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Abstract 

I-VED (In-Vivo Embolic Detector) is a novel diagnostic tool for non-invasive, real-time detection 

of bubbles in humans. Bubbles are precursors of decompression sickness (DCS), which can be  

encountered in astronauts, scuba divers, etc. I-VED exploits an EU patented electrical impedance 

spectroscopy technology, developed under the u mbrella of a E uropean Space Agency project. 

So far, I-VED has been calibrated and validated in vitro. In view of the forthcoming in-vivo trials, it 

needs to be configured for sensing bubbles in the bloodstream. For this, 3D computational fluid 

dynamics simulation is performed to investigate axial and radial variation of void fraction (α) and 

flow velocity (U) in a pulsa tile bubbly flow inside a realistic human artery (diameter: 5–20 mm, 

implying vessel dilatation or contraction), where liquid velocity, bubble size , and void fraction 

resemble DCS conditions. Results show that U and α show a core-peaking profile despite the 

variation of artery diameter, while 3D sharp turns yield U and α non-uniformities in the angular 

direction that do not aff ect mean void fraction across the ar tery. Obtained k nowledge allows 

deeper insight on the ph ysics and spatial characteristics of bubbly flow in a real artery, which is 

useful in the design of measuring volume and tuning of I-VED.  
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1 Introduction 

Decompression sickness (DCS) results from the formation 
of bubbles as  soon as envi ronmental pressure decreases  
below the sum of inert gas partial pressures (usually nitrogen) 
dissolved in blood and bod y tissues. Rapid reduction of 
environmental pressure that overcomes the rate of inert gas 
washout from the blood and tissues increases the risk o f 
DCS incidents considerably (Makowski et al., 2022). DCS is 
commonly classified as t ype 1 or type 2. Type 1 DCS is 
characterized by musculoskeletal pain and mild cutaneous 
symptoms. On the other hand, Type 2 DCS  symptoms are 
more serious and fall into three categ ories: neurological, 
inner ear, and cardio pulmonary complications (Yanagawa 
et al., 2021 ). Activities that pose a risk for DCS  include 
extra-vehicular activities (EVAs) of astronauts outside  
the spacecraft, working in a c aisson, underwater diving 
decompression, and flying in unpressurized aircraft (Zueco 
and López-González, 2016). 

Doppler ultrasonography is the most common method 
for monitoring decompression-induced bubbles. However, 
differentiation between bubble-generated sounds and 
background sounds, e.g., fro m the moving blood cells at 
peak flow during the systolic phase of the heartbeat, can be 
difficult and, as a result, both acquisition and interpretation 
of Doppler audio signals are highly operator dependen t 
(Chappell and Payne, 2005; Møllerløkken et al., 2016). In 
addition, ultrasound clinical systems are currently incompatible 
with a low-co st, wearable, continuous imaging approach 
and this limits their use for field data collection (e.g., during 
EVAs of astronauts and underwater diving) (Le et al. , 2021). 
Bio-impedance technology, which is appli ed in different 
medical applications (e.g., for the detection of bladder  
cancer and the measurement of cardiac stroke volume), is  
considered suitable enough to overcome the abovementioned 
limitations of ultrasound imaging (Aroom et al., 2009). On 
the one hand, the comp atibility of bio-impedance technology 
with wearable devices is already mature enough and, on the 
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other hand, bio-impedance sensors do not require any 
special experience and training of the operator. Moreover, 
bio-impedance signals can be recorded continuously during 
an activity (e.g., EVA and d iving) and, f urthermore, it is  
feasible to conduct simultaneous measurements at different 
parts of the human body applying several pairs of electrodes 
of proper size, shape, and geometry (Nebuya et al., 2011). 

Computational fluid dynamics (CFD) modelling offers  
in-depth understanding of multiphase flow physics and, as  
a result, impr oves the design and operation of employe d 
multiphase flow measurement techniques. To t he best of 
our knowledge, literature lacks CFD studies on DCS induced 
bubbly flow in human arteries. Instead,  a number o f 
numerical studies have investigated the parameters (viscosity, 
gravity, pressure, surface tension, etc.) which affect bubble 
dynamics in human vas culature when employing gas 
embolotherapy method to treat vascularized solid tumors, 
where bubble size is compa rable to the artery dia meter 
(slug flow) (e.g., Ye and Bull, 2004; Poornima and Vengadesan, 
2012; Salajeghe and Saidi, 2 022). Additionally, it is worth 
noticing that Evgenidis and Karapantsios (2022) recently 
performed 2D CFD simulations to study the case of pulsatile 
bubbly flow in a column that approximates the flow inside 
human vena cava during DCS. 

The present authors and their  colleagues in the School 
of Chemistry at the Aristotle University, Greece, have 
developed an EU patented electrical impedance spectroscopy 
technique (EP 3005942 A1, 2016) for non-invasive, real-time 
bubble detection in human arteries and con sequently DCS 
diagnosis, under the umbrella of the European Space Agency 
Project “In-Vivo Embolic Detector, I-VED” (Contract No.  
4000101764, 2004–2014). Th is novel diagnostic tool has 
been calibrated and validated with the aid of a bench top 
flow-loop that acco mmodated electrical, optical, pressure, 
and acoustical diagnostics and provided well-controlled 
bubbly flow where liquid  velocities, bubble sizes, and void  
fractions resembled DCS conditions (Evgenidis et al., 2010; 
Evgenidis and Karapantsios, 2015, 2018a, 2018b; Gkotsis  
et al., 2019, 2020). In-vitro testing of I-VED has shown tha t 
it can: (1) detect even a-few-micron bubbles in a liquid flow, 
(2) sense void  fraction fluctuations down to 10−5, and (3 ) 
calculate average bubble size of a gas–liquid flow from the 
intensity of electrical signal fluctuations. In order to examine 
next the perf ormance of the novel technology in vivo, 
I-VED system needs to be ca refully configured, aiming to  
sense bubbles present in the bloodstream. For this, 3D CFD 
simulation is performed in this study to investigate for the 
first time both  axial and radi al variations o f void fraction  
and flow velocity in a pulsatile bubbly flow that resembles 
DCS inside a realistic human artery. It allows deeper i nsight 
into the physics and spatial characteristics of two-phase 
blood flow with sub-millimeter bubbles in a real artery 

geometry, which is usef ul in the design of  the measurin g 
volume and tuning of I-VED. Next, a  3D CFD approach is 
briefly described and then  results are o btained, presented, 
and discussed. 

