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The minimum atmosphere movement required for human 
respiratory support has never been determined since man's earliest 
thoughts of space flight. The purpose of this paper is to present 
research to aid in determining the movement and dispemiou of 
respired gas in manned space enclosures during weightless flight. 
This research is based upon mathematical analysis and human 
and model experimentation. The effects of atmosphere move- 
ment produced only by respiration and diffusion are analyzed. 
This is the condition that exists in manned spacecraft without 
forced atmosphere movement during weightless flight for a 
sleeping or restrained astronaut. The determination considers an 
astronaut in an infinite space enclosure. The exhaled gas is 
considered to be injected into the infinite medium as two pul- 
sating jets from a fixed source. Due to viscosity and momentum 
effects, the exhaled gas is slowed down by the surrounding fluid 
until the only means Of gas dispersion is due to molecular dif- 
fusion. The amount of carbon dioxide which is inhaled is de- 
pendent upon the position and dispersion of the previous ex- 
halations due to the effects of momentum, viscosity, and diffusion. 
The  techniques of dimensional analysis and model theory are 
used to provide an. experiment in the earth laboratory which 
xepresents the movement and dispersion of respired gas in a 
weightless space enclosure. 

T HE MINIMUM ATMOSPHERE movement re- 
quired for human respiratory support has never 

been determined since man's earliest thoughts of space 
flight. 

From the Aerospace Medical Research Laboratories of Aero- 
space Medical Division, AFSC Wright-Patterson Air Force Base, 
Ohio. 

The lack of convection during weightless flight has 
caused much concern as to the movement and disper- 
sion of respired gas in spacecraft. Some researchers 
speculate that without forced atmosphere movement 
the expired gas will remain in front of the nose of the 
astronaut. Other researchers speculate the astronaut 
will surround himself with a layer of his own expiratory 
gases. Still other researchers speculate that formations 
of localized bodies of gas will occur containing de- 
ficiencies of oxygen and abundaneies of carbon dioxide 
which could cause suffocation. 

The purpose of this paper is to present research to 
aid in determining movement and dispersion of 
respired gas in manned space enclosures during weight- 
less flight. This research is based upon mathematical 
analysis and human and model experimentation. The 
effects of atmosphere movement produced only by 
respiration and diffusion are analyzed. This is the con- 
dition that exists in manned spacecraft without forced 
atmosphere movement during weightless flight for a 
sleeping or restraind astronaut. 

The determination considers an astronaut in an in- 
finite space enclosure. The exhaled gas is considered 
to be injected into the infinite medium as two pulsating 
jets from a fixed source. Due to viscosity and momen- 
tum effects, the exhaled gas is slowed down by the sur- 
rounding fluid until the only means of gas dispersion is 
due to molecular diffusion. The amount of carbon 
dioxide which is inhaled is dependent upon the position 
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and dispersion of the previous exhalations due to the 
effects of momentum, viscosity, and diffusion. 

The techniques of dimensional analysis and model 
theory are used to provide an experiment in the earth 
laboratory which reasonably represents the movement 
and dispersion of respired gas in a weightless space 
enclosure. The design of the experiment is based upon 
the results of human exhalation with smoke to deter- 
mine the correct angles of dispersions and the exhala- 
tion flow patterns. The theoretical and experimental 
analyses have been integrated to investigate the 
minimal atmosphere movement required for life sup- 
port during manned space flight. 

DIMENSIONAL ANALYSIS 

The general group (A) is defined as a dimensionless 
product of the variables where each variable is raised 
to an exponential value as given by the following 
equation. 

A = (h *) (t b) (m ~ (l d) (u ~) (pf) (Vg) 

The basic dimensions are substituted into the gen- 
eral group to obtain the following equation. 

A = ( [ )a  (T)b (M)c (L)d ( M L "  T- I )  e ( M L " )  f ( LT - ' )  g 

The following equations are set up which take into 
account the basic dimensions, the exponents and the 
theorem that (A) must be dimensionless. 

The purpose of this mathematical analysis is to deter- 
mine how" the position of exhaled gas depends upon the 
variables which characterize the fluid flow behavior of 
the pulsating jets. The exhaled gas is considered to be 
divided into two portions. Each portion emanates as a 
jet from a fixed nostril. The dimensions of these vari- 
ables directly influence the analysis such that this ap- 
proach is termed dimensional analysis. 

The variables of fluid flow behavior and their dimen- 
sions are given by the following table. 

