix 2) 

EFFECT OF SALIVA SHUNTING THERMISTOR THB1 

see Fig. Book 142704, p. 23 for SHUNT DATA 
see Fig. Book 142704, p. 14 for RT VALUES 

V100) / -c \ 
C ( C) ^ SHUNT RES l % ARt ) 

SHUNT RES = 9.1 MEGOHMS 

T (°C) Rip ARt (To Higher Temp.) %AR/°C « (°C) 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 

2425 
2249.36 
2088.71 
1941.59 
1806.71 
1682.91 
1569.16 
1464.52 
1368.16 
1279.34 
1197.39 
1121.68 
1051.69 

986.92 
926.92 
871.28 
819.66 
771.70 
727.12 
685.63 
647.00 

89.79 

75.17 

63.22 

53.41 

45.30 

38.60 

33.01 

28.34 

24.42 

21.12 
19.66 
18.3 

3.7 

3.6 

3.5 

3.4 

3.3 

3.22 

3.14 

3.06 

2.98 

2.90 

2.83 

+0.007 

+ .006 

+ .006 

+ .005 

+ .005 

+ .004 

+ .004 

+ .003 

+ .003 

+ .003 

+ .003 
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Attachment 1 (Continued) (to Appendix 2) 

MV.D.C. APPLIED VOLTAGE 

10 MEG _ 9 , MEG 

9 MEG |- 

3 MEG 

2 MEG K- 

I MEG I- 

500K 

300K 

200K 

IOOK 

10 MV 

RESISTANCE BETWEEN 2 WIRES IN SALIVA VS APPLIED VOLTAGE 

MEASURED WITH 
TRIPLETT MOOBOI 
ON LP OHMS 39 MV. MAX 

A 
9 

V 
RANGE OF VOLTAGE 

I - I 
ACROSS THERMISTOR 

THBI 

\ 
V 

MEASURMENT OF CURRENT 
AT APPLIED VOLTAGE CONVERTED 
TO RESISTANCE VS VOLTAGE 

J_L 

ItUf- 
J_I_I 

20 30 SO MV 100 MV 200 300 900 1000 1900 2000 

APPLIED VOLTAGE (MV. DC.) 
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Attachment 2 (to Appendix 2) 

Thermistor is Rj. 
Output (e0) measured at B with respect to A 

Expression for Output 

E'RL [(R3R4+R3RT)/(R3R4+(R3+R4,RT)] -E RL 

% RL+(RP3RT/<HP3 +RT»» +<RlY<Rl 

R = 3 A- 
P3 R„ + R, 

Expression for Optimum Linearity 

R1R2 »S R4/<R3 +R4^ +RL <R3 R4/(R3 ^ (R1 +R2» 

RS = (Rj +R2) «R3R4/R3+R4)+RL + R1R! 

RS = 

R at 25°C 
T_ , S being determined from the 

equal slope criterion below. 

T2 I 
[r (Tr 

] 1/2 *Ti 1 [r (T2>] 

■ 1/2 

TjriTj) 
[r <T2'] l/2-V<T2> I [r<Tl»] 

1 1/2 

where 

T and T are end points of the range in degrees Kelvin; r (^) and r (Tg) are the 
1 2 

corresponding ratios of resistance at Tj or T2 to the resistance at 25°C. 

CIRCUIT OF THE THERMISTOR THERMOMETER AND 
EXPRESSIONS FOR OUTPUT AND LINEARITY OPTIMIZATION 
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Attachment 3 (To Appendix 2) 

SELF HEATING ERROR THB1 (VECO E31A401C) 

E_= VDC across thermistor, 
RT 

P = 
(Ert) 

from fig book 139410 pp. 39-41. 

1 ATA AIR € (CC) = 
PWR 

4.5- 10~5 watt/°C 

26 ATA HE < (°C) 
PWR 

1.35* lO^watt/^ 

T (°C) 
ert (mv) 

P X 10 ^ watt < (°C) 1 ATA AIR C (°C) 26 ATA HE 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 

57.2 ■ 
56.2 
55.1 
54.1 
52.9 
51.7 
50.5 
49.3 
48.1 
46.9 
45.7 
44.4 
43.1 
41.9 
40.1 
39.5 
38.4 
37.3 
36.2 
35.0 
33.9 

1.35 
1.40 
1.44 
1.48 
1.53 
1.57 
1.61 
1.65 
1.67 
1.71 
1.73 
1.76 
1.78 
1.79 
1.81 
1.80 
1.81 
1.82 
1.80 
1.79 
1.77 

0.03 
0.0312 
0.032 
0.033 
0.034 
0.035 
0.036 
0.037 
0.037 
0.038 
0.0385 
0.039 
0.040 
0.040 
0.040 
0.040 
0.040 
0.0405 
0.040 
0.040 
0.039 

0.01 
0.0104 
0.0107 
0.011 
0.0113 
0.0116 
0.0119 
0.0122 
0.0124 
0.0126 
0.0128 
0.0130 
0.0132 
0.0132 
0.0134 
0.0133 
0.0134 
0.0135 
0.0133 
0.0132 
0.0131 
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Attachment 4 (To Appendix 2) 

THERMISTOR (THB1) TIME RESPONSE (LAG) ERROR ANALYSIS 
FOR SUBJECT BREATHING AT WORK RATE NO. 3 

To estimate the time response (lag) error of temperature measurement due to the 

thermistor an analysis of a chart recording (Run No. 26, 15 May, 850 feet during 

Work No. 3, Chart Pos 36 ft, 7 in. left). Fig. 1 was used in conjunction with a mathema' 

tical analysis of thermistor error due to a step change in temperature (Fig 3). 

