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DEVELOPMENT OF A CANNULA DEVICE FOR GAS FRACTION

REMOVAL IN SURGICAL DRAINS
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The development of low-traumatic surgical drains aimed at maximum possible separation of blood and air, is an
important trend in modern medicine. The objective of this work is to create an inexpensive, user-friendly and
low-traumatic dynamic blood aspiration system (DBAS). The system allows effective separation of blood and
air when drawing blood from a wound under vacuum conditions required for blood aspiration. The operating
principle of the system is to separate liquid and gas fractions of the blood-air mixture by modifying the blood
intake cannula. The effect is achieved by applying the principles of centrifugal forces of a rotating blood-air flow

combined with Archimedes lift forces.
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INTRODUCTION

Venous blood drainage is used in most surgical pro-
cedures [1, 2]. It was not generally used until the recent
development of invasive cardiac surgery, along with the
spread of open-heart surgeries that do not require blood
transfusion [3]. Patients undergoing cardiac surgery with
cardiopulmonary bypass (CPB) require large quantities
of donor red blood cells [4]. Considerable evidence sug-
gests that transfusions during cardiac surgery increase
infectious and noninfectious risks [5—7]. Venous drainage
is an acceptable method for patients to preserve their
own blood. During the procedure, blood is aspirated
from the wound cavities using a suction cannula connec-
ted to a blood suction system (roller or vacuum pump).
In turn, the blood further enters the recirculation system
represented by the collection reservoir and connecting
tubes (Fig. 1).

According to experts, blood aspiration is the main
factor traumatizing the blood and, along with the effect
of air microbubbles getting into the blood circulation
circuit, increases the patient’s rehabilitation time after
surgical intervention. In reviewing literature sources,
it was noted that 79% (n = 15) of the authors believe
that the vacuum drainage technique benefits the assis-
ted circulation procedure and/or the patient. Reducing
the number of transfusions helps to prevent blood bank
overload [8—14]. The reduction is due to improved bio-
chemical parameters and, therefore, there is no need to
increase the volume of the venous reservoir to maintain
the level of protection against air ingress into the system.

Reduced use of blood products helps to reduce post-
operative complications, and the technique provides a
reduction in total blood count, reducing hemodilution
[3, 8-15] and maintaining hematocrit and hemoglobin
at acceptable levels.

However, along with increased use of venous drai-
nage, specific side effects of the procedure have been
reported. Willcox et al., LaPietra et al., Davila et al.,
Burch and Locke have separately reported cases in in
vitro studies where the venous drainage system returns
air-laden blood to the patient [16—19]. This results in
systematic microemboli. Microemboli often cause sig-
nificant cerebral morbidity, usually manifesting as post-
operative cognitive deficit or stroke [16].

Air embolism has been reported in other studies [10,
11, 20, 21]. It has been shown that venous vacuum drai-
nage caused almost 10 times more embolisms in the
arterial line compared to passive drainage, despite the
use of appropriate equipment. The above-mentioned
embolism is a consequence of microbubble formation
in the liquid due to turbulence caused by high-pressure
passage through a narrow tube. The same studies show
that just by comparing the lengths of the vacuum and
gravity methods, in the situation of air supply to the ve-
nous circuit through the venous line, the vacuum allows
more air to enter the system.

There has been disagreement about the presence of
high levels of hemolysis when using a vacuum. Most
authors believe that hemolysis caused by negative pres-
sure procedures was similar to hemolysis with passive
drainage [3, 10, 11, 22]. However, comparing vacuum
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drainage with centrifugal pump drainage, Cirri et al. [23]
showed that vacuum drainage causes a higher degree of
hemolysis, which were also confirmed by Gregoretti et
al. [24]. However, Lau et al. disagree, showing similar
levels of hemolysis [25].

In the last decade, the efforts of many specialists
working in the field of artificial blood circulation were
aimed at developing new pumps, membrane oxygena-
tors, which would reduce blood trauma during such
operations. Nevertheless, despite certain successes in
this direction, blood trauma is still a great danger, and

this is mainly due to the traumatic effect of the blood
aspiration system. This problem has become especially
urgent recently when the age of patients undergoing open
cavity surgery has significantly changed and the length
of rehabilitation has increased. As a result, efficiency
of blood drainage systems is an important part of the
surgical process.

MATERIALS AND METHODS

The main causes of blood injury when using the exis-
ting blood aspiration systems include:

Drainage tube

Control unit

Pump

Oxygenator

Fig. 1. Vacuum-assisted venous drainage. LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle

Fig. 2. Schematic representation of the modified separation
cannula

— massive mixing of blood with air in the cannula, con-
necting tubes, and pump;
— high vacuum produced by the pump.

To reduce the influence of the above factors, an er-
gonomic and practical DBAS was developed. The ap-
pearance of the modified cannula is shown in Fig. 2.
The system includes a mixture intake tube bearing a
special nozzle and a cannula separation unit.

