
• -J ■- ' ¿i 

TM-64-23 

HUMAN BREATHING PARAMETERS 

; AND COMMERCIAL AUTOMATIC RESPIRATORS 

H. H. 

G. Thompson, Copt., MC, USA 

r w ^ i^> 
'HARDCOPY $.¿>./5^ 
microfiche $. 

1 June 1964 Í P 

-*• ij ¡JÜH 

•‘’io /’ 

HARRY DIAMOND LABORATORIES 

army materiel command 
WASHINGTON 25. D C. 

Ü) 





HARRY DIAMOND LABORATORIES 

Milton B. Hochuuth 
Lt. Col.t Ord Corps 
CoMunding 

B. M. Horton 
Technical Director 

MISSION 

to) thi>fi!îrfÎOrï b*!.lc *n<1 •p',lled ■»»earch in (but not rastrlcted 
? Í o'- '"fluence fuzing, tine fuzing (elec- 

fói «in« h i0"!?’ y’ °r iluld>> *nd aolooted comand fuzing 

an*iysi”>nd th* *"«•* — 

ch.,.ÎÎ2».îî.rf0r!v”*P0" ‘l"16’8 aynthesia and analy.l. to determine 
Z™:™'' W1U *f,*Ct fu“ '‘o»1*" *o achieve opti.u. .ea- 

tione'in b*‘‘C/n<‘ *PPUed re’earoh. 1» «upport of the func- 
“fîîeiLi ’lí^j de,lín,d ‘O •o»1«™ "‘alao" immunity to adverse 
batlunlid ^ counlercounter*easurea, nuclear environment, 
battlefield conditions, and high altitude and space environment. 

P'r,°™ b**lc *nd applied research, in support of asslened 

'Z’Tl:::: d.ire?ted ^ of 
i^ioMnîr rr Ü ""•“ure"en‘. and simulation: on materials, 

! a “y*t,M’ l“'l“ding electronic timers for weapons; 
selected advanced energy transformation and control systems. 

bv ttoSDirfcîdrCtvbî‘1C r"'errch ln th* P^alcal sciences, as directed 
by the Director of Research and Development, AMC. 

m. basic and applied research on fluid amplification 
and control and development of pure fluid devices and systems. 

or coZLilv °l °ther ^ eleroent8 havin* Project management 
or aZ^^L^K gZnlre,POnSibllity f0r specific systems or items, 
♦I as ••■J*ned bv th® Director of Research and Development AMC oer- 

íír^l«¿dP^LÍ‘nClUd^ lndU,trl*1 and "“intanance engineering ana related prototype production) of: 

iîî îf°XlB,ity fuze8y radiating or influence field. 
(b) Time fuzes, electrical, electronic, delay, or fluid. 

Selected command fuzes. (c) 

The findings in this report are 
official Department of the Army 

not to be construed as an 
position. 



/» •

, ^

J ^

. I •



UNITKD «TATU ARMY MATERIEL COMMAND 

harry diamond laboratories 
WASHINOTON 11. D.C. 