During the subject recording, the chart speed was increased from 1.5 inches per 

minute (one and one half) to 12 inches per minute (twelve) for several breathing cycles. 

The narrower peaks occurred at peak exhalation and had a duration in time of 0.3 to 0.5 

seconds within 0.3°C of the recorded peak of 26.3°C and a duration of 0.15 to 0.34 seconds 

within 0.1°C of the peak. These measurements can be analyzed by making the assumption 

that the temperature Y degrees from the peak was the final temperature of a step change 

which remained t seconds, the width of the peak, at the final temperature (T) (see Fig. 2). 

Actually the temperature continued to rise after the assumed final temperature, T, to a 

final value T„ which is Y degrees greater than T. 
F 

The duration of the peak, t, can be converted to percent error of the size of the step by 

the following approximation: 

2 _t'T AT 
% error a (10 ) (e + ■=-=T"- ) 

F O 

Valid where -t/r 
e < most accurate when equal 

Where 

t is the assumed duration of the step previously described 

r is the time constant for the thermistor under the conditions of concern. 

AT is the range of temperature during period t. 

T - T is considered to be 24°C (27°C - 4°C). 
F O 

e is the Napierian base 2. 718 
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Figure 1. (To Attachment 4) 
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EXAMPLE OF 
RESPONSE TO A STEPCD 

U26.3°C 

I.*. 4.4°C 

Figure 2. (To Attachment 4) 



At 850 ft. in heliox, the % error for the worst conditions of t s 0.15 sec. at 

AT = 0.1*C and t = o.Ol yields 0.416% and for t = 0.34 sec. under the same conditions 
_t/ -7 

0.416%, since e ' is less than 3.06 * 10 . Converting this to error in degrees Celsius 

yields 0.1°C for either value of t. Minute examination of the chart recording shows a 

probable duration of 0.1 sec within 0.05*0 of the peak; although, the accuracy of measure¬ 

ment is questionable since 0.1 sec equals 0.01678 inch on the example used and the width of 

the pen trace was nearly equal to 0.1*C. Using t = 0.1 sec, AT = 0.05*C and r = o. 01 yields 

0.213% of the step or 0.051°C error. During the measurements at depth, the short time 

constant ( r s 0.01) placed the time threshold of an error of 0.5% at 0.053 seconds of 

assumed steady state. At depth the worst error was approximately 0.1°C (lag). 

During baseline studies at the surface (1 Ata, Air) errors were larger due to a larger 

time constant resulting from difference in gas constants. The calculations can be per¬ 

formed using the measurements made from the depth recording, and the time constant for 

air at 100 ft/min and 1 Ata, r =0.06 sec. At AT = 0.1°C and t = 0.15 sec and t = 0.34 sec. 

the errors are 8.624% and 0.756% respectively. The first value, 8.624% violates the con¬ 

dition for validity where the time constant error is approximately twenty times larger than 

the error resulting from the AT portion of the step. Another value of AT must be selected 

for comparison. At AT = 0.3°C and t = 0.3 sec. and t = 0.5 sec. the errors are 1.924% and 

1.274% respectively. In the woi’st where t = 0.3 sec. the time constant portion of the error 

is 0.54 times the AT portion of the error, or more nearly valid. Translated tc degrees 

Celsius, the error due to the time constant at the worst case in air at 1 Ata and 100 ft/min 

is 0.46°C (lag). 

While worst time response errors have been analyzed, the range of errors at depth was 

from the maximum to 0.01°C minimum, and at the surface from the maximum to 0.02°C 

minimum. 

In summary the approximate range of lag errors for measurements at depth ranged from 

0.1°C to 0.01°C and at the surface from 0.46°C to 0.02°C. 
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(Figure 3 to Attachment 4) 

rHERMISTOR TEMPERATURE ERROR (LAG) DUE TO STEP CHANGE 

IN TEMPERATURE 

t = time after step, = time constant of thermistor. 

-t/_ 
% Error = e (102) 

t/ T % Error 

1 
1.5 
2 
2.5 
3.0 
4.0 
5.0 
5.3 
6.0 
7.0 
8.0 
9.0 

10.0 
20.0 

36.78 
22.31 
13.5 
8.2 
5.0 
1.83 
0.67 
0.50 
0.25 
0.09 
0.033 
0.012 
0.0045 
2.0.10"9 

THERMISTOR TEMPERATURE ERROR (LAG) DUE TO STEP CHANGE IN TEMPERATURE 
For THB1 (VECO E31A401C) t = time after step (sec), % Error is % of step 

Helium at 100 ft/min and 
Still Air at 1ATA Air at 100 ft/min and 1ATA 26ATA 

r= 0.12 sec '=0.06 sec r=o.01sec 

t (sec) % Error 

1.0 
0.5 
0.1 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0.005 

Zero 
<2 • 10"9 

0.0045 
0.033 
0.09 
0.25 
0.67 
1.83 
5.0 

13.5 
36.78 
60.65 

t (sec) % Error % Error 

2.0 
1.5 
1.0 
0.8 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.07 
0.05 

<0.0045 
<0.0045 

0.024 
0.125 
0.67 
1.56 
3.58 
8.2 

19.0 
43.5 
56.0 
66.0 

(Essentially) 
\ Zero / 
< 2 • 10'9 
<0.0045 

0.0045 
0.024 
0.125 
0.67 
3.58 

19.0 
31.2 
43.5 
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APPENDIX 3 

GAS FLOW SYSTEM RECOMMENDED FOR THE RESPIRATORY HEAT LOSS STUDY 

Introduction 

A gas flow system for a respiratory heat loss study Is desired that results in less than 

5 cm. H20 variation in pressure at a diver'B mouth and requires minimum development time 

and cost. 

