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Abstract — Gas bubbles of oxygen. carbon dioxide and nitrogen are injected into the degassed
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pletely dissolved in the liquid. Physical quantities governing the dissolution of gas bubbles are
identified and their effects are examined. The applications of the study include the dissolution
of gas emboli in human body and the extracorporeal oxygenation of the blood during open heart

o0CY acor

surgery.

1. INTRODIICTION
1. 2 VUL AU

Gas EMBOLISM, although relatively infre-
quent in medical practice. is a dreaded
complication in surgical, therapeutic and
diagnostic procedures when it does occur.
Through an extensive survey of the literature
pertinent to the problems of gas embolism,
bllaﬁg aﬂu I aﬁg \1767) nave LlaSSlllCU UIC
causes of gas embolism into: decomposition,
anesthesia, surgery, accidents, extracorporeal
circulation of blood, hypothermia and fracture
of bones and tissue. In other words, gas
embolism arises from the existence of a gas
phase which is introduced into the human
body through cavitation of dissolved gas in the
blood or body fluids or is forced into the

body the environment. The
most important problem related to the pre-
vention of gas embolism is the rate at which a
gas phase is re-absorbed or dissolves when it
appears in the blood or body fluids. In other
words, whether or not a gas phase in the
human body may cause embolism depends, to
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stability and rate of growth of this gas phase
appearing in the form of gas bubbles. Here is
the dynamics equation of a spherical gas
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where R is the bubble radius at any time r,
R =dR/dt, p is the density of the liquid,
ps(R) is the gas pressure inside the bubble,
D~ is the liquid at a distance from the bubble
and o is the surface tension. It can be seen

from equat;ovnv(vl )-t“h'z;t tl'1e ububble 1; 1—r-1-dvyvn;r'mc
equilibrium with the liquid if f(R) =0 and
R =0, where

2o

R =p(R) ~pa—g - ()

Whether the equilibrium of a bubble is
dynamically stable or unstable is determined
by the value of df(R)/dR for the given radius.
The condition df(R)/dR < 0 indicates dyna-
mic stability and as a resuit a bubble will
dissolve through diffusion of gas out of the
huhbhla

Tha ranocs of aanilihriim radii for
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which df/ldR <0 is R, < 20/(pgp—0p=),
where p,, is the initial pressure of the gas in a
bubble of radius R,. Yang (1970) has analyti-
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cally investigated the radius-time relation of a
gas bubble in whole blood and plasma, and the

rate nf difficinan of ¢ diccealvad one in tha
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liquids under the condition of dynamic stabil-
ity. Whereas df(R)/dR = 0 is the condition
for dynamic instability and as a result the
effect of gas in a bubble may initiate the
growth of the bubble, The range of equilib-
rium radii for which df/dR =0 is R, = 20/
(Po—p=)-

This paper deals with the experimental

studv on the dissolution of a gas bubble in

Sl ) Vil RAS Lsoalenivil Mk [OLS 1020} Lopuy 4

degassed whole blood and plasma corres-
ponding to the condition of df/dR < 0. Part I
of this study is concerned with the physical
situation in which a stationary gas bubble is
situated in a quiescent plasma or blood, while
part 11 deals with the case when there is a
relative motion between the bubble and the
liquid. The distinction between a gas bubble in
plasma and a gas bubble in whole blood is that
for the latter case chemical reaction between
the dissolved gas and reduced hemoglobin
takes place in the concentration boundary
layer over the dissolving bubble surface.

2. APPARATUS

Tha ma— 1
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LiIG
of a gas bubble degassed bl od and plasma
is conducted in two steps. First step is to
degas the liquid. During this stage, the gas
dissolved in plasma is removed and oxy-
hemoglobin in whole blood dissociates into
reduced hemoglobin and oxygen which is
removed as soon as it is formed. The occur-
ence of dissociation of some oxyhemoglobin

ic evidenced hv a chanoe in the ralar of the
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blood from scarlet red to purple red. The
second step involves the injection of a gas
bubble into the degassed blood or plasma,
followed by the measurements of the bubble
size at certain time intervals until the bubble is
completely dissolved in the liquid

The equipment used in the degassing
process is shown in Fig. 1. The test fluid is
placed in a 250 ml separatory funnel which

has an opening on one end and a stopcock on
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to the open end A thermomete r is inserted
into the fluid through a hole in the rubber
stopper. During the degassing process the
funnel attached to a stand is positioned with
the stopcock at the top. A 1 m length of #in.
diameter tygon tubing leads from the stop-
cock of the funnel to a 250 ml distilling flask,
which traps fluid being carried out of the

funnel durine the deocaccing nracese. A SO em
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length of tubing leads from the top of the
distilling flask to a 250 ml Erlenmeyer flask,
which retains any fluid being transported up
the tubing from the distilling flask. A 50 cm
length of tubing from the Erlenmeyer flask is
connected to a ‘T’ joint. One branch of the ‘T’

leads toa mercury manometer, while the other

branch is connected to a condensing trap.
The condensing trap removes much of the

water vapor from the air being drawn from the
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system. A 2m length of { in. diameter tubing
leads from the condensing trap to a $h.p.
Hy-Vac vacuum pump. A vacuum of approxi-
mately 28-5 in. of mercury is obtained during
the degassing process.