Variable Symbol 
Distance from nostril h 

Dimension 
k 

c + e + f =  0 

a + d - e - 3 f + g  = 0 

b - e - g  : 0 

Various values are assigned to the exponents a, b, c, 
and d to solve the above equations for the exponents 
e, f, and g. The exponent values obtained by this tech- 
nique determine the terms for the specific dimension- 
less groups of A1, A2, A3, and A4. 

The specific dimensionless groups are then deter- 
mined to be given by the following equations. 

Time t T A~ = (h) (u -*) (p) (v) - hpv/u 

Mass of fluid m M A 2 = ( t ) (u -~) (p) (v  2) = tpv2/u 

Viscosity u ML "~ T "~ As = (m)(u -3) (p2)(v ~) = mp2v3/u3 

Density p ML "3 A, = (I)(u ~)(p)(v) = Ipv/u 

Velocity v LT  -~ 

Effective diameter of I L 
nostril 

The theory of dimensionless analysis therefore yields 
the following equation. 

f (hpv  , tpv 2 u  , mp2v 3 u  3 , lpv)u = 0 

The distance of the gas from the nostril is expressed 
as a function of the variables as given below. 

This equation is solved for (tl) by a rearrangement 
which involves a new funcnon as shown below. 

h = f (t, m, l, u, p, v) 

The theory of dimensional analysis provides a tech- 
nique for obtaining a suitable equation for the previous 
function by forming dimensionless groups. The gen- 
eral group is designated as (A) and the specific groups 
are designated at A~, A~, A3 . . . .  etc. Sinee there are 
seven variables and three basic dimensions, the theory 
of dimensional analysis predicts that there will be four 
dimensionless groups. The theory of dimensional an- 
alysis also requires that 

f (A~, A~, A~, A~) = O. 

( tpC  mp% 3 Ipv hpv = q5 u3 - -  ) 
U U t ' U 

h = u tpv 2 mp2v 3 Ipv) 
pv ~ (  u ' u ~ ' u  

The function ~) must be determined by experimenta- 
tion. 

MODEL THEORY ANALYSIS 

A technique based on model theory can be used to 
solve problems which are otherwise too complicated 
for mathematical or graphical solution. 
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The purpose of this analysis is to provide a model of 
the actual exhalation and inhalation of human breath- 
ing. This model can be obtained ff the four specific 
groups Az, A2, A~, and A4 are satisfied. To obtain model 
and prototype similarity, the dimensionless group for 
the model must equal the dimensionless group for the 
prototype. The following equations must be obeyed to 
achieve similarity. 

hpv (hpv) model = (--~--) prototype 
U 

( tpv~ ) model  = ( t p v 2 )  prototype 
O u 

mp2v 3 (mp2v 3 
( - - f i r - )  model = ~ , prototype 

(-~-v) model = ( - ~ )  prototype 

A full size model can be constructed using water as 
the model fluid. Thus 

I model = I prototype 
and 

h m o d e l - - h  prototype 

It is assumed that the tidal volume for inspiration 
and expiration is 500 cc at sixteen respirations per 
minute. One half the tidal volume emanates on ex- 
halation from each nostril. The inspiration phase lasts 
1.55 seconds which is followed immediately by ex- 
piration which lasts 1.55 seconds. A rest phase of 0.65 
seconds occurs between the phases of expiration and 
inspiration. Expe_,'iments were also performed without 
the rest phase. Both types of experiments indicated 
that there is no meaningful rebreathing of previous ex- 
halations. 

The following model times can be obtained from the 
dimensionless groups to simulate respired gas in space 
enclosures of 300 mm Hg oxygen at 80~ and 760 mm 
Hg air at 80~ The calculations are based on water 
as the model fluid. 

A. Prototype Space Enclosure of 300 mm Hg oxygen 
80?F 

Model Time of Inspiration 67 seconds 
Model Time of Expiration 67 seconds 
Model Time of Rest 28 seconds 

B. Prototype Space Enclosure of 760 mm Hg Air at 
80~ 

Model Time of Inspiration 9.6 seconds 
Model Time of Expiration 9.6 seconds 
Model Time of Rest 1i seconds 

D I F F U S I O N  A N A L Y S I S  

The effects of molecular diffusion become apparent 
during dispersion after the effects of momentum be- 
come negligible. These effects can be determined ff 
the exhaled fluid is considered to be injeeted into an 
infinite medium as an instantaneous souree. The dif- 
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fusing fluid is assumed to be initially distributed uni- 
formly through a spher~ of radius (a). 