Maximum variations in pressure at a diver's mouth are assumed to occur in the gas flow 

system at a worst condition of 150 LPM peak volumetric flow, He-Og gas mix with .90 atm 

P0,460 psia ambient pressure, (1000 ft. SW), and gas temperatures between 32°F and 
2 

100°F. An intermediate gas temperature of 68°F s used to simplify most of the analysis. 

To minimize development time and cost, as many proven components are used as prac¬ 

tical and those that must be developed have a high probability of success for the first model. 

Gas Flow System 

Figure 1 shows the recommended gas flow system. Chamber gas is pumped into the 

system by a positive displacement pump with a pressure relief valve and filters. Gas is 

cooled in heat exchanger tubing upstream and downstream of the pump. Gas from the down¬ 

stream heat exchanger tube enters the breathing gas loop. The volume of gas that travels 

through the mouth piece inhalation check valve is equal to the volume of gas that is inhaled. 

Exhaled gas travels through the mouth piece exhalation check valve, through the pneumotach 

and to the top of the breathing gas loop. When desired, manually operated valving switches 

the flow to an upper loop containing a gas volume meter or a gas collector. Normally the 

gas is not directed through the upper loop. From the top of the breathing loop the gas flows 

to the exhaust check valve which is located at a level near the level of the divers' lung 

centroid. 

Gas Pump 

The recommended gas pump is a Gast Air Compresfjor 0740 PI06A. It is a vane type, 

oil-less pump which may be obtained with or without a base plate, motor coupling, motor 

and other accessories. The volumetric flow is 5.9 CFM (167 LPM) at the recommended 
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FLOW FROM VOL. METER 
OR GAS COLLECTOR 

FLOW TO VOL. METER 
OR GAS COLLECTOR 

I 

& 

0 

c 
0 

0 

0 

0 

0 

0 

QUICK DISCONNECTS 

TO UPPER LOOP 
VALVING- 

BREATHING GAS LOOP 

FILTER 

PNEUMOTACH 

MOUTH PIECE 

CHECK VALVES 

PRESSURE RELIEF VALVE 

, DRY GAS INLET 

PREFILTER 

/ 

Lir 

GAS PUMP 
'1 
I I 

HEAT EXCHANGER TUBES 

I 

EXHAUST CHECK VALVE 

Figure 1. Gas Flow System 
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pump speed of 1725 RPM, for no gas pressure drop across It. In the recommended gas flow 

system the pump volumetric flow will be greater than 150 LPM and less than 167 LPM, 

Pumping power of the pump for the worst condition is about 50 watts. Including pumping 

losses and chance of pressure overload, a one-third HP motor driving the pump would be 

sufficient. The drive motor may be a fluid motor using a water based hydraulic fluid. It is 

recommended that two of the pumps be purchased. One may be used as a spare or used in 

parallel with the other pump if later it is found that larger flows than 150 LPM are required 

for shallow depth tests. It is also recommended that one of the pumps be dismantled after it 

is received to be sure the porting around the motor is large enough to result in negligible 

gas compression. 

If the pump is to be shut down for more than a few hours, the filter and prefilter should 

be emptied of water, and dry gas from the BIB system should be introduced at the dry gas 

inlet to purge the pump of moisture. This should be done just as the pump is being turned 

off. 

Filters 

A Wilkerson Microalescer filter model 1206-4 is recommended along with a replacement 

mantle, model 85-141. Mounted downstream of the pump, the filter will effectively remove 

all of the contamination particles in the breathing gas, including carbon and iron particles 

generated by pump wear. A Wilkerson Prefilter, model 1137-4 is also recommended. 

Mounted upstream of the pump, it will protect the pump by filtering out slugs of water that 

otherwise could enter the pump. Slugs of water will occur from condensation buildup in the 

upstream heat exchanger tube. 

Heat Exchanger Tubing 

Heat exchanger tubing upstream and downstream of the pump reduces the breathing gas 

temperature to about 1°F above water temperature. Each tube is 3/4 inch OD, , 049 inch 

wall, 16 feet long and has as much of its' length submerged in the wet pot water as practical. 

The inlet end of the upstream tube has several holes drilled radially into it to lessen the 

probability of gas stoppage caused by an object accidentally plugging the inlet. 
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Breathing Gas Loop 

The Inside diameter of the tubing in the breathing control loop should be about 1.5 inches. 

For worst case conditions the overall pressure drop caused by the tubing and its' fittings will 

be about .5 cm. HgO. To determine the pressure drop in the valves, first the effective area 

of the valve should be estimated or found by testing. The worst case pressure drop can then 

be found from Figure 2. 

Gas Properties for the Worst Case 

For the assumed worst case, 

V = (150 LPM) (go = 152*5 in3/s’ vo1 flow 

T = 68*F + 460 = 528°R, gas temp. 

P = 460 psia, ambient pressure (1000 ft SW depth) 

P =.9 (14.7) = 13.2 psia, partial pressure 02 

°2 
From Arawak IV System Calculations, 

%C>2 = 2.87, percent oxygen in He-02 mix 

Rg = 1.490 X 106 -p-, gas constant 

p_P_ = 460 
” R T ~ 1.49 X 106 (528) 

D 

lb s2 
= . 584 X 10-6 —-, gas mass density 

in*1 in 

= .0029 X 10“6 
lbs 
in2 

gas viscosity (approx) 

Cp = 1.04 Btu/lb F, specific heat 

C 
pj. = .64 =—i—Prandtl's number 

K 

CPM _ 1.04 (.002 X 10~6) (386)(3600) 
Pr .64 

= .00655 , BtU- , thermal conductivity (approx.) 



