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Abstract 

Background  Venous air trap chamber designs vary considerably to suit specific continuous renal replacement 
therapy circuits, with key variables including inflow design and filter presence. Nevertheless, intrachamber flow irregu-
larities do occur and can promote blood coagulation. Therefore, this study employed computational fluid dynamics 
(CFD) simulations to better understand how venous air trap chamber designs affect flow.

Methods  The flow within a venous air trap chamber was analyzed through numerical calculations based on CFD, 
utilizing large eddy simulation. The working fluid was a 33% glycerin solution, and the flow rate was set at 150 ml/min. 
A model of a venous air trap chamber with a volume of 15 ml served as the computational domain. Calculations were 
performed for four conditions: horizontal inflow with and without a filter, and vertical inflow with and without a filter. 
Streamline plots and velocity contour plots were generated to visualize the flow.

Results  In the horizontal inflow chamber, irrespective of filter presence, ultimately the working fluid exhibited 
a downstream vortex flow along the chamber walls, dissipating as it progressed, and being faster near the walls 
than in the chamber center. In the presence of a filter, the working fluid flowed uniformly toward the outlet, 
while in the absence of a filter the flow became turbulent before reaching the outlet. These observations indicate 
a streamlining effect of the filter.

In the vertical inflow chamber, irrespective of filter presence, the working fluid flowed vertically from the inlet 
into the main flow direction. Part of the working fluid bounced back at the chamber bottom, underwent upward 
and downward movements, and eventually flowed out through the outlet. Stagnation was observed at the top 
of the chamber. Without a filter, more working fluid bounced back from the bottom of the chamber.

Conclusions  CFD analysis estimated that the flow in a venous air trap chamber is affected by inflow method and fil-
ter presence. The “horizontal inflow chamber with filter” was identified as the design creating a smooth and uninter-
rupted flow throughout the chamber.
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Background
In global markets, a variety of continuous renal replace-
ment therapy (CRRT) machines are available, each fea-
turing its own unique design. As an integral part of a 
CRRT circuit, the venous air trap chamber captures air 
and clots from the blood to prevent their ingress into 
the body [1, 2]. The structure of this chamber is adapted 
to the circuit’s needs and may differ in terms of inflow 
method, presence of filters, chamber capacity, shape, 
and other parameters. Nevertheless, in clinical practice, 
clot formation within the venous air trap chamber is 
sometimes experienced [3]. Specifically, the chamber’s 
filters are believed to impact the occurrence of blood 
coagulation, because they may induce turbulence and 
cause the blood flow to stagnate [4]. Such coagulation 
may not only lead to system downtime and insufficient 
blood purification [5, 6], but also to potential blood 
loss for the patient [7]. Therefore, designing a venous 
air trap chamber that promotes a smooth blood flow is 
expected to help prevent blood coagulation. Regarding 
venous air trap chamber design evaluation, there have 
been in vitro studies on bubble removal efficiency [1, 2] 
and clinical studies on the association with thrombus 
formation [4]. However, to the best of our knowledge, 
there have only been a few reports that quantitatively 
evaluated how differences in chamber design can affect 
the flow within the venous air trap chamber [8, 9].

In the present study, we quantitatively estimated and 
visualized the flow within a venous air trap chamber 
by using computational fluid dynamics (CFD) simula-
tions, and hereby evaluated the impact of differences in 
chamber design.

Materials and methods
Analysis methods
The flow in a venous air trap chamber model was esti-
mated and visualized using numerical calculations 
based on CFD. CFD is a method to simulate various 
flow conditions and provides many advantages, includ-
ing a higher degree of freedom in addressing flow and a 
more detailed information compared with experimen-
tal settings. It has been used to evaluate various flow 
fields not only of engineering applications but also of 
vascular systems [10, 11], and is well established as a 
simulation tool to predict various fluid flow phenom-
ena. In CFD, the working fluid is first defined, and then 
governing equations are determined and discretized. 
Next, the computational domain is defined and discre-
tized (grid division). Numerical calculations are then 
performed, and finally, analysis and evaluation are con-
ducted on the basis of the numerical data.