1 JUne 1964 

WWIC enmns paramtms am. combkial automatic Rupuuums 

H. H. Straub 

0. Thoapaon, Capt., sc, toa 

Til-64-23 



ABSTRACT 

PART I - PULMONARY PHYSIOLOGY - PHYSICAL PARAMETERS ....... 6 

1.1 INTRODUCTION ... 
, .6 
1.2 LUNG ANATOMY AND VOLUMES. 

1.3 INTRAPULMONAR Y AND INTRAPLEURAL PRESSURES. 6 

1.4 COMPLIANCE ... 
.... 

1.5 RESISTANCE 
, „  7 
1.6 GLOSSARY .... 
.. 

PARTII-DESIGN PARAMETERS AND DISCUSSION OF 

2.1 MECHANICAL ASPECTS OF RESPIRATION. 

2.2 VENTILATION CHARACTERISTICS. 

2.3 EXISTING RESPIRATORS. 

2.3.1 Pressure-Cycled Respirators . 

2.3.2 Volume-Cycled Respirators . . 

2.3.3 Time-Cycled Respire tors . . . . 

2.4 DISCUSSION. 

2.5 REFERENCES. 

DISTRIBUTION 

AUTOMATIC RESPIRATORS . 9 

.9 

.9 

.12 

.12 

.14 

.14 

.18 

.19 

. 21-22 

Figure 
ILLUSTRATIONS 

1. Mechanical equivalent of the human pulmonary system 

2. Human breathing parameters. 

3. Pressure-cycled respirator . 

4. Volume-cycled respirator. 

5. Time-cycled respirator. . . 

Page No. 

10 

11 

15 

16 

17 

3 



BLANK PAGE



abstract 

Ikirlng periods of inadequate huaan raaplratlon, arti- 

fiel«! vontiUtion can aatiafactorU, asauM tha function of 

the patient’s breathing nachaniana in noat aituationa. guch 

ventilation can be adniniatered by nouth to nouth tachniquaa, 

annual methods, or autoaatlc devices, fha purpoaa of this 

report la to discuss the physiological paraaatara governing 

the design of automatic respirators and to revisa tha design 

of those currently in use. 



1.1 INTRODUCTION 

•ir to the millions1©” tne^ulmonaí™1?1* passageways is to conduct 

“«“‘«•d .ir-blood interface1"] lows ^ the 

- .0 tb.t g.s transfer 

can be accoepliühed’by^rU f 1c'â]U™ OÍ g““ ,ransfer to blood 
paraste tere «»vereint ^ Physlo^ical 

s «X ventilation equipment follow. 
lOw _ 
1,2 jjfflQ ANATOMY AND VOi.miBQ 

or o'rj. heart, tbe three lobes 

two lobe, of the left lune ahollï "0re Vülulne ‘h»» the 

tidal velus» is distributed t^the rl»htri*nt 0t the lnSPir°d 
lungs, there is unequal dlstrlh,,»? 1 B‘ Ev,n t» norstal 
Pul.on.ry blood u íl.Ó ^°“ and oi ‘»»Ptred air. 
and to be affected by changes in th ° ''“J'5' h*1*®*" the two lungs, 
ventilation- to blooi-n^raM" ‘"f1»1«“»'» Pâture. He 
teraining how effective gas tíansíer ' J“1® “»•‘«•retlon in de- 
pathologlc conditions in which .in. U There are nunerous 
is altered. hlCh e*ther ve"tll.tion flow or blood flow 

16 t ‘«^^r^in^eTnhi?:."1:*“^“/^^^ 
Single breath. He aaount oí e^ ^h^.H^ " 0f *ir ln * 
tidal volume. In childrgbn l lnh®led per breath is termed 

100 cc while the breathing’ríte ín^ír "ST“1 Values ot 40 to 
minute. He product of Udlî Li ! to 30 to 40 tines per 

the minute respiratory volume ln"t ¡T* r®sPlr,tory ™te produces 
6 to 8 f/min. «ñute voíuT«» L i“”*’ ^11 thls «erages from 

by forced breathing. Mechanical warn™™ oî°tü‘ T'" 17° i/nln 
requires a minute volume greater than lfí%i°f ^ rarelj' 

Approximately one third of each ttHai . i 

elements of the respiratory passagens “íat°hame ^ t0 ““ 
gas transfer. His volume is termed Ld s£a« n<> "embranea tor 

1,3 Igg^POUIOmW AND IWTRAPLltulML PRESStmre 

muscles'Tctlng Hen”hÍ“ ^ a“PPlied by 
ge. wnen these muscles contract. 



the intrapulmonary pressure decreases, and air is sucked into the 
lungs. As the muscles relax, the elastic thoracic cage contracts 
and expiration occurs. The pressure changes caused by muscle contrac- 

on are first reflected in the intrapleural space and then in the 
intrapulmonary regions. Intrapleural pressures normally range fîom 