Bernoulli Pressure Drop for Worst Case 

~ .584 X 10 6 (152.5)2/ae2 

u068/a2e psi 

AP*b= (.0068/a2e psi) (tO.4 

= ,479/a2e cmHjO 

cmH20 
) psi 

Figure 2 on the next page is a plot of this function and may be used to size components 

on the breathing gas loop. 

Breathing Gas Loop 

Assume the loop has a total effective length of 16 ft. including effective lengths of the 

tube fittings and valves. Tube length is 

£ = 16(12) = 192 in 

Tube inside diameter is assumed to be 

d =1.5 in 

Tube inside area is 

a =JLd2 =-1.(1.5)2 = 1.765 In2 

Worst case volumetric flow 

Reynolds number is 

Tube roughness ratio is assumed to be 

T- -o»1 
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Friction factor from Moody's diagram la 

Pressure drop in the loop is 

f = .027 

AP = fÍT'v2/,í! 

= .027-p“.584 xl0-6 

= .00754 psi 

152. 
1,7652 

* / cm HoO V 
AP* = (.00754 psi) (70.4-^-)= .53 cm H20 

^ psi / Ä 

Heat Exchanger Tubes 

Assume tubes upstream and downstream of the pump are each 16 ft. long, 3/4 in OD 

with .049 in wall. 

Tube length is 

ß = 16 (12¾ = 192 in 

Tube inside diameter is 

d = .750 - 2 (.049) = .652 in. 

Tube inside area is 

a = jd2 =1-(.652)2 = .344 in2 

Volumetric pump flow is 

in3/S 
V= (5.9 ftS/min) (28.8 )= 170 in3/S 

^ ftVmin7 

Reynolds number is 

Pud pVd .584 X 10-6(170).652 
e u u o /> * 

. 0029 X 10"6 (.344) 
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Tube roughness is assumed to be 

-f“= .001 
a 

Friction factor from Moody’s diagram is 

f = .023 

Pressure drop in each tube is 

el ..9,9 _ 192 1 ..-6 170' 
Ap = f—J(>v2/a2 = .023 —-.584 X 10 

,482 psi 

Prandtl number is 

Pr = .64 

Nusselt number from McAdams equation is 

Nu = .023 (Re)*8 (PiV4= -O23 (64.900)*8 (.64)*4 

= 136 

Heat transfer coefficient is 

L NuK 136 (.00655) . „ Bta 

d .652 hr in^ F 

Heat flow loss in an incremental length of gas is 

dQ = CpV/»g 3600 dt — 

Heat flow out oi an incremental length of tube is 

dQ = h xd (T-Tw) di-^. 

Equating heat flow out to heat flow loss 



At the entrance of the tube 

di Ki CpVPg 3600 
dT ~ Tt - Tw” hird (Tj - Tw) 

where a length constant is 

C VPg 3600 1.04(170) .584 X 10"6 (386)3600 
fti = P--- 

h«d 

= 51.2 in 

1.37».652 

Temperature change at the exit, assuming inlet gas temperature is 62°F and water temp, 

is 32°Ft is 

To-Tw = <Ti " Ve TT 

-192 
= (62 - 32)e T“ = .706 F° ol. ¿ 

The heat flow out is 

Q = Cp V Pg 3600 (Ti - T0) 

= 1.04 (170) .584 X 10-6 (386) 3600 (62-32) 

= 4,300 
Btu 
hr 

Power out is 

P = (4300-—i-Y!—. ^1)= 1260 watts 
\ hr A 3600 Btu / 

This is high compared to the pumping power of 50 watts indicating there is little increase 

in gas temp, at the pump. 

Fleisch Pneumotach Linear Flow Range 

Assume: 

850 ft SW, depth 

.3 atm P02, partial pressure oxygen in He-Og mix 

98.6 °F, exhalation gas temperature 
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Ambient pressure is 

p= +i) 14.7 = (26.8) 14.7 = 393 psia 

Partial pressure of oxygen 

p = (.3) 14.7 = 4.41 psia 

°2 
Decimal percent oxygen by volume 

pn ü2 4.41 
dec%00 =—-•-- .0112 or 1.12%02 

¿ P 393 

Gas viscosity is found by interpolation of data in the "Navy Gas Manual" 

- = (l-4B5 * 10'5 5l) (iïïil XI0-4 lb/fts 
CP % / lb sec/in 
-) (.145 X 10 6 - Cp 

= .00316 X 10"6 k *eC 

in 

Gas constant is found by mass ratios 

_1_1_ 

Re~ dec% He decac^ .989 . 0112 

<Rg)He + (Rg)02 1.76 X 10® + . 224 x 106 

fi in2 = 1.63 x 106 
°R s2 

Gas density is 

P _ 393 - 43lxl0-6lLl 
P RgT 1.63 x 106 (98.6 + 460) * in4 

Maximum linear flow rate for ±1.5% accuracy, for standard air, from the test data in 

Figure 3 is 

\V = (10 LPS) (60 ^-) = 600 LPM 
std air 
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Maximum linear flow rate for the mix is found by Reynolds number scaling 

Vg* = Vg* pstd air M 
std air P h std air 

= 600 
.113 X 10~6 
.431X 10-6 

■00316 X 10~6 

*00275X 10'0 

= 181 LPM 
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Info. From: "Report of Test for Pneumotach and Pressure Transducer" 
C.E. Bernhardt, Def, & Space Center, ® 
Test No: 71021103, 2/17/71 

Fleisch Pneumotach S/N 3.1005 
Statham Diff. Press Transducer, S/N 11890 

Bridge Exciting Voltage: 8VDC 
Flow in + Direction 

Figure 3. Fleisch Pneumotach - Pressure Transducer Characteristics 
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APPENDIX 4 

THE PNEUMOTACHOGRAPH AND ITS USE IN MEASURING 
RESPIRATORY GAS FLOW IN UNDERSEA SYSTEMS 

INTRODUCTION 

The object of this memo is to describe the pneumotach, indicate its principle of opera¬ 

tion and discuss its use in undersea life support systems. The description includes a 

sketch of a pneumotach, a curve showing its general characteristics and typical values of 

parameters. The principle of operation includes detailed characteristics, causes of some 

nonlinearities and the expected linear range baeed on Reynolds number. The discussion 

presents some recommendations and precautions in using the pneumotach in undersea sys¬ 

tems. 