Definition of working fluid
The working fluid refers to the fluid under analysis, 
and, in this study, was a 33% glycerin solution (den-
sity: 1.071 g/cm3, viscosity: 1.876 mPa s at 37℃) flowing 
within the venous air trap chamber. This solution is com-
monly used to simulate blood [12–14]. Additionally, the 
working fluid was defined to flow steadily into the venous 
air trap chamber from the inlet at a flow rate of 150 ml/
min, while the flow rate at the outlet was the same as that 
at the inlet, based on the law of conservation of mass. For 
both inlet and outlet boundaries, the velocities were set 
to be uniform.

Selection and discretization of governing equations
In this study, we selected the large eddy simulation (LES) 
method to simulate the fluid flow in the venous air trap 
chamber to efficiently model the unsteady turbulence 
behavior in the venous air trap chamber and capture its 
effect on the flow field. This method is shown to be suf-
ficiently reliable by our results, which demonstrate large 
velocity fluctuations owing to turbulence production 
generated by the large velocity gradient of the jet flow 
at the inlet side. The governing equations for LES are 
based on the filtered continuity equation and the Navier–
Stokes equations. The continuity equation and Navier–
Stokes equations describe the conservation of mass and 
momentum, respectively, and in the context of LES for 
incompressible flows, they are expressed as:

where ui is the filterd velocity at the xi direction, P is the 
filtered pressure, and ν is the kinematic viscosity. νt is the 
eddy viscosity representing sub-grid stress, which is a 
space-dependent variable, unlike the kinematic viscosity 
that remains constant under constant temperature con-
ditions. In this study, the coherent-structure model [15] 
was used to estimate the value of νt.

Furthermore, the computational domain was discre-
tized using the collocated-grid approach, and the QUICK 
scheme [16] and the second-order accurate central finite 
difference were applied for the advection term and the 
other terms, respectively, of the spatial discretization to 
minimize the effects of numerical oscillation and numeri-
cal diffusion. For time discretization, the low-storage 
third-order Runge–Kutta scheme [17] was applied. It 
should be noted that, in this study, for the initial condi-
tion it was assumed that the working fluid completely 
filled the venous air trap chamber.
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The numerical simulations in this study were per-
formed using an in-house Fortran code developed by the 
authors. Extending the simulation time by one second 
would require approximately 150 days of computational 
effort using this code on a computer with an Intel Xeon 
E5-2667W or E5-2687W CPU, which limited our ability 
to test more variables.

 Definition and discretization of computational domain (Grid 
Division) 
In this study, the computational domain was the inte-
rior of the venous air trap chamber. Two types of inflow 
chambers, namely, horizontal and vertical inflow cham-
bers, were designed for the inflow of the working fluid 
into the venous air trap chamber. We designed the venous 
air trap chamber on the basis of the blood circuit actually 
used in our hospital. The horizontal inflow chamber was 
referenced from the SUREFLOW N circuit (Nipro Inc, 
Osaka.), while the vertical inflow chamber was inspired 
by the CHDF-FSA circuit (Asahi Kasei Medical Inc, 
Tokyo.). Figure 1a shows the dimensions of the venous air 
trap chamber model designed in this study. These dimen-
sions were chosen to be similar to those of a venous air 
trap chamber in a CRRT circuit used in actual clini-
cal practice. As shown in Fig.  1b, the horizontal inflow 
chamber has an inflow pipe (inlet pipe) horizontally con-
nected to the venous air trap chamber, while the vertical 
inflow chamber has an inflow pipe vertically connected 
to the venous air trap chamber. Four types of venous air 
trap chamber models were designed by considering the 

conditions with and without a filter for both the horizon-
tal and vertical inflow chambers (Fig. 1b). In all cases, the 
capacity of the venous air trap chamber was set to 15 ml.

Figure 2 shows the grid arrangement and dimension of 
the computational domain. The three-dimensional grids 
for the chamber (Fig. 2d) were generated by rotating the 
two-dimensional cross-section (Figs. 2a, b) around the x 
axis. The same computational domain was used for all the 
cases. For the grids regarded as the filter, the condition 
with a filter treated them as solid, while the condition 
without a filter treated them as fluid. Grids around the 
chamber wall and the filter were arranged more densely 
using hyperbolic tangent function (see Fig. 2), where the 
smallest grid space for the radial direction was set to be 
0.08 mm.

The filter had three crescent-shaped slits on the top, 
each with a width of 1 mm and a length of approximately 
2 mm. On the side, there were a total of 108 trapezoidal 
slits with dimensions (height, top base, bottom base) of 7, 
0.26, and 0.29 mm; 7, 0.33, and 0.36 mm; and 12, 0.39, and 
0.43  mm at the upper, middle, and lower parts, respec-
tively. The area ratio of the inflow and outflow pipes of 
the venous air trap chamber was set to 1:1. Each defined 
computational domain was divided into (200 × 60 × 289) 
grid points.