There Is T "* ÎT*** expiration -8 mm Hg during inspiration! 
limes r ne«ati^ Pressure within the intrapleural space at all 
À Z'u C°rr®spondln* Pressures in the intrapulmonary regions are 
adult ^ ur ng ©xpiration and -3 mm Rg during Inspiration. A healthy 

can voluntarily force these pressures to about +100 mm Hs durlnr 
expiration and -80 mm Hg during inspiration. ^ 

int normal breathing, the negative inspiratory pressure in the 
intrapleural space aids venous return to the heart. ïhegîeâlviîn! 
emp y ng into the heart are located in the intrapleural space al¬ 
though surrounded by the pleura. As intrapleural pre.suIH^. 

bloodTatiVe'Jhe WallS °f th* Velns become distended, allowing more 
“eas lna^t wU8L?f ^ correspond^ly larger cris.-SnU 
anniló»^1 paîlents v«ntilated with mechanical devices, the 
application of negative pressure to the airway during a.sUUd ex¬ 
piration tends to aid venous return. 

1.4 COMPLIANCE 

the 

Compilan ce, the term used to define the elastic properties of 
the lungs and thorax, is expressed as the volume increase in the lune. 

IreT22^/c7H.aô 1“tr»'‘lv‘0l*r P«»«*«. Normal value* 
th* th Y for lunKs and thorax combined. The elasticity of 
the thorax is due to the elastic structures comprising íhícíesí 

Hiasír™ of r Ä 
surface li'rZLTtZVlT. VTSr 

teré«racíedhfor»0l‘‘ SUrf>ct,n, ls lipoprotein and can 
be extracted for measurements on a surface-tension balance lind«!. 

surfactant "is ‘al t * * h'“"" “ °CCUr ln «»brane disease” the 
âïwêïwl co,îan.red ^ Cau“ *" *bnomallj high tendency toi thé 

instances. Llkewlre ch“* 

of‘these structures? r°US P,U,ologlc COBdltl°“ »«.ctlng th. .laxity 

1.5 RESISTANCE 

det»™?e?ddlÎÎ°n.t0 CO",plUnc8' resistance must be considered In 
determining the total energy involved In breathing. x»o kinds of 
resistance are present in the breathing process Th. fir«. 4 

r . nr:^;ic^nd,r“o:.h‘irí:c“í*i.r."?.Triüi‘'"‘n 
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™úu«riu»“^°;:d -118 ™»‘«a„ce is of 
disesse, such «s .«h^. as certain 

with increased turbulent fl™. ihe^uîiZÎÏ* markedly narrowed 

ÍOr * Por.do.'X.^r^-oÂî".“'"'"* 

ran^eTr1,:**“:: TñT%!°r the *dUlt *« the 
disease conditions, characterized hT ^ 68 °f 1 ^seca In those 

passageways, values as high as 11 c» ÍL“o/f/sêc hf th'>res',‘r*‘ory 
n cm J^ü/l/sec have been measured. 

rates, and PressurTs^ntlblis^the^81!tanCeS’ compliances* volumes, 
respirators. parí “ ôní‘ Ü t^ñ fâ, re<'rlre"en,‘ f0r «fanicai 
together with a very abbreviated di» yP ? 1 values have ^en given 

to provide an introduction to the ™ob‘™°0f PU!"Un‘ry ""»“»»«•«y 
Pnrt II will exoand on * a. ne problem °f respirator design. 

briefly review the basic ty^r^texistifnre8PÍhat°r de8lgn and WU1 
to show how such requirements have ^“s^t^f^d!'“1 

iaß glossary 

Alveoli - air cells of the lung. 

Intrapleural space - the space between lung, and rib cage. 

Intrapulmonar, space - the space within the lungs. 

Pulmonary - pertaining to the lungs. 

Tracheobroncheal tree - the svstont «<> < 
tne system of airways that allows the 
entrance of fresh air into the lungs. 