The separation unit, shown in Fig. 3, has a narrow
part A, in which the mixture feed tube 1 is located. The
wide part C, follows the narrow part through a smooth
transition B. From the blood sampling nozzle through
the tube, a liquid-air mixture enters the inlet tube of the
separation unit, which is an extension of it. The mixture
feed channel is directed to the thickened part C, in which
a conical cavity 2, an air filtration zone 3 and two tubes
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of blood and air fraction withdrawal 4 and 5, located
inside the handle of cannula D, are cut out.

One of the tubes 4 is a continuation of the conical
part, and the liquid phase is discharged through it with a
minimal air residue. The second tube 5 is parallel to the
first one, but is connected to the filtration zone, which
is vertically above the conical part. Through this tube,
the air separated during flow through the conical part is
removed. A bio-inert exchangeable sponge is installed
in the filtration zone to optimize the separation process.
The sponge is replaced by opening the top cover.

The conical part is located vertically with a narro-
wing downwards. With respect to the cross section of
the cone, the inlet channel to it is located at an angle.

|w

At the junction, the inlet channel is positioned such that
the flow enters the conical part in a tangential line at
the maximum radius of the cone cross section at the in-
let. The wide section transitions into a handle designed
to hold the system comfortably. The handle has slotted
channels for the liquid and gas phases mentioned earlier.
The channels end with outlet fittings, and are connected
to a vacuum generation system. A sketch of the complete
DBAS is shown in Fig. 4. Since the separation of blood
and air must be performed as close to the wound as pos-
sible, the working chamber of the device is built into the
handle of the drainage cannula (Fig. 3, D). Thus, after the
separation process, blood is collected at the lower end of
the working cyclone chamber and aspirated through a se-
parate channel (Fig. 3, 5) using a roller pump (Fig. 4, 4).

In turn, air is collected in the upper part of the cham-
ber and aspirated through another channel (Fig. 3, 4) by
a vacuum roller pump (Fig. 4, 5). Blood and air are then
fed separately into the cardiotomy tank (6).

How the device works

The blood-air mixture, under vacuum, is captured
through the tip of the cannula from the wound and flows
through the channel (Fig. 4). The mixture then enters the
inlet of the cyclonic conical chamber at an angle to
the vertical axis (Fig. 3). Rotation of the blood-air mix-
ture is achieved, which is maintained by the conical ex-
pansion of the cyclone chamber. Blood is collected in
the lower part of the nozzle, while air, due to centrifugal
and Archimedes forces, is collected in the center of the
rotating flow and rushes to the highest point. The forces
acting on the air bubble can be considered in the coor-
dinate system as shown in Fig. 5.

It can be seen from the figure that when an air bubble
enters the cyclone chamber, its motion in the vertical
direction along the axis is due to the applied vacuum P,

o

Fig. 4. Schematic representation of the dynamic blood aspiration system. 1, suction cannula; 2, liquid-air mixture supply tube;
3, separator; 4, roller blood pump; 5, roller air pump; 6, cardiotomy tank
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from the liquid channel, the vacuum from the air channel
P,, the Archimedes force F),, and viscous friction force
Fr. It was decided to neglect the weight of the bubble due
to the weak influence of this parameter in these condi-
tions. Since the mixture intake channel enters the cyclone
chamber at a tangent and vertical angle a, the vacuum
in the xy plane can be considered as the projection of
the flow force F, on the y axis. In the xy plane, viscous
friction force F;, will act on the bubble as a counterba-
lance to the motion of the bubble. We obtain the basic
steady-state equation of bubble rising (1):

F,—F,, —F, +F,=0. (1)

In the case of absence or weak influence of vacuum
P, and a decrease in force F,, a solution of the system
of equations gives the bubble ascent velocity and initial
rotation velocity in the cyclone chamber (2):

1 pgD,> 32 LQ

3 TCd2 Db

y

v -sin q, 2)

18 1

Fig. 5. The position of forces acting on air bubble

Fig. 6. An example of simulation of fraction flow in a 20 mm
Hg vacuum with 4 mm air bubble diameter
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where v, is the air bubble rising velocity, p is blood den-
sity, g is free fall acceleration, 7 is blood viscosity, o is
the angle of blood intake channel entry into the cyclone
chamber, L is the blood intake channel length, D, is the
diameter of the air bubble under study, and Q is the blood
flow rate.

The rising rate, as follows from analysis of the equa-
tion, depends to a greater extent on the amount of blood
flow that the pump produces and the angle a. Evaluating
the relationship between vacuum and separation effici-
ency is part of the initial DBAS design process.

Computer model of the device

We developed a three-dimensional DBAS mathema-
tical model of viscous liquid flow with the presence of
liquid bubbles of different diameters using the COMSOL
Multiphysics software. As a result of the studies, a pic-
ture of liquid and gas fraction motion was obtained, an
example of which is shown in Fig. 6. The calculation
boundary conditions included a vacuum value of up to
50 mm Hg. We applied a multiphase modeling mode of
blood and air flow.

The criterion of amount of air fraction separated from
liquid after flowing in the cyclone chamber was introdu-
ced as the required parameter. Convergence criterion 10
by pressure was defined as the convergence criterion.
A k-¢ turbulence model was used to simulate the flow
field. A sufficiently fine grid consisting of tetrahedral
cells consisting of 80,000 elements, was obtained.