Numerical calculation and analysis/evaluation
From the computational results, streamlines of the flow 
field were illustrated to visualize the flow within the 
venous air trap chamber, representing the trajectories 

Fig. 1  Dimensions and design diagram of venous air trap chamber models. a Venous air trap chamber dimension. In the horizontal inflow 
chamber, the pipe (inflow pipe) entering the venous air trap chamber is horizontally attached. In the vertical inflow chamber, the pipe entering 
the venous air trap chamber is vertically inserted. The dimensions of the venous air trap chamber in this study were designed to be similar to those 
of a typical CRRT circuit. b Simulation cases. A total of four types of chambers were designed, including horizontal and vertical inflow chambers, 
each with and without filters. The capacity of each chamber was set to 15 ml
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of the flow. Velocity contours of the flow field were also 
depicted, showing the magnitude of velocity with colors.

In addition, the radial (R) distributions of the axial 
component of the average velocity (Vx) and turbulence 
intensity (Vrms) at six selected heights from the bottom of 
the chamber were visualized to investigate how the flow 
and its fluctuation change as it moves downstream. Vrms 
is calculated as the root-mean-square (rms) of the veloc-
ity differences from its mean value.

From the streamlines of the flow field, evaluations were 
made regarding the flow and vortex formation from the 
inlet to the outlet of the working fluid. Furthermore, 
the velocity distribution of the working fluid within the 
venous air trap chamber was visualized from the veloc-
ity contours of the flow field. In addition, based on the 
distribution of average velocity and turbulence intensity, 
we evaluated the degree of retention and flow variability 
within the venous air trap chamber. The combined anal-
yses allowed the assessments of flow behaviors, such as 
stagnations.

In vitro experiments: visual evaluation of fluid flow 
in a venous air trap chamber
To validate the consistency of the results obtained 
from CFD simulations, experiments were conducted 

in vitro. The blood circuits used in the in vitro experi-
ments consisted of a horizontal inflow chamber: the 
SUREFLOW N circuit (Nipro Inc, Osaka.), and a verti-
cal inflow chamber: the CHDF-FSA circuit (Asahi Kasei 
Medical Inc, Tokyo.), both featuring integrated filters. 
The SUREFLOW N circuit features a cone-type venous 
air trap chamber, while the CHDF-FSA circuit features 
a mesh-type. Initially, the chambers were modified by 
cutting the bottom of the chamber using an ultrasonic 
cutter (Honda Electronics Inc, Aichi.), followed by 
removing or not removing the filter and a rejoining of 
the chamber parts (Fig. 3). The volume of each chamber 
was adjusted to 15 ml, ensuring that all conditions were 
identical except for the presence or absence of the filter. 
The reservoir was filled with 1.5 L of 33% glycerin solu-
tion at 37℃ and mixed with 10 ml of silver paint (Pen-
tel Inc, Tokyo.) for visualization of flow in the venous 
air trap chamber. A recirculation experimental system 
was constructed in which both the arterial circuit and 
the vein circuit were connected to a water reservoir and 
circulated by a blood pump at a flow rate of 150  ml/
min. The fluid flow in the venous air trap chamber was 
visually evaluated (Fig. 4).

Fig. 2  Grid diagram used in CFD simulation. a, b x–y cross-sectional grid view for the simulations. Two types of grid diagrams were created, 
with and without filters. The blue grid represents the fluid, while the red regions indicate non-fluid areas. Attracting grid diagram with tanh function. 
Grid points: 200 × 60 × 289. c Three-dimensional (3D) view of the filter. Upper gaps: semicircular sections (width 1 mm, length 2 mm) × 3 locations. 
Side gaps: rectangular sections (width 0.3 mm) × 108 locations. The gaps of the filter were set as fluid regions. d 3D grid view of the entire venous 
air trap chamber. For the generation of a three-dimensional grid in the computational domain, a two-dimensional grid was provided for one 
cross-section of the venous air trap chamber, which was then rotated to obtain the complete grid
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Results
CFD estimations of venous air trap chamber flow 
streams, in chamber models with or without filter and 
horizontal or vertical inflow (Fig. 1b), were as follows:

Horizontal inflow chamber with filter
From the streamlines of the flow field, it was observed 
that the working fluid, after inflow, splits in an upward 
and downward diagonal direction, ultimately flowing spi-
rally downstream along the chamber walls. This vortex 

Fig. 3  The venous air trap chambers used in the in vitro experiments. The blood circuits used in the in vitro experiments consisted of a horizontal 
inflow chamber: the SUREFLOW N circuit, and a vertical inflow chamber: the CHDF-FSA circuit, both featuring integrated filters. Initially, 
the chambers were modified by cutting the bottom of the chamber using an ultrasonic cutter, followed by removing or not removing the filter 
and a rejoining of the chamber parts. The chamber volumes were adjusted to 15 ml

Fig. 4  In vitro evaluation method: visual evaluation of fluid flow in a venous air trap chamber. An experimental system was constructed in which 
both the arterial circuit and vein circuit were connected to a water reservoir, with a recirculating flow at a rate of 150 ml/min. The circulating fluid 
was 1.5 L of 33% glycerin solution at 37℃ mixed with silver dye, and the fluid movement in the chamber was visually monitored
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flow diminished as it progressed downstream, and, after 
passing through the filter, it uniformly exited from the 
filter. As evident from the streamlines of the flow field, 
the flow was rectified into a vortex-free flow (“potential 
flow” in fluid dynamics terminology) (Fig. 5a, Additional 
file 1a).

From the velocity contours of the flow field, it was 
determined that near the chamber walls in the upstream 
region where a vortex flow was formed, the flow velocity 
was faster compared with the center of the vortex flow. 
As the flow progressed downstream in the chamber, the 
flow velocity near the walls decreased, and the vortex 
flow was streamlined to a potential flow (Fig.  6a). The 
flow velocity near the filter was almost uniform. As is 
observed for the distribution of average velocity (Fig. 7a), 
the flow is directed toward the outlet at all the x posi-
tions, indicating that no backflow occurred in this condi-
tion. Moreover, the fluctuations of flow are observed to 
be negligibly small especially at the sections “1-3” where 
the filter is installed (Fig. 7b). These observations suggest 

that the flow is streamlined by the filter, and there is no 
retention within the chamber.

In the in  vitro experiments, it was confirmed that 
the fluid flowed in a swirling manner from the inlet to 
the outlet of the chamber without apparent stagnation 
(Additional file 2a).

Horizontal inflow chamber without filter
From the inlet to the filter section, both the streamlines 
and the velocity contours of the flow field showed simi-
lar results to those of the horizontal inflow chamber 
with filter, displaying predominantly a downward vortex 
flow (Figs. 5b, 6b, Additional file 1b). However, the flow 
dynamics at the chamber’s bottom showed less uniform-
ity in both the streamlines and the velocity contours, and 
the flow did not streamline (potentiate) before reaching 
the outlet (Figs. 5b, 6b, Additional file 1b).

From the distributions of average velocity and turbu-
lence intensity (Figs.  7a, b), it is revealed that the flow 

Fig. 5  CFD streamlines of the flow fields. In the horizontal inflow chamber a, b, irrespective of filter presence, the working fluid divided into upward 
and downward directions after inflow and ultimately flowed spirally along the chamber wall downstream. This vortex flow decreased as it flowed 
downstream. With the filter (a), the working fluid uniformly flowed out from the filter, showing the streamlining effect of the filter. On the other 
hand, without the filter b, the flow was disturbed in the bottom part of the chamber. In the vertical inflow chamber c, d, irrespective of filter 
presence, the working fluid flowed vertically from the inlet into the main direction of the flow toward the outlet, but when reaching the bottom 
of the chamber part of the flow rebounded, and only after ascending and descending again, flowed out through the outlet. At positions higher 
than the inlet, streamlines diagrams were not drawn owing to stagnation. V: average flow velocity, tp: elapsed time since the particle started moving, 
s: second
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partly contains backflows near the chamber axis, and 
that the fluctuation is larger compared with the condition 
with a filter. This indicates that the flow is less stream-
lined compared with the the same inflow condition with 
filter.

Similar to the horizontal inflow with filter configura-
tion, it was confirmed that the fluid flowed in a swirl-
ing manner from the inlet to the outlet of the chamber 
without apparent stagnation (Additional file  2b). In the 
in  vitro experiments, detailed evaluation of fluid flow 
within the chamber could not be conducted as the assess-
ment was done visually from outside the chamber, and 
this may be the reason why the streamlining effect of the 
filter could not be confirmed in the in vitro experiments.