The equipment used in injection and
measurement of bubble size is illustrated in
Fig. 2. The liquid in the separatory funnel
serves as the medium for the diffusion of the
gas bubble. The gas is drawn into a syringe
with a size number 20 needle. The needle is
inserted through the rubber stopper in the
funnel and a small bubble is introduced into
the liquid. The bubble is observed through the
wall of the funnel placed on the side on a
wooden support which allows the illumination
of the funnel from beneath. The illumination is
provided by two 15W white florescent lamps.
An Edscorp No. 30186 reticle is placed on the
side of the funnel. The reticle has a 10 mm
long metric scale divided into units of 0-2 mm.
A dual eyepiece Bausch and Lomb micro-
scope is placed above the funnel and reticle.
The bubble size is observed under a magnifi-
cation of 10-5 X.

The liquid viscosity is measured using the
test apparatus depicted in Fig. 3. Measuring
the liquid viscosity provides a means of detec-
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ting any change in the physical properties of
the liquid during testing. The test liquid placed
in a2 3-4cm id. 14cm long glass tube is
allowed to flow through a capillary tube
16 cm long into a 100 mi boiling flask. The
time required for the liquid to fill the spherical
portion of the flask is recorded. The measure-
ments are conducted before and after each
bubble test. A change in the time required to
fill the flask to the chosen level indicates a
proportional change in liquid viscosity. A
substantial change in liquid viscosity may
indicate the deterioration of the biological
fluid and thus will influence the rate of dissolu-
tion of the gas bubble.

3. EXPERIMENTAL PROCEDURE

The experiment begins with the degassing
of the test liquid. Two stands are used. one to
hold the separatory funnel and the other to
hold the distilling flask and the Erlenmeyer
flask, as illustrated in Fig. 1. The base of the
second stand is placed about 76 cm above that
of the first stand. The level of the Erlenmeyer
flask is approximately 35 ¢m above that of the
distilling flask. The positioning of the contain-
ers at different levels allows much of the liquid
transported into the tubing to flow back into
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Fig. 2.

Bubble measurement set up.
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Fig. 3. Apparatus for viscosity measurement.

its original container. 200ml of liquid is
placed in the separatory funnel and in the
distilling flask. The vacuum pump is turned on
until the bubbles formed during the pumping
process fill the containers and the tubing
above the containers. Then, the pump is
turned off until the liquid transported by the
rapid bubbling in the containers has settled
back into the original container. The on-and-
off operation of the pump is repeated until the
bubbling rate becomes low enough that the
transportation of the liquid from the separatory
funnel has ceased. The pump is then left

W.-J.YANG et al.

running to complete the degassing process.
After a bubble has been injected and absorbed
the pumping is resumed prior to another
bubble injection. For plasma, the pumping
times for the first run and subsequent runs
are 12 hr and 1 hr, respectively. In case of dog
blood, these pumping times are 10 hrand 1 hr,
respectively. It was observed that bubbling
processes diminished in approximately 8 hr.
The vacuum pressure is read off the mercury
manometer.

When the degassing is complete, the vacuum
pump is turned off. Liquid in the distilling
flask is transferred back to the separatory
funnel through the tubing connecting the two
containers. The distilling flask is inclined and
the liquid is allowed to run down the connec-
ting tube. The pouring is continued until the
liquid has filled half the length of the tubing
leading to the separatory funnel. Then, the
tubing leading from the condensing trap to the
vacuum pump is disconnected at the conden-
sing trap. The pressure in the flasks returns to
the ambient pressure. The rubber stopper is
removed from the distilling flask which is now
moved to the top of the second stand. The
separatory funnel is removed from the first
stand and placed on the wooden support as
shown in Fig. 2. A gas bubble is then injected
through the rubber stopper into the degassed
liquid in the separatory funnel. The bubble
diameter is measured at frequent intervals. The
equipment is returned to the arrangement
depicted in Fig. 1 after the gas bubble is com-
pletely dissolved in the liquid. The level of the
liquid in both the separatory funnel and distil-
ling flask are adjusted to contain 200 ml of the
liquid before next run is started.

The viscosity of the liquid is measured
periodically to check any possible change in
the liquid property resulting from the degas-
sing process or its continuous exposure to the
room temperature and pressure.

4. RESULTS AND DISCUSSION

Since the bubbles are in contact with the
glass container, they cannot be called spheri-
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cal bubblies in the strict sense of the word.
Rather they tend to assume a shape similar to
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liquid pressure, the dimension of the bubble is
reduced in the direction normal to the con-
container surface and increased along the
container surface. Thus the measured bubble
size was reduced to an equivalent size of a
spherical bubble and plotted in radius-time
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In the experiments, the liquids including the
blood and plasma were degassed under
2880 to 28-95in. Hg negative pressure.
During the degassing process the liquid
temperature fell below the room temperature
by 2 to 3°F due to a decrease in the vapor
pressure above the uqunu As a result, the
liquid temperature gradually restored to the
level of the room temperature during the
observation of dissolution of a gas bubble.