Venous return - the blood flowing info fi. u 
veins. ílOWÍnB lnto the heart via the great 



by H. H. Straub 

2.1 MECHANICAL ASPECTS OF RESPIRATION 

. . AU'°n"Uc «.pirator. provide the lung. .1th the necessary anount 

B““ to keeP oxygen and carbon dioxide In the blood of 
“* "ormal levels. To understand the various methods of 

of respiration^111°^ ;re«0ntt.:ni‘neerln* d**CrlPMO" 0f the 

-.«xr-srzr“-; ïrsxï 
pleural ‘w^^íheT T*'** represe"t‘"g «>• lungs and the Intra¬ 
pleural space. The doarnward movement of the lower piston (the thorax! 

IZZ Z»™’™ ln t,,e ‘“‘«»»-ral space. Consequently tíe^r 
piston will also move downward in an attempt to balance forces thp 

motion of the upper piston represents the expansion of the lun¿s. 

relJJ* and theÍiatÍOn^¡¡aSe\the lnterco8tal "«úseles and diaphragm 
/ ? ?r (thorax) and «PP®»* dung) pistons will return to 

their original positions because of the stored elastic forces present 

The lungs then are passive elements which experience a volume change ’ 

because of pressure variations in the intrapleural space. Also thf 

-brr Ph?Se 18 normally Paasive as the stretched elistic tissue 
hL h0raCí? ^age and lunKS c°utracts. The energy for exhalation 
has been supplied during the inspiratory phase. 

... 1" artlficial respiration, there are two possible ways to 
ventilate a patient. For manual methods, the air reaches^he lunes 

n a manner similar to that in spontaneous breathing- ii the ÎÎ* * 

vlntnTi t0 eîPa?d• In mOUth t0 mOUth resPiration and automatic^ 
ventilation, air is forced into the patient under pressures large 

enough o overcome the resistance of the airways and the ela^Uc forces 

f the lungs and thorax. Pressure has to be applied sufficiently 
long to insure a proper amount of lung inflation. 

2.2 VENTILATION CHARACTERISTICS 

1. r.fI,«HSH^en.fhOWn <ref 11 t,lat “** “V**" consumption of a peon 
related directly to minute ventilation and metabolic rate Und r 

normal conditions, an Increased rate In oxygen and c.r^ dLldê^- 

change canoccur only by breathing a greater amount of fresh air per 

un t time (ref 2). Only the air reaching the alveoli actually parti- 

are^oth^varlabres,exch,nge • «dal volume and breathing rate 

The approximate relationship between minute volume, breathing 

rate, and metabolic rate is presented in figure 2. The data presented 

9 



airway resistance 

a DEAD SPACE 

LUNG VOLUME 

- LUNG WALL 

LUNG ELASTICITY 

INTRAPLEURAL SPACE 

THORAX WALL 

CHEST ELASTICITY 

FORCE EXERTED BY INTERCOSTAL 

muscles ano diaphragm 

DURING INSPIRATION 

Flfur* 1. «.ch.nlc.l equivalent oí the humen pulmonar, ayqtem. 
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was obtained from referenda >» 

an increase in minute volume is achi^ Í°h The curves indicate that 
rate. Tidal volume increaL also with in" ^ ln brea^ing 
Reference 11 suggests that the relati jJ"creaslng minute volume, 
breathing rate is based on the mini P °f Udal Volume a"d 
necessary to achieve the desired minute^oluL^ re8PÍrat0ry 

criteria for Aspira'0^6^0^^1 V ^ Phy8ioloKic design 
does not include the pressures^ui£¡ I ^ °f subJccts. It 
two reason«. pir.t, the literature 21 acbieve these flows for 
•ure data to make a plot Second n0t contain sufficient pres- 
for ventilation would usually re^ilToTstT* reqUlrlnK respirators 
the necessary flow rates. " Pressures other than normal for 

«a th^a^u^pleíumbariln0^0! ï“! eStablished ™ cm ^,0 (ref 12) 
mechanical respirators ¿1 mllillrv ® Y aPPUed t0 the ">»** by ^ 

haa ‘o be considered, " Tentn7teZTT/ I °f 50 o'" 
gas attack victims (ref 13) 