Vertical inflow chamber with filter.
In the streamlines of the flow field, the working fluid 
flowed vertically from the inlet into the mainstream 
direction, with most of it flowing along the chamber wall 
and filtering directly toward the outlet (Fig. 5c). However, 
some of the working fluid bounced back at the bottom 
of the chamber and underwent upward and downward 
motions before flowing out to the outlet. Near the out-
let, a streamlining effect of the flow owing to the filter 
was observed. No streamlines were depicted at positions 
higher than the inlet, representing stagnation (Fig.  5c, 
Additional file 1c).

In the velocity contour plot of the flow field, it was con-
firmed that most of the inflowing working fluid flowed 
directly to the outlet, while the flow velocity at the top of 
the chamber was found to be very low as a sign of stagna-
tion (Fig. 6c).

The distribution of average velocity shows that the aver-
age velocities were high at the inflow side of the cham-
ber where the working fluid vertically entered compared 
with the rest of the chamber (Fig. 7c). The distribution of 
turbulence intensity (Fig. 7d) reveals that the fluctuation 
was negligibly small. Therefore, it is concluded that in 
this chamber model the fluid is only in motion in a lim-
ited region and in the remaining of the chamber is mostly 
stagnant.

The in  vitro experiments were consistent with these 
findings. The fluid bounced back at the bottom of the 
chamber and, after upward and downward motions, 
flowed out to the outlet. At the top of the chamber, no 
fluidity was observed, indicating fluid retention (Addi-
tional file 2c).

Vertical inflow chamber without filter
From the streamlines of the flow field, the working fluid 
flowed vertically from the inlet into the mainstream 
direction, with a part of it flowing directly along the 
chamber wall to the outlet (Fig.  5d, Additional file  1d). 
However, compared with the filtered condition, more 
of the working fluid bounced back at the bottom of the 

Fig. 6  Velocity contours of the flow fields. In the horizontal inflow chamber, irrespective of filter presence, a vortex flow was formed, with faster 
flow near the wall in the upper part of the chamber and slower flow at the center of the vortex. As the flow progressed downstream, the velocity 
near the wall decreased, and with the presence of a filter, the vortex flow was streamlined. In the vertical inflow chamber, irrespective of filter 
presence, it was observed that a portion of the incoming working fluid rebounded off the chamber bottom, causing flow reversal. The flow velocity 
at the top of the chamber was very low, leading to stagnation. Particularly in the vertical inflow chamber without a filter, significant bouncing 
off the chamber bottom was observed.  V: average flow velocity
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chamber, underwent upward and downward motions 
similar to the condition with a filter, and only then flowed 
out to the outlet. Unlike in the filtered condition, the flow 
near the outlet was not rectified. As when using a fiter, 
though, the streamline plots did not depict streamlines 
at the top of the chamber, indicating stagnation (Fig. 5d, 
Additional file 1d).

Similarly, in the velocity contour plot of the flow field, 
it was observed that the inflowing working fluid bounced 
back at the bottom of the chamber, while the flow veloc-
ity at the top of the chamber was very low, confirming 
stagnation (Fig. 6d).

Quite similar to as seen under the condition with fil-
ter, the average velocities were high at the side of the 
chamber where the working fluid vertically entered 
compared with the rest of the chamber (Fig. 7c). How-
ever, especially in cross-sections “1-3”, the turbulence 

intensity distribution revealed large fluctuations that 
were not observed in the condition with filter (Fig. 7d). 
This fluctuation is due to the turbulence production 
generated by the large velocity gradient of jettal flow 
at the inlet side. By contrast, the fluctuation was mini-
mized in the case with the filter, owing to the stream-
lining of the flow.

In the in  vitro experiments (Additional file  2d), simi-
lar fluid movements were observed as described above 
for the vertical inflow with filter configuration. Similar 
to the horizontal inflow chambers, detailed analyses and 
comparisons of the fluid movements within the vertical 
inflow chambers could not be conducted owing to visual 
assessment from outside the chamber. This may have 
contributed to the inability to confirm the streamlining 
effect of the filter in this in vitro experiment.