If the amount of diffusion fluid is deposited within 
a sphere at time t = o, the concentration (c) at radius 
(r) and time (t) can be determined by the following 
equation (Ref. 1). 

a - r  C o  D D ~ t  a+r + e r f ~  ] - - -  C = ~C0 [ e r f 2 ~  
v / /  

- ( a - r )  2 - ( a  + r ) 2  
[ e  4Dt  - -e  4Dt  ] 

w h e r e  
Co = uniform initial sphere concentration 
C = concentration at r for t 
a = radius of initial sphere 
r = radius at time t 
t = time 

err = error function which is an extensively tabu- 
lated mathematical function 

D --- diffusion coefficient 
Examination of the instantaneous spherical source 

diffusion equation shows that concentration is depend- 
Dt ~'~ ent upon the dimensionless term (~_) Since 
u 2  

this term is dimensionless, the model theory technique 
is used to obtain the same concentration at radius (r) 
for time (t) for similar spherical sources. This similarity 
is given by the following equations. 

( ) odel = (~)prototype 
Since the model is full size 

( a ) model --- (a) prototype 
and 

(Dt) model = (Dt) prototype 

The diffusion coefficient for the model fluid will be 
considered as self diffusion for water in water. This 
diffusion coefficient is a function of viscosity and 
density and is given by the following equation. 

U , ft 2 .  . 
D--- P ( /hr ) 

The diffusion coefficient for the prototype gases can be 
determined from the following equation (Ref. 2). 

(0.0069) T3/2 ,/-1- ] 
o = .P/VA  § vB'/  ) § M% 

where 
D : diffusion coefficient (ft2/hr) 
T = absolute temperature (~ 

MA, Ms = molecular weight (Ibm) 
P = total pressure (arm) 

VA, VB =moleeular  volume fit s) 

The time for similar diffusion to occur during the 
model rest phase, as it does for the protype rest phase, 
can be obtained from the aforementioned diffusion co- 
efficients and the model-prototype diffusion relationship. 
It can be shown that the model time for diffusion cor- 
responds to the model time for momenhnn as previ- 
ously determined by dimensional analysis for the rest 
phase. A model experiment can therefore be designed 
which considers both momentum and diffusion effects 
of the movement and dispersion of respired gas in 
manned space enclosures. 
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Fig. 1. Model Experiment. 

EXPERIMENTAL ANALYSIS 

The purpose of this analysis is to provide a valid ex- 
periment based upon the results of the previous an- 
alyses. 

The experiment consists of a replica of a full size 
human head, an enclosure, and a simulated respiration 
pumping system which incorporates a dead fluid space 
of 150 cc. The components of the experiment are 
shown in Figure 1. 

The enclosure is filled with water and allowed to 
stand in an air conditioned room to attain a uniform 
temperature throughout the fluid. After several hours 
the fluid comes to complete rest without any convec- 
tion currents. A water-dye solution of the same density 
and temperature of the fluid within the enclosure is 
then pumped through the simulated dead fluid space 
and the immersed model head. The water-dye solu- 
tion enters the enclosure fluid as two jets from the 
nostrils of the model head. 

The tidal volume for the model experiment is 500 cc 
on inhalation and exhalation. The first 150 cc of fluid 
which is exhaled is the last 150 cc which was previously 
inhaled. The model times for the phases of inhalation, 
exhalation, and rest correspond to the model times 
which were given in the model theory analysis. It is 
seen that the movement and dispersion of respired gas 
in any spacecraft atmosphere can be simulated in the 
model experiment by changing model times. The 
model tidal volume, dead fluid space, and the head 
replica would remain full size. The viscosity and 
density of the model fluids would remain the same for 
all experiments if the model temperature is kept con- 
stant. 

The model experiment reasonably simulates the 
movement and dispersion of respired gas in spacecraft 
under weightlessness. This is done in the earth labora- 
tory under controlled conditions by horizontally in- 
jecting a fluid into a surrounding fluid of the same 
temperature and density. The injected fluid will neither 
rise nor fall. The only effects of movement and dis- 
persion will, therefore, be due to momen~rn, viscosity, 
and molecular diffusion. The effects of gravity have 
been cancelled since convection has been minimized. 

An engineering replica of a human nose is an import- 

ant component of the experiment. The nose is art in- 
tegral part of the head replica and affects the tIow 
and movement of fluid during the phases of exhalation 
and inhalation. 