Oxygen is carried by the blood mainly in
reversible chemical combination, rather than
in physical solution. After human and dog
bloods are degassed the color turns purple,
indicating that some oxyhemoglobin is
dissociated to the reduced form or hemoeslo-
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bin. It is estimated from the vacuum pressure
and the oxyhemoglobin dissociation curves of
human blood (Fenn and Rahn, 1964) that
after degassing pressure the concentration of
oxygen in association with hemoglobin has
been reduced to few (approximately 2) per

cent of its saturated concentration under one

atmosphere. While an oxygen bubble was
injected into partially degassed blood, the
color of the blood in the vicinity of the
bubble very quickly changed from purple to
scarlet red. This is the evidence that oxygen
contained in the bubble has diffused into the

hland and farmad a thin AAancantratinn ‘\r\nnrlt
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are layer over the bubble. In the boundary
layer hemoglobin of the red cells combined
with the dissolved oxygen in the form of the
scarlet red compound, oxyhemoglobin. It was
observed that during this period the bubble
shrunk very rapidly (too rapidly to read its

size). However, following the
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scarlet red ring around the bubble, the bubble
disolved in the blood rather slowly, indicating

that ravarcihla chamical camhbinatinn tha
tfal réversici€ chacmucai <omoinalion in ine

concentration boundary layer is nearly in
equilibrium, and that the dissolution of the
oxvgen bubble is mainly due to diffusion
through the boundary layer.

Figures 4 and 5 show the radius-time curves
of oxygen bubbles in human and dog bloods,

racnactively Racanca af varv ramid chrinkaoe
TESPECUIVELY. O8CAaUse O VEIY TapiG 5iNnsage

of an oxygen bubble immediately following
injection into the bloods, and also a difficulty
in reading bubble size due to the color of the
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Fig. 4. Radius-time relation of oxygen bubbles in
degassed human blood.
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Fig. 5. Radius-time relation of oxygen bubbles in
degassed dog blood.
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bloods, the initial bubble size could not be
obtained. The first readings were taken be-
tween 0-5 and 3 min after injection. The initial
radius R, in Figs. 4 and 5 was obtained by
extrapolation of the data to zero time. Through
the extrapolation, very rapid shrinkage of
oxygen bubbles in the very short time fol-
lowing injection is not seen in the figures.
However, the general appearance of the
radius-time curves should be analogous to
those of carbon dioxide bubbles in plasma, to
be shown later in Fig. 6. It is seen in Figs. 4
and 5 that the times for complete dissolution
of oxygen bubbles of the same initial size in
human and dog bloods are about the same.

Like oxygen, carbon dioxide is carried by
the blood mainly in reversible chemical
combination. The dissolution of carbon
dioxide bubbles was conducted in plasma for
two reasons. One is for convenience in visual
observation and the other is to include only
the effects of chemical reactions in the plasma.
In case of carbon dioxide in the blood,
several types of chemical reaction would
occur in the red cells and in the plasma
(Fenn and Rahn, 1964).

When a carbon dioxide bubble is injected in
the degassed plasma, a concentration bound-
ary layer of the dissolved carbon dioxide is
formed around the bubble. Most of the carbon
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Fig. 7. Radius~time relation of oxygen bubbles in degassed plasma.
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dioxide quickly combines with water to form
carbonic acid. This is a loose, reversible com-

bination due to the reversible formation of
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bicarbonate ions. The rapid dissolution of
carbon dioxide bubbles shown in Fig. 6
indicate the occurance of chemical reaction
immediately following injection. The subse-
quent shrinkage of the bubbies until compiete
dissolution is due to diffusion mechanism. The

chartar lifatima af carhan diavide bubhlac in
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the plasma than that of oxygen bubbles in the
bloods, suggests higher diffusivity of carbon
dioxide in the plasma than oxygen in the
bloods. _
The dissolution of oxygen and nitrogen
gases in the plasma are due to diffusion alone.

Tha rading_time

The hagtratad

inusiraica in
Figs. 7 and 8. A comparison of the figures
indicates that nitrogen gas bubbles have the
longest lifetime in the plasma, and conse-
quently also in the bloods, than oxygen and
carbon dioxide. To be sure, the speed of
dissolution depends on the magnitude of
diffusion coefficient rather than SOluuuuy

One observation is common in Figs. 4
through 8. That is. the rate of shrinkage of
bubbles is accelerated near the completion of
dissolution, as evidenced by the steeper
slope of the radius-time curves.

Figure 9 presents the absolute viscosities of
the piasma and dog biood measured by the
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Fig. 9. Viscosity of liquids measured under
one atmospheric pressure.

apparatus shown in Fig. 3. The confidence in
the viscosity test apparatus and technique
was borne out by comparing the measured

vieengity of watar fechawn hy dote) and tha
VIJ\IUOI\.} Vi ¥y alwl \Oll\l"ll U) WMULO ) Gl AL

data given in handbooks (shown by solid
line). No appreciable deviations in the liquid
viscosity from that shown in Fig. 9 were
observed before and after the degassing
process and bubble dissolution test.
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