The pneumotach has been used for several years for measuring respiratory gas flow. 

Similar devices with the same principle of operation have been used for measuring volu¬ 

metric flow of other fluids, both liquids and gases. These devices have a variety of names: 

peumotachograph 

Vol-0-Flow element 

gas flow element 

flow element 

fluid linear resistor 

fluidic resistor 

flow to pressure transducer 

volumetric flow to differential pressure transducer 

DESCRIPTION 

The pneumotach is a fluidic device consisting of closely spaced surfaces arranged in an 

enclosure as shown in Figure 1. Fluid flows into one end of the enclosure, between the 

closely spaced surfaces and out the other end. Pressure taps are located to measure pres¬ 

sure difference across all or a portion of the length of the surfaces. 



Pressure taps Id some pneumotachs are located within the length of the closely spaced 

surfaces. This results in a greater linear ilow range compared to the pneumotach with the 

taps located outside of the length of closely spaced surfaces. Locating the upstream tap 

within the length is most critical for a greater linear flow range. The primary reason for 

locating the downstream tap within the length is for greater linear flow range when the flow 

direct, n is reversed. It is desirable to locate the pressure taps as far apart as practical 

so the measured pressure difference is a large portion of the total pressure drop across the 

pneumotachograph. 

Linear range is shown in the general characteristic illustrated in Figure 1. Within this 

range the AP vs V curve approximates a linear function AP = KV and the accuracy of the 

pneumotach is greatest. AP is measured pressure differential, Vis volumetric low and K 

is the linearized gain of the pneumotachograph. 

Maximum volumetric flow of the linear range is maximum linear volumetric flow. 

V ,.= 600 LPM for std air 
max. lin 

Its estimated ideal value is about the same as the peak respiratory flow of a human. The 

pneumotach pressure difference at maximum linear volumetric flow is maximum linear 

pressure difference. 

AP ,. = 1 cm HO for std air 
max. lin 2 

Its estimated ideal value is small compared to the pressure drop in a humans airway, but 

large enough for accurate flow measurement. 

Gain of the pneumotach in the linear range is the linear gain. 

AP AP 3 
K = = , maX - = .00167 cm H.O/LPM = . 0000233 psi/in /s 

max lin 

Its ideal value for standard air is calculated from the ideal values estimated for maximum 

linear volumetric flow and maximum linear pressure difference. All of the ideal values are 

based on the assumption that the pneumotach is to be used over the maximum range of 

respiratory flow. 
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Figure 1. The Ftaeumotachograph and Its General Characteristics 
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Accuracy of the pneumotach is described in terms of pressure error relative to the 

linear function of AP = KV. The accuracy is: 

ô P 
« = TT7 X 100, % 

max lin 

where 6P is pressure deviation from the linear function. For standard air, typically good 

accuracy is +1%. Sometimes accuracy is given in terms of repeatability relative to a cali¬ 

brated curve. Typically good repeatability is +.15%. 

PRINCIPLE OF OPERATIONS 

The principle of operation is first described for the linear range of operation and then 

for the nonlinear range. There is sometimes a need for operating beyond the linear range. 

In the linear range of operation, the pressure difference is caused by viscous drag of 

fluid flowing between closely spaced surfaces. The pressure drop, AP, is a function of 

viscosity n ,as well as volumetric flow,>y . 

AP = C1 M V 

The constant is a function of the dimensions of the device. As an example for viscous 

flow through a single capillary tube. 

AP 

so 

C1 = 128 i/itd 
,4 

where 

P is pressure drop, psi 

Vis volumetric flow, inVsec 

n is absolute viscosity, lb s/in 
2 

8 is length of the tube, in 

d is inside diameter of the tube, in 
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These results are obtained from the Hagen-Poiseuille eqiation for laminar flow in a tube. 

Assumptions for this simplied analysis are listed below: 

(1) Conservation of mass and momentum applies. 

(2) Velocity is low enough for negligible inertia effects, so Bernoulli pressure drop is 

negligible and turbulent flow does not exist. 

(3) Velocity is much less than sonic velocity so compressibility effects are negligible. 

(4) Fluid is a single phase Newtonian fluid so viscosity is not a function of shear stress 

and shear stress acts only in the direction of flow. 

(5) Steady state flow exists so change with respect to time is negligible. 

(6) Fully developed flow exists, so the velocity profile remains unchanged over the 

whole length of closely spaced surfaces. 

(7) Body forces are negligible, so gravity is not acting to accelerate the fluid. 

(8) Temperature variations are negligible. 

(9) Heat transfer to or from the fluid is negligible. 

These assumptions could be applied to flow between closely spaced surfaces found in most 

pneumotachs. can also be found as a complicated function of internal dimensions of most 

pneumotachs, but the most accurate value of is found by first calibrating the pneumotach 

and measuring the slope of the linear function that best fits the calibration points. The slope 

is the linear gain K. Next is calculated from = K/fx. 