The calculation example shows the mechanics of
fraction movement, assuming a 0.5 1/min liquid flow
rate. One can observe blue lines of trajectories of air
bubbles up to 4 mm in diameter in the blood flow, shown
by red lines. Calculation is made under the condition that
air volume in the blood is equal to 10% of the total flow.

Most of the air flow with some amount of blood (not
more than 0.05 1/min) is separated into the air channel.
Volumetric flow was created under a 20 mm Hg vacuum
condition. Thus, air and vacuum reduce the influence on
further blood advancement into the cardiotomy tank.
In the air channel, the blood is strongly affected by all
thrombosis factors, but the volume of this fraction is
reduced to a minimum.

Hydrodynamic bench

Initially, the efficiency of DBAS was assessed vi-
sually on a hydrodynamic bench by the nature of the
air-bubble concentration zone and by the change in the
composition of the air-liquid mixture after the intake tube
(Fig. 7). However, in practice, due to the impossibility
to observe air bubbles in a fairly wide range of chan-
ges, electronic microbubble counting devices were used.
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The vacuum system is represented by two pumps — a
roller pump, capable of developing the required vacuum
for liquid and gas outlet channels, and a vacuum suction
system.

The bench includes a roller pump (9), which sets
the vacuum required for study and the liquid flow rate,
measured by a flow sensor (6). Air is withdrawn into the
vacuum suction tank (8) through a channel (3), and blood
outlet through a channel (4). Bubbles of different diame-
ters are injected into the cardiotomy tank (2) through a
syringe (5) connected to the injection device, on which
the volume of the supplied gas fraction is regulated.
A cannula (1) is placed in the reservoir, which simulates
the patient’s wound.

Flow rate was measured using an ultrasonic flow
sensor (Transonic Systems Inc., USA) (6), and pressure

was measured using transducers (Edwards Lifesciences,
USA) (7). To record hemodynamic parameters, we used
multichannel module ANGIOTON (Biosoft-M, Russia)
with recording on a personal computer using the Pumpax
software program (Biosoft-M, Russia). Initially, water
was used as the working fluid.

Standard 3/8" silicone tubing was used to connect
the various elements of the bench. During the study,
the roller pump was operated on standard configura-
tions for clinical use, to achieve flow rates ranging
from 0 to 1 L/min.

RESULTS

The amount of vacuum required to drain the gas-
liquid mixture was determined on the bench under pump
flow conditions up to 1 L/min. Vacuum was measured

Fig. 7. Hydrodynamic bench. 1, cannula; 2, cardiotomy tank; 3, air channel; 4, liquid channel; 5, air supply device; 6, flow
measurement / microbubble counting sensor; 7, vacuum measurement sensor; 8, vacuum suction tank; 9, roller pump
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Fig. 8. A graph of flow rate versus applied vacuum
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at the inlet of the roller pump. In this case, the variable
was the percentage of air in the mixture from 0 to 50%.
Fig. 8 shows the dependence of the required vacuum for
drainage of various blood flow rates (at a constant roller
pump flow rate).

As can be seen from Fig. 8, the vacuum changes from
a weakly negative pressure, determined by the diffe-
rence of the differential between the suction point and the
pump inlet to a value of —29 mm Hg at a flow rate of 1 L/
min. The picture of bubble separation at the calculated
vacuum is shown in Fig. 9.

The obtained results confirm that in the process of
gas-liquid mixture separation, efficiency simultaneously
decreases both with increasing vacuum, which is known
to significantly affect the injury by blood-forming ele-
ments, and with increasing volume of supplied air. The
operating flow rate range used in surgical operations is
up to 0.5 L/min with separation efficiency averaging
more than 50% and under vacuum conditions not more
than 10-15 mm Hg.

Given that blood viscosity (even in conditions of di-
lution during extracorporeal circulation) is 2—3 times
higher than water (u = 4.2 x 10~ kg/(m-s) and density
p = 1054 kg/m?), the required vacuum should be higher
than in our measurements.

In the developed blood drainage device with pre-se-
paration, it is necessary to choose capacities in blood and
air suction lines. In basic drainage mode, the amount of
air can be several times higher than the amount of blood.
In this case, some of the air will enter the blood channel,
flowing into the rotary pump, which constitutes the most
dangerous mode in terms of hemolysis. To address the
consequences of this mode, the air channel capacity can
be increased several times relative to the blood suction
channel capacity. Under airless blood drainage, blood
will be drained through both channels. Under drainage
with simple cannula use, air will also be drained through
both channels.

CONCLUSION

We have proposed an alternative method that is based
on the physical principles of centrifugal influence and
Archimedes forces on air microbubbles for their effective
removal from the blood suction system in surgical ope-
rations involving users of heart—lung machines. A dyna-
mic blood aspiration system was developed to minimize
gas fraction for blood return systems in the heart-lung
machine circuit.

The authors declare no conflict of interest.
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