2 . PY T Oat y m«*« __ 
2,3 EXISTING RESPIRATORS 

detail Iir^^ouldn serve * the * eXÍStÍng resPirator in 
Only a general appraisal or diffère« dlscuss1™- 
Presented to .ndloate see of ^ 

sp Ira tory period. Durlng'explrat lóí th* t0 the patie"t durlng the In- 
help 1„ emptying the lun^s hi L"r ‘nacUve they 
In Ihelr methods of cycling * The fin P ,ors dlffPr principally 
Principal types. The t0llowlng paragraphs describe these 

2.3.1 
^fure-Ç^cledRespi ra tors 

expiration ^Ircuirío^íe ^ inspiration to 
gas pressure. This pressure can be seised k*^ attains a specified 
few ways follow: sensed by mechanical means. A 

suddenly overcomes the attIaItioneofUrmI!n 8 diaphragm that 
pressure is reached. agnet when some predetermined 

bellows producing a gradual moll^nrof"the^1^1!*"108^*1 diaphraKm °r 
»• P s operated or electrical contacts are closed.^11 ** 

«-««ho untU<o1.cmc.Tc”«««r.re^1o“ed,bní0ÍÍM"ídU,'Utd ln ‘ 



äH --™"~“=s. 

pressure Is reached Jn the reseivolr Pressuíe-cvcl'd |>re<leten"lned 

be considered as constant total pressure sour«s th« .mP»“roCi“n 
they are loaded bv a certain Qtaf4„ « W111 switch °nce 

p = V/C + R(dV/dt) 
(1) 

where 

where 

P = total pressure supplied by the respirator 

V = delivered gas volume at time t 

C = compliance of the lungs 

R = linear resistance to airflow 

dV/dt = airflow rate to lungs 

The solution of this differential equation Is 

‘in' ^ >" 
1 

1 - Vt/PC (2) 

tin = ins’jiratory time 

Vt = tidal volume 

increases!* ’'^„^nU.'^he'brea^,8'’0*6 ,he ‘"«»‘“‘»nr time 
ventilation drops. By rearranging alVeOUr 

vt= PC ^1 - e '‘‘n/SC^ 
(3) 

it can be seen that for a stiffer lune i ~ o h 
2 and P remaining unchanged, a .^110^110^*lth 

î»sïr^:r fî-ri-HiPH r 
:rpd"‘dnute voiume ^ 

cult_a„d patient .ili impose 
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respirator, ^.Vre^u^pTihVch^T °' “ 
the attraction between the ma^not « h han,ber until the force exceeds 

the pressurized Till'S ToZl TJsZ^. ^ ^ ^ ^ 
2.3.2 Voluie-Cycled Respirators 

preset volume o^gas^a^b^In dpímÍnatH the lnspiratory Phase when a 
piston Is driven back and forth “Vered to the subject. A bellows or 

a preset stroke volume. In severí/models^íh ^ Pneumatlc motor with 

is reversed by a mechanical or electrical triQ6 m°Ve,nen1t10f the 1,61 lows 
respirators can be considered as hoin<r h < G®nerally, these 
and hence, they are rot load senaiti * riven by an infinite force, 

path to the luLs^oûli îeîd tl II obstru^ion in the air 

seriously injure the patient. Usually mÍ*ht 

the introduction of . safety valve in'ihe breíthTg círcín!nated ^ 

and bulky and^iMM^nly^veri limited0 m0t®".are often lar«e 
inspiratory*to expiratorv-tlme rati e capability altering the 

Which sr. p^wered by pne^ “ 
volume-cycled. eumatic means are pressure-cycled as well as 