Fig. 7  The axial average flow velocity and turbulence intensity in the horizontal and vertical inflow configurations are compared. a: Vx 
(horizontal inflow chamber), b: Vrms (horizontal inflow chamber), c: Vx (vertical inflow chamber), d: Vrms (vertical inflow chamber), e: Schematic 
diagrams at each cross-sectional position and any position from the base of the chamber, f: axial distance from the outlet. From a and c, it 
is observed that the installation of a filter suppresses backflow. From b and d, it is evident that the turbulence intensity in the results with filters, 
for both horizontal and vertical inflow configurations, is smaller than that without filters, indicating a reduction in temporal flow fluctuations. 
Thus, in both chamber configurations, the installation of filters rectifies the flow. Vx: average velocity in the length direction of the chamber 
in m/s, Vrms: turbulence intensity in m/s, R: radial distribution of the chamber in mm, x: any position from the base of the venous air trap chamber. 
The cross-section numbers in the lower horizontal axes of Figs. 5a–d refer to their positions in Fig. 5e. The top horizontal axes in Fig. 5a and c are 
the scales for Vx with zeros representing zero velocity at each section and the graduations between two zeros indicating + 0.05/ −0.05 m/s (right/
left from point zero); slightly differently presented are the top horizontal axes in Fig. 5 b and d where they indicate Vrms (which cannot be negative), 
with the scales for 0.01 and 0.05 m/s, respectively, being represented by the distance between the vertical line for the respective cross-section 
and the next vertical line (representing a cross-section or the top of the chamber) at the right thereof. The vertical axes show the radial distance 
R in mm from the chamber axis center for each cross-section (see also Fig. 1). Turbulence intensity is an indicator to express the extent of velocity 
fluctuations over time
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Discussion
In this study, we evaluated the effects of the differences 
in inlet configuration and the presence of filters on the 
flow dynamics within a venous air trap chamber by CFD 
simulations.

In horizontal inflow chamber models, irrespective 
of filter presence, the working fluid was found to flow 
smoothly without stagnation throughout the chamber, 
predominantly forming a vortex flow downstream along 
the chamber walls (Fig. 5a, b, Additional file 1a, b). It was 
observed that the flow velocity at the center of the vortex 
flow was lower than near the chamber wall, but without 
causing significant stagnation (Fig. 6a, b). In the numeri-
cal simulations of the horizontal inflow chamber, the 
effect of the filter is limited within the region where the 
filter is located and the flow is almost the same regard-
less of filter installation. However, the flow shows differ-
ent patterns depending on whether it passes through the 
filter. After passing through the filter, the flow exhibits a 
potential flow pattern. On the other hand, in the absence 
of the filter, there is a slight vortex flow even in the lower 
part of the chamber (Figs. 5a, b, 6a, b). This streamlining 
effect by filter was confirmed by the distributions of aver-
age velocity and turbulence intensity (Fig. 7a, b).

By comparing Figs. 7a and c, it is observed that the flow 
when using the horizontal inflow method is streamlined 
better than when using the vertical inflow method. Addi-
tionally, it was observed that with the horizontal inflow 
configuration, the installation of the filter suppressed 
backflow, indicating a streamlining effect by the filter 
(Fig.  7a). Therefore, also in agreement with the stream-
line and velocity contour plots (Figs. 5a, b, 6a, b), it was 
evident that the filter prevents flow reversal and sup-
presses temporal fluctuations in velocity.

In the vertical inflow chamber, the incoming working 
fluid flowed vertically into the main flow direction. At the 
bottom of the chamber, a portion of the flow rebounded, 
and this behavior varied with the presence versus 
absence of a filter. In the presence of a filter, the major-
ity of the incoming working fluid flowed along the cham-
ber wall and filter toward the outlet. Some of the working 
fluid rebounded at the bottom of the chamber, there 
ascended from the outside of the filter, descended, passed 
through the filter, and then as a rectified flow ultimately 
exited the outlet (Figs. 5c, 6c). In the absence of the filter, 
most of the incoming working fluid strongly rebounded 
at the bottom of the chamber, and no potential flow was 
observed (Figs. 5d, 6d). Therefore, similar to the findings 
for the horizontal inflow chamber, the simulation results 
of the vertical inflow chamber also revealed a streamlin-
ing effect of the filter. Figure 7b and d demonstrate that, 
for both horizontal and vertical inflow methods, the tur-
bulence intensity is lower in the filter installed cases. The 

turbulence intensity where the filter is installed, both 
in the horizontal and vertical inflow chamber models, 
is smaller than that observed without filters at cross-
sections including the filter position (cross-Sects  “1-3” 
in Fig. 7). This concludes that the filter suppresses tem-
poral flow fluctuations and that the installation of filters 
streamlines the flow.