The design and fabrication of the nose replica was 
determined after extensive experimentation with hu- 
man subjects and smoke. Human subjects were placed 
within a partially sealed enclosure and instructed to 
exhale cigarette smoke through their nostrils as shown 
in Figure 2. Analysis of the exhaled smoke patterns 
indicated that the angle of spread between the two gas 
jets is approximately 30 to 40 degrees. The angle be- 
tween the gas jet and the neck is approximately 40 
degrees. The conical angle of dispersion for each gas 
jet is approximately 24 degrees. 

The nostrils were determined to be elliptical with the 
dimensions of ~ inches x ~ inches. The angle between 
nostrils was determined to be approximately 60 de- 
grees. 

The nose was designed and fabricated to deliver 
fluid jet flow with the aforementioned angles. The jet 
flow emanating from each nostril has the form of an 
elliptical cone. 

Fig. 2. Exhaled Smoke Pattern. 
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C O N C L U S I O N S  

Model  experiments were  per formed using the tech- 
niques which were  described in the previous analyses. 
Wate r  was used as the enclosure fluid and a water-  
potassium permanganate  solution was used as the in- 
jected fluid to simulate carbon dioxide. For  practical 
purposes,  both  fluids were  of the same density at 75~ 

The  model  experiments were per formed to simulate 
spacecraft  atmospheres of oxygen at  300 m m  H g  and 
80~ and air at 760 m m  Hg and 80~ Fluid sampling 
was per formed in the dead  fluid space and in the en- 
closure. The  technique of spectrophotometry  was used 
to analyze the simulated carbon dioxide concentrations 
which the fluid samples represented.  The  samples 
were  taken from the dead fluid space on inhalation as 
soon as inhaled enclosure fluid passed the sample loca- 
tion. Samples were  taken f rom the center  of previous 
exhalations in the enclosure fluid immediate ly  after  the 
end of the exhalation and rest phases. 

The  simulated carbon dioxide concentrations for 
the simulated pure  oxygen experiment  were  less than 3 
m m  H g  in the dead  fluid space on inhalation and less 
than 7 m m  H g  in the center of the exhaled fluid im- 
mediate ly  after the end of exhalation. The  simulated 
carbon dioxide concentrations for  the simulated air ex- 
per iment  were  less than 1.5 m m  Hg  in the dead fluid 
space on inhalation and less than  3.7 m m  H g  in the 
center  of the exhaled fluid immediate ly  af ter  the end 
of exhalation. 

Simulated dead space fluid sampling was also per- 
formed at the end of the inhalation phase. This sampl- 
ing indicated that  less carbon dioxide was being in- 
haled at the end of the inhalation phase  than  at  the 
beginning. Simulated sampling in the enclosure indi- 
cated that  less carbon dioxide was present  in the ex- 
haled fluid at the end of the rest  phase than at the 
beginning of the rest phase. 

The  model  experiments clearly indicated that  a previ- 
ous exhalation was not inhaled. The  fluid which was 
inhaled was that fluid in the immediate  vicinity of the 
nostrils. 

The  exhaled fluid was shown to emanate  f rom the 
nostrils as two elliptical cones. Each  cone entered the 
surrounding enclosure fluid until viscosity effects trans- 
formed the conical form into an approximate  spherical 
form. I t  was apparent  that  surrounding enclosure fluid 
was be ing entrained with the exhaled fluid during the 
exhalation phase. The effects of m om en t um were 
shown to be  much  greater  than the effects of molecular  
diffusion during the fluid dispersion. I t  was apparent  
that  previous exhaled fluid still had  m om en t um  during 
the following rest and inhalation phases. These effects 
caused the last 350 ce of exhaled fluid, which simulated 
respired gas with a carbon dioxide concentrat ion of 
40 m m  Hg, to be  dispersed to carbon dioxide concentra- 
tions well within the safe range. The  first 150 ee of 
exhaled fluid simulated carbon dioxide concentrations 
equivalent  to the carbon dioxide concentrat ion within 
the surrounding enclosure fluid in the immediate  
vicinity of the model  head. 

The  results of initial model  experimentat ion indicate 
that  an astronaut will not  poison himself because of 
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lack of a tmosphere  movement .  The exhaled fluid did 
not  accumulate  before the model  nose nor  did the ex- 
haled fluid surround the model  head. Formations of 
localized bodies of fluid containing representat ive de- 
ficiencies of oxygen and  abundancies of carbon dioxide 
which could cause suffocation did not occur  within 
the model  experiment  enclosure. 
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