Calibration results are shown in Figure 2 for the Fleisch pneumotach used in the 

respiratory heat loss study. The linear gain is: 

K = .0016 psi/LPS = .0000271 psi/in3/sec 

which is approximately the same as the ideal gain. Since the viscosity of air at 1 atm and 

70°F is 

H = .0026 (10-6) lb s/in2 

The value of the linear gain constant is 

Cj = k/m = 1040 1/in3 
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This value can be used to find the linear gain of the pneumotach for any Newtonian fluid, pro¬ 

viding the viscosity of the fluid is known. 

The nonlinear range of operation includes the curved portion of the AP vs V curve at 

high ñows as well as the straight portion of the curve in the linear range. The change from 

the straight portion to the curved portion is caused mostly by a change to an appreciable 

Bernoulli pressure drop at the entrance of the closely spaced surfaces and a change to tur¬ 

bulent flow between the surfaces. Since these are changes from a viscous pressure drop to 

inertia pressure drops the change can be predicted by Reynolds number scaling. 

Reynolds number is a ratio of fluid inertia forces to fluid viscous forces. 

Re = Pud/p =PVd /Mac 
c 

where 

P is fluid mass density 

M is fluid viscosity 

u is fluid velocity 

V is fluid volumetric flow 

a is a characteristic area 
C 

d and d_ and characteristic dimensions. 

The maximum linear Reynolds number, Re max lin is the Reynolds number at maximum 

linear flow, Vmax lln 

max lin ='^max lin ^c *ac’ 

Its value for the pneumotach characteristics given in Figure 2 is 

Re ,. = 26,200 d /a 
max lin c c 

where d anda are in units of inches and square inches respectively. This value may be 
c c 

used to calculate the maximum linear flow of the pneumotach for any Newtonian fluid if fluid 

viscosity and density are known. 

y ,, = 26,200 ub 
max lin 
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The nonlinear range of operation can be expressed as the nonlinear function 

AP = q mV+C2 PV2/2 

where Cj and C2 are allowed to vary as shown below 

The decrease in with increased Re indicates the reduction of the viscous flow effect 

caused by the change to turbulent flow between the closely spaced surface. The flow' ap¬ 

proaches complete turbulent flow at very high Re, so approaches zero and C2 approaches 

a constant higher value. 

USE IN UNDERSEA LIFE SUPPORT SYSTEMS 

To obtain accurate volumetric flow measurements with the pneumotach, the apparatus 

must be properly setup and the fluid viscosity must be accurately known. 

An arrangement of pneumotachs for measuring inhalation and exhalation gas flow to and 

from a subject is shown in Figure 3. The inhalation gas temperature is assumed to be con¬ 

siderably cooler than the exhalation gas temperature. Inhalation and exhalation pneumotachs 

are recommended, so they operate nearly at the inhalation and exhalation gas temperatures 

respectively. Little condensation of water vapor will occur in the pneumotachs with this 

apparatus setup providing the interconnecting tubing is short and adequate thermal insulation 

is used. Water traps are used to catch condensation and saliva. The pneumotachs shown at 

a sloping angle are assumed to be the self-draining type. They could also be the type with a 

heating element. 
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Ap, pressure difference signal 

T, TEMPERATURE 

V, VOLUMETRIC FLOW 

( )txh, PERTAINING TO EXHALATION 

( )lnh, PERTAINING TO INHALATION 

Figure 3. Pneumotachs Used to Measure Inhalation and 
Exhalation Gas Flow 

Short tubing between the subject and the pneumotachs results in less dynamic flow error 

as well as less error caused by temperature change in the tubing. The tubing acts as a fluid 

capacitance between the subject and the pneumotach and can result in considerable dynamic 

flow error if the fluid capacitance is large and if there is appreciable fluid resistance or in¬ 

ductance in series with the tube. 

Apparatus for measuring inhalation and exhalation gas flow could be greatly simplified 

if the inhalation gas temperature was about the same as exhalation gas temperature and if 

greater gas dead space in the apparatus could be tolerated. In this case, a single pneumo*.'“"^ 

could be used close to the subjects mouth to measure both inhalation and exhalation flow with 

out condensation occurring in the pneumotachograph. 

Viscosity of respiratory gas used in undersea systems varies with mixture, temperature 

and absolute pressure. As an example, viscosity of He - O2 is shown in Figure 4 to vary as 

a function of mixture and temperature. This data derived from the MU.S. Navy Diving- Gas 
A4-9 
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Figure 4. Viscosity of He - 02 Gas Mix 
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Manual " (AD701566) by W. I. Milwee, et al, Battelle Memorial Inst., 1969 shows that vis¬ 

cosity of a mixture can be about 10% greater than the viscosity of pure He or C>2. Viscosity 

of pure gases and air can be found as a function of temperature and pressure from the method 

given by E. W. Coming and R. S. Egly in "Viscosity of Gases and Vapors at High Pressures", 

Industrial Engrg., and Chemistry, Vol. 32 No. 5, 1940 pp 714-718. A pressure increase 

from 1 atm (0 ft SW) to 46.4 atm (1500 ft SW) was found to cause a negligible increase in 

viscosity of He at 70°F. Presently there is not enough data available on viscosity of 

He - Ng - 02 gas mix to determine accuracies better than 1% for pneumotachs used in meas¬ 

uring respiratory gas flow in undersea systems. It is assumed that the 1.2 atm partial pres¬ 

sure of Ng in the He - Ng - Og gas mix used in this study results in 1% greater viscosity than 

for the He - Og gas mix shown in Figure 4. A 1.2 atm partial pressure of Ng in an He - Ng 

gas mix at 15 to 30 atm pressure results in about 1% greater viscosity than for pure He. 