As an additional observation, in the streamline plots 
results for the vertical inflow chamber, irrespective of 
filter presence, the rebounded flow only ascended to 
the vicinity of the inflow pipe outlet, and streamlines 
diagrams were not depicted in the upper part of the 
chamber, indicating stagnation (Fig.  5c, d). Two factors 
probably contributed to this: firstly, in the vertical inflow 
chamber, the working fluid enters from the middle por-
tion of the venous air trap chamber, and secondly, the 
rebound at the bottom of the chamber does not extend to 
the top of the chamber.

On the basis of the results obtained from the numeri-
cal fluid simulations, the flow from the inlet to the out-
let was relatively smooth in the “vertical inflow chamber 
with filter” configuration (Figs.  5c, 6c). However, since 
the flow velocity at the top of the chamber was very low 
and stagnation occurred, it is concluded that this cham-
ber design does not ensure a completely smooth flow 
throughout the venous air trap chamber (Figs.  5c, 6c). 
On the other hand, in the horizontal inflow chamber, the 
flow remained smooth throughout the venous air trap 
chamber, characterized by the formation of vortex flow 
(Figs.  5a, b, 6a, b). Additionally, the presence of a filter 
helped streamline the flow toward the outlet (Figs.  5a, 
6a), supporting that the “horizontal inflow chamber with 
filter” design promotes a smooth flow throughout the 
venous air trap chamber.

In addition, in  vitro experiments with conditions 
matching the CFD simulations were conducted to vali-
date the computational results. In these in  vitro experi-
ments, the fluid flow near the outer wall of the venous air 
trap chamber was visually evaluated. It should be noted 
that, unlike the CFD analysis, these experiments were 
effective only for qualitative assessment. The overall fluid 
flow patterns observed in the experiments agreed with 
the CFD analysis results for both horizontal and vertical 
inflow cases, with stagnation only observed in the latter 
(Additional file 2). However, differences in flow patterns 
owing to the presence or absence of the filter could not 
be observed in the in vitro experiments. Whether similar 
patterns were fully absent or were too subtle to be detect-
able by our in vitro method, remains to be determined. In 
the future, we may also need to evaluate parameters that 
could cause differences between the experimental filter 
and our CFD concept of the filter.
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We have previously performed in  vitro experiments 
using a CRRT machine commonly used in clinical prac-
tice and reported for a venous air trap chamber with 
horizontal inflow and without filter that the fluid flows 
smoothly [18]. Filters integrated into a venous air trap 
chamber serve to remove air bubbles and clots; however, 
they also impede flow, which may lead to fluid retention 
and stagnation within the chamber [3]. Therefore, we had 
assumed that removing the filter from the venous air trap 
chamber would help mitigate the occurrence of retention 
and stagnation. However, the results of the numerical 
fluid simulation in this study revealed that the filter does 
not contribute to flow irregularities, but, instead, stream-
lines the flow. From the perspective of achieving stagna-
tion-free flow, it appears that, at least in theory, having 
a filter integrated into the venous air trap chamber has 
beneficial effects. To demonstrate the beneficial effects of 
the filter in a more practical setting, experiments will be 
necessary that, for example, analyze the correlation of the 
presence or absence of the filter with the time until blood 
coagulation occurs. Therefore, we cannot determine yet 
whether incorporating the filter into the venous air trap 
chamber will have a beneficial outcome for the patient.

Two of the major reasons for the differences between 
our previous in vitro results [18] and the here presented 
CFD analysis are the experimental models used (in vitro 
experiments versus numerical simulations) and the 
nature of fluid flow (pulsatile flow versus steady flow). 
In clinical practice, CRRT devices utilize roller pumps 
for extracorporeal circulation. Owing to the character-
istics of roller pumps, the fluid flows through the blood 
circuit as pulsatile flow and eventually enters the venous 
air trap chamber. In the present study, however, to sim-
plify the numerical calculations, the operating fluid was 
defined to enter the venous air trap chamber as a steady 
flow. Additionally, while the dimensions of the venous 
air trap chamber used in this numerical simulation were 
designed to be similar to those of the venous air trap 
chamber in CRRT circuits used in clinical practice, they 
were not exactly the same as those used in the in  vitro 
experiments.