- 4.a ILVSZTTI'ZT'0'ls sho*" 
• crolin, nechanlsn that interrupt* ^TylTrT 

h, ienhn, JnTZl^nî ZTlT.tUrZ 
preset volume regardless of whom tí fter they have delivered a 
models can ventilate a natío!? ï *** ÍS delivered- Existing 

n ventilate a patient for an extended period of time 

2*3,3 Time-Cycled Respirator« 

after some predetermined time set by the co^ i expiration ei>d 
Some respirators use pneumatically oneí^t!! íí°í8 ^ the apparatus- 
windshield wiper motors or plenum^hÜho1 d4 ÍmÍng mechanis,ns such as 

falling pressures nre «ÛLS OtLrV!^ ind 

o¿erated: "--•• «r8 
these respirators nr. „Uito large nTämicu« 

in figure 5. Slowly increasing amAi'J,lc“ci'cled respirator is shown 

chamber are controlled by the needle *alveSl,ThPre8SUreS ln the plenu" 
diaphragms back and forth and thu! the Íi?'fipressures move tbe 
is timed. U th® alr flow to and from the pi.ton 
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This illustration courtesy of Blackwell Scienrifi^ d kh 

through F.A. Davis Company from Automatic Ventilation óí^í,"5’ Ltd" 1,59 
Rende11-Baker, and Thompson. ntilation of the Lungs by Mushin, 

♦ 
Figure 5. A time-cycled respirator. 

COMPRESSED 
AIR 
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2.4 DISCUSSION 

inspiration-expiration ratio» e.« J breathing rates, and 

established requireaents. Voluae-^cuîÂCCOrdlnK to 
exerting high pressures that k«7 1 d re8pirator3 »*•« capable of 

high values only by using safety valvIT6"^ frOB exceedinK intolerably 

•re designed to'fuictio^i^egrlli:1^ Ventil8to” 
inspiratory phase The 7 * th Patlent during the 

iapedance of the Cubing and the condUlorof^te^at^ü?8 °c 

rÄr:rvr:ir:ydci:d‘pi:“-t‘reiload 
on th. B^Bltud. of th. pulMniry t«^Bc*.°"^ •lli',tly depe"dent 

b.c.uw'Th.'y^.n.'r”^1!“— nlmtlw «-P»« Ooslgn, 
■Mt the need, of varlou. patients of f“nc*lon* •o«1 •>* »<l»ptable to 
bilitjr, they «tiU» »ïï^ïï*,!"^ *Chleve the required flexl- 

•lectronlc circuit., .olenoid wlÎÎT rîectM “"‘f v*lv®,■' sPrln«s, 
magnets, mechanical linkages rmtnhmi ec*ric motors, gear boxes, 
Photoc.il.. The «« -SI!:;,";—*•’ f«;*1"« pulley., .cd 
and bulky because «•». w . d respirators are often very laree 
reliability? mechanical complexity, which usually degrides 

Advantages and disadvantages of the _ . 
■*y be summarised .« follows: ge* ° the three tyPeS °f resPirators 

Pressure-cycled respirator— 

.. advantages 

CD i. usually ...i, si« an<1 llght lB 

<2> “to £-::, °7he ‘"»PlrPtory phase tailored to the respiratory neeHe __... 

(3) 

to the re.pir.tor, need, of the patient. 

*obatructeddible lndl“tio" •‘".y. are 

b. disadvantages 

(1) 
(2) 

(3) 

18 

Is sensitive to small gas leaks. 

must be readjusted when pulmonary impedance 
of the patient changes. "Pedance 

usually delivers a volume of gas to the 

subject that can not be measured. 

Volume-cycled respirator— 

.• advantages 

O) is insensitive to small gas leaks. 

▼ 



(2) requires no readjustment when pulmonary 

impedance of the patient changes. 

<3> dpatient * meaSUrable volu,"e of gas to the 

b. disadvantages 

(1) usually, but not always, bulky in design. 

(2) does not give an audible indication of 
airway obstruction. 

Time-cycled respirator— 

a. advantages 

(1) operation is insensitive to small leaks. 

(2) delivers a known volume of gas to the 
patient. 

(3) need not be readjusted when the pulmonary 

impedance of patient changes. 

b. disadvantages 

(1) is large in size when designed to perform 
variety of duties. 

(2) gives no audible indication of airwav 
obstruction. 

the body of the text will provide a basis fo/the’d"*?*8 STMrlIed ln 
amplifier ventilators for Army fleld use! 0t ,luld 
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