This was derived from data given in "Viscosity of the Helium - Nitrogen System from 133° to 

470°K for Pressures Between 1 and 240 Atmospheres", R. E. Wood and W. J. Boone, Jr., 

Bureau of Mines Report No. 7405, July 1970. The error resulting from viscosity estimation 

methods is about ± 1%. The He - Ng - Og gas mix must be tested if greater accuracy is 

required. 

Water vapor condensing in the pneumotach results in two types of flow measurement 

errors. The errors are caused by less gas flow out of the pneumotach than into it and ac¬ 

cumulation of condensate on the closely spaced surfaces. 

The error resulting from condensation causing less gas flow out of the penumotach than 

into it is a small error. The volumetric flow lost as condensate is 

where 

AV cond =Vexh 

AP 4 
water vapor 

14.7 (1 + Z/33) 

is exhalation volumetric flow 

AP . is change in water saturation pressure, psi 
water vapor 

Z is depth, ft SW 
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For the exhalation pneumotach shown in Figure 2, could read about 1% low 

at Z = 0 ft SW because of this effect alone. At deep diving depths the error caused by the 

effect is negligible. 

Accumulation of condensate on the closely spaced surfaces results in an increased flow 

resistance of the pneumotach. A manufacturer of a pneumotach with a self draining feature 

claims the flow resistance is increased less than 2% as the condensate accumulation is in¬ 

creased to maximum. This increase in flow resistance is a function of the pneumotach design 

and the wettability of the closely spaced surfaces. Self draining pneumotachs should be 

cleaned, then calibrated in a dry and fully wet condition prior to their use. 

To prevent condensation from occurring in some pneumotachs, a heating element is pro¬ 

vided that heats the closely spaced surfaces. 

A heated pneumotach has errors associated with the rise in gas temperature as the gas 

flows through it. As the gas is heated, its viscosity and the volumetric flow are increased. 

As an example, if air is heated from 90°F to 94°F, its viscosity is increased about .5% and 

its volumetric flow is increased about. 5%. Because of gas temperature variations in the 

pneumotach, the actual increase caused by viscosity increase would be larger than .5¾ and 

that caused by volumetric flow increase would be smaller than .5%. Both of these increases 

cause an appreciable increase in flow resistance of the pneumotach, compared to the un¬ 

heated pneumotach. The highest gas temperature rise occurs at low gas flows, low absolute 

pressure, and early in an increasing change of gas flow rate. These variations in gas tem¬ 

perature cause nonlinearities in pressure difference signals with respect to volumetric gas 

flow, dive depth and time. Because of these effects, only a small amount of heating power 

should be applied to a heated pneumotach. The heated pneumotach should be cleaned and 

calibrated at various heating voltages prior to use. 

The pneumotach used in the respiratory heat loss study was tested at 100 SLPM flow 

for the effect of heater voltage. An increase in heater voltage from 0 vdc to 6 vdc resulted 

in a 3¾ increase in pneumotach output. Relative to the maximum linear flow of 600 SLPM 

the pneumotach linear gain increase is only .5¾. 
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Contamination accumulation in the form of dust, grease, saliva, etc., can greatly 

change the calibration of a pneuraotach. With reasonable precautions in setting up apparatus 

a negligible change in the calibration can be expected. 

Dynamic flow errors caused by appreciable fluid capacitances, inductances and resist¬ 

ances are in the form of time lags and resonant oscillations. As an example, the test setup 

required in the recent respiratory heat loss study had a large fluid capacitance between the 

subject and the upstream side of a pneumotach and appreciable fluid inductance and resistance 

on the downstream side of the pneumotach. Lumped parameter, linearized servo analysis 

can be used in this case to accurately determine the natural frequency and damping of the 

resonant system. 

The capacitance in the example is caused by a long flexible tube and a flexible gas sample 

bag container. The total capacitance is 

c = cf + cg 

where Cf is the capacitance caused by the flexible walls of the tube and the container and C 
ê 

is the capacitance caused by gas compressibility. 

C =X 
g -yp 

where 

V is gas volume 

7 is ratio of specific heats 

P is absolute pressure 

The value of Cg becomes negligible at deep depths because of the high value of P. The value 

of overall capacitance can be found by testing for the change in volume, AV caused by a change 

in pressure, AP. 

1 
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The inductance in the example is caused by a gasometer and a long tube downstream of 

the pneumotach. The total inductance is 

L = Ls + ^ 

where 

L is gasometer inductance 
8 

L = Pfi/a = tube inductance 
t 

p is fluid mass density 

8 is tube length 

a is tube inside area 

The inductance of the gasometer can be found by testing. 

AP s 

AV 

where Pg is pressure change across the gasometer and Atf is change of volumetric accelera¬ 

tion through the gasometer. It could also be calculated from the inertia and dimensions of 

the moving parts in the gasometer. An appreciable fluid resistance is caused by the two 

check valves downstream of the long tube attached to the gasometer. The resistance is 

R = R + Rf m i 

where Rm is the resistance of the mushroom type check valve and R^ is the resistance of the 

flapper type check valve that exhausts gas into the water. The resistances are best found by 

testing 

AP 
resistance = —rr- Av 

where AP is a change in pressure caused by a change in volumetric flow, A^. 

The change in volumetric flow at the pneumotach relative to the change in exhalation 

volumetric flow is the transfer function. 
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1 A», pneu 

AVexh LCS2 + RCS + 1 

where S is the Laplacian operator. For sinusoidal variations in flow, 

S = j w 

j -ÍT 

w = 2irf , frequency in rad/sec 

The resonating characteristics can be described in terms of damping ratio and natural fre¬ 

quency, which can be obtained from coefficients in the transfer function. The damping ratio 

is 

and the natural frequency which is very close to the peak resonant frequency is 

The natural frequency of the test setup used in the respiratory heat loss study was 

found to be considerably higher than the breathing frequency, so it was not necessary to 

evaluate dynamic characteristics of this specific test setup. The high frequency noise ob¬ 

served on the exhalation flow signal was caused primarily by high frequency flow variations 

exciting the test setup near its natural frequency. The high frequency flow variations were 

caused primarily by bubbles forming at the flapper check valve. If time had permitted, the 

noise on the exhalation flow signal could have been reduced by a low pass filter. 