There are several limitations of the present study that 
cause uncertainty of whether the results can be directly 
applied to the clinical practice. Firstly, in the future, fur-
ther numerical fluid simulations that take into account 
the characteristics of pulsatile flow are necessary to 
bring the study closer to clinical relevance. Secondly, 
in this study, the numerical calculations were per-
formed considering the viscosity of a 33% glycerin solu-
tion instead of blood. Therefore, the behavior of actual 
blood should be addressed in future studies. Thirdly, in 
our numerical calculations, a conical filter was adopted 
for simplification purposes. Since mesh-type filters are 

commonly used as well, additional studies employ-
ing mesh-type filters should be conducted. Fourth, in 
this study, the flow rate of the working fluid was set at 
150  ml/min, because in our ICU, the blood flow rate 
during CRRT is typically set at 150 ml/min. However, in 
other clinics, the preferred flow rate may be different, 
and if in our CFD models the flow rates of the work-
ing fluid would be changed, different results might be 
obtained. Fifthly, since this study did not investigate the 
“effectiveness of the filter and inhibition of blood coag-
ulation,” it remains unclear whether incorporating the 
filter into the venous air trap chamber will yield benefi-
cial effects. Therefore, it is necessary to conduct experi-
ments correlating the “effectiveness of the filter and 
inhibition of blood coagulation” in future studies. Sixth, 
the difference in the type of the venous air trap cham-
ber filter used in the in vitro experiments. In this study, 
the analysis was conducted assuming a cone-type filter. 
Therefore, ideally, cone filters should have been used 
for the in vitro experiments. However, our hospital only 
employs the SUREFLOW N circuit with a cone-type 
filter for the horizontal inflow chamber blood circuit 
and the CHDF-FSA circuit with a mesh-type filter for 
the vertical inflow chamber blood circuit. Owing to the 
inability to conduct in  vitro experiments with venous 
air trap chambers of the same shape and type of filter, 
there is a possibility that the in  vitro experiments do 
not accurately represent the validity of the CFD anal-
ysis results. In the future, we aim to create venous air 
trap chambers with identical shapes and conduct fur-
ther detailed CFD analysis. Despite of the limitations 
above, as described in the earlier sections, the pre-
sent CFD analysis reproduced the flows in the air trap 
venous chamber in a qualitative manner because both 
experimental and numerical results show the flows in 
a swirling motion. The use of other experimental tech-
niques, including particle image velocimetry (PIV), is 
effective for the quantitative evaluation.

Conclusions
We estimated, by using CFD analysis, the influence of 
different chamber designs on the flow within the venous 
air trap chamber in a CRRT circuit. By numerical fluid 
simulations the “horizontal inflow chamber with filter” 
was identified as the venous air trap chamber design that 
promoted a smooth flow throughout the chamber.
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CFD analysis	� Computational fluid dynamics analysis
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Additional file 1.    Animations of particles following the streamlines of 
theflow fields.Animations were created of particles flowing along the 
streamlinesobtained by numerical analysis. In the horizontal inflow 
chamber,irrespective of filter presence, the working fluid divided into 
upwardand downward directions after inflow and ultimately flowed 
spirallydownstream along the chamber wall. This vortex flow decreased as 
itflowed downstream. With the filter, the working fluid uniformly flowed 
outfrom the filter, showing the streamlining effect of the filter. On the 
otherhand, without the filter, the flow was disturbed in the bottom part of 
thechamber.In the vertical inflow chamber, irrespective of filter presence, 
theworking fluid flowed vertically from the inlet into the main direction 
offlow, then rebounded at the bottom of the chamber, and after ascend-
ingand descending again, flowed out through the outlet. Additionally, 
atpositions higher than the inlet, streamline plots were not drawn due 
tostagnation.

Additional file 2. In vitro experiments: Visual evaluation of fluid in a venou-
sair trap chamber.In the horizontal inflow chamber, it was confirmed 
thatthe fluid flows uniformly throughout the chamber as a vortex flow 
regardlessof the presence of the filter. Additionally, no retention was 
observedin the horizontal inflow chamber.In the vertical inflow chamber, 
weobserved a non-uniform motion of fluid winding pulsatilely upward 
fromthe bottom of the chamber. In addition, there was no fluidity in 
the upperlayer of the liquid surface, and stagnation occurred. Also here, 
visually wecould not conclude a difference caused by the presence or 
absence of thefilter.
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