The pressure transducer used in the respiratory heat loss study has a resonant fre¬ 

quency of about 6 cps with a high resonant peak. The resonance was the result of fluid in¬ 

ductance in the long connecting tubes and fluid capacitance in the cavities of the pressure 

transducer. To add damping to the resonance, fluid resistances were added to the connecting 

tubes next to the pressure transducer. The resistances are small orixices that act to reduce 

the unwanted high frequency pressure signals to the pressure transducer. More reduction 
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in high frequency noise could have resulted from larger fluid resistances (smaller orifices 

or capillaries). Small orifices or capillaries would have been more susceptible to clogging 

by condensation droplets. The surface tension of water in a small orifice can cause a large 

pressure difference error. 

AP ,., = 4 í/d 
capillary o 

where 

a is surface tension of water 

dQ is diameter of the orifice 

reduction of pneiimotach data for the respiratory heat loss study 

Reduction of the pneumotach data is necessary to obtain peak exhalation volumetric flow, 

mean exhalation volumetric flow and the maximum linear range volumetric flow of the 

pneumotach, for each test point. In order to do this, the necessary test constants are given 

along with forms for a test data list, a calculated data list and a printed calculated data list. 

All equations necessary for data reduction are included in the two calculated data lists. Con¬ 

stants, data lists, equations and nomenclature are in forms for data reduction by a digital 

computer. 

The printed calculated data list includes specific gas density, specific gas viscosity and 

overall linear gain of recorded exhalation flow as well as the desired flows. The gas prop¬ 

erties and gain can be used as an aid in rationalizing the shape of the volumetric flow curves. 

High gas density and viscosity values result in high breathing resistance for the diver and 

may give insight into why a divers breathing varies as it does with depth. 

Maximum linear range volumetric flow must be greater than peak volumetric flow. The 

value of maximum linear range volumetric flow at a depth of 1000 ft SW is about 120 LPM, 

which is the value on which some of the pneumotach errors are based at this depth. 

The total error for the pneumotach could be as high as 5 LPM including all of the pre¬ 

viously discussed error possibilities. An additional 3 LPM error is possible as a result of 

reading the values of volumetric flow from the recorder chart. This 3 LPM flow error is a 

reading error of .5 divisions <.5 mm) on the recorder chart when the nominal overall re¬ 

corder gain is 50 div per 300 LPM or . 1667 div/LPM. Actual overall recorder gain is given 
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in the printed calculated data list and can differ from the nominal overall recorder gain by 

as much as 10%. 

Test Constants 

recorder gain: K5 = 50 div/4.26 mv = 11.72 div/mv 
• ¢. 

excitation voltage: El = 7 vdc 

pressure transducer gain: K4 = 467.6 mv/psi 
/ . I 

heater voltage: E2 = 6' vdc 

linear gain faptor of pneumotach: Cl = 1040 I/in'* 

V * * 

maximum linear Reynolds number: RE = 26,200 d„/a. 
I ^ L 

respiratory gas depth minus chamber depth: Z2 = 2 ft H20 

partial pressure of Ng: PN = 1.2 (14.7) = 17.65 psia 

mass density of std air: DA = .112(10-6) 1!» s2/in4 

viscosity of std air: MA = .00261 (10-6) lb s/in^ 

gas constant of He: RH = 386.3(12)386 = 1.79 (106) in2/°R s2 

gas constant of N2: RN = 55.16(12)386 = ,256(106) in2/°R s2 

gas constant of 02: RO = 48.31(12)386 = .224(106) in2/°R s2 

Test Data List 

test point: 1 = 1 through 140 

chamber depth: Zl, ft SW 

dec % volume of 02: 02 

temperature of exhalation gas: Tl, °R 

temperature of gas into pneumotach: T2, °R 

temperature of gas out of pneumotach: T3, °R 

peak flow reading: Q9, div 

mean flow reading: QS, div 
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Calculated Data List 

test point: I = 1 through 140 

pressure of respiratory gas: 

P = 14.7 (1 + Zl/33 + Z2/34), psia 

dec % volume of nitrogen: N2 = PN/P 

dec 7c volume of helium: HE = 1.0 - N2 - 02 

viscosity of gas at the pneumotach outlet: 

M3 = (1.375 + 02 a.3) + (T3 - 550) .00165) 2.18(10-9). lb s/in2 

linear gain of pneumotach: K3 = Cl (M3), psi/in2/s 

recorder overall gain: K1 = K5(K4) K3 (T3/T1), div/in3/s 

density of gas at the pneumotach outlet: 

D3 = (HE/RH + N2/RN + 02/RO) P/T3, lb s /in4 

maximum linear volumetric flow: 

VI - RE(M3) T1/(D3(T3)), in3/s 

Printed Calculated Data List 

test point: I = 1 through 140 

specific gas density at pneumotach outlet: 

SD = D3/D5 

specific gas viscosity at pneumotach outlet: 

SM = M3/M5 

overall recorder gain of exhalation gas: 

KO = Kl (61/60), div/LPM 

maximum linear volumetric flow of exhalation gas: 

VO = VI (61/60), LPM 
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peak volumetric flow of exhalation gas: 

V9 = Q9/KO, LPM 

mean volumetric flow of exhalation gas: 

V8 = Q8/KO, LPM 
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