2 Method 

3D simulation of pulsatile bubbl y flow res embling DCS 
conditions inside a r ealistic artery is performed by means 
of the co mmercially available CFD code ANSYS 2019-R3. 
To do this, a 3D computational grid consisting of 36,418  
hexahedral elements and corresponding to a realistic right  
coronary artery is developed based on Berthier et al. (2002) 
(Fig. 1). The length of the vessel is 500 mm, while its 
diameter varies from 5 to 20 mm, implying vessel dilatation 
or contraction. The lower  values of th is range correspond 
to typical diameters of several human ves sels (e.g., jugular 
vein), while the higher one is close to the diameter of 
human vena cava ( 21 mm) where bub bles gather during  
a decompression incident (Vann et al., 2011). Bubbly 
flow inside the artery is mo delled applying the E ulerian 
multiphase model. This is the most complex one; however, 
it is considered tractable enough for such flows by averaging 
the equations in space. The two phases are assumed as 
interpenetrating and interacting continua, and separate 
momentum and mass balance equations are solved for each 
phase. This approach benefits from the convenient two-way 
coupling between phases (Mohammadi et al., 2019). 

Liquid and gas properties as well as conditions used for 
the 3D simulation are listed in Table 1. Physical pro perties 
were taken at body temperature 37 °C. Liquid viscosity and 
density (assuming Newtonian behavior) simulate blood 
physical properties (Woodcock, 1976). Employed input 
cross-sectional mean liquid velocity, Ul,mean = 0.03 m/s, is 
representative of bloodstream in h uman vena cava (Vann 
et al., 2011). Reynolds number of single liquid phase ranges 

 
Fig. 1 3D computational grid consisting of 36,418 hexahedral 
elements that corresponds to a realistic right coronary artery. 
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Table 1 Liquid–gas properties at 37 °C and conditions used in 3D 
simulation 

Parameter Value 

Liquid density (kg/m3) 1050 

Liquid viscosity (mPa·s) 4.5 

Gas density (kg/m3) 1.225 

Gas viscosity (mPa·s) 1.79×10−2 

Gravitational acceleration (m/s2) 9.81 

Cross-sectional mean liquid velocity, Ul,mean (m/s) 0.03 

Sinusoidal pulsation frequency, f (Hz) 1 

Sinusoidal pulsation amplitude, A (% of Ul,mean) 50 

Bubble diameter, Db (m) 300 

Cross-sectional mean void fraction, αmean 0.03 

Total time of simulation (s) 1.0 

 
from 35 to 140 for varying artery diameter (5–20 mm) and 
corresponds to laminar flow. Pulsatile liquid flow is simplified 
to a sinusoidal flow profile with frequency (f) of 1 Hz 
(corresponding to 60 heart beats per minute, which is a 
typical resting/reference heart rate for adults) and amplitude 
(A) ±50% of average flow  rate (Brandt et a l., 2021). 
Combining all the above, inlet flow velocity U(t) is given 
by the functional form in Eq. (1): 

 ( )l ,mean l,mean( ) sin 2πU t U AU ft= +  (1) 

Gas physical properties correspond to air fo r simplicity. A 
mono-disperse bubble size d istribution of sub-millimeter 
bubbles, Db = 300 µm, as well as a cross-sectional mean 
void fraction value, αmean = 0.03, both typical for severe DCS 
conditions, are used as input parameters in the simulation. 
A gravity term is also included to account for the buoyancy 
of the bubbles. 

3 Results 

Obtained results from the 3D simulation of pulsatile bubbly 
flow inside the right coronary artery are shown in Figs. 2(a), 
2(b), and 3. Figure 2(a) show s streamlines colored by flow 
velocity (U) magnitude. For an input cross-sectional mean 
liquid velocity of 0.03 m/s, U varies from ~0 (close to the 
artery walls) to ~0.7 m/s (at the center of the artery in the case 
of stenosis). Additionally, Fig. 2(b) presents representative 
flow velocity profiles at different cross-sections of the artery. 
At these cross -sections, Fig. 3 displays th e relevant void 
fraction (α) profiles aiming to identify void fraction extreme 
values across and along the v essel in an effort to facilitate 
I-VED system configuration. For an in put cross-sectional 
mean void fra ction of 0.03, α ranges radially from ~0.02  
(close to the artery walls) to  ~0.04 (close to the center of  
the artery), b ut shows insignificant variatio n in the axial   

 
Fig. 2 3D simulation of pulsatile (sinusoidal) bubbly flow inside 
a realistic right coronary artery: (a) streamlines coloured by flow 
velocity (U) magnitude, (b) flow velocity (U) profiles accompanied 
with the respective cross-sectional mean U values (Uc) at various 
cross sections. Input data: αmean = 0.03, Ul,mean= 0.03 m/s, pulsation 
frequency 1 Hz, pulsation amplitude ±50%, Db = 300 µm. 

 
Fig. 3 3D simulation of pulsatile (sinusoidal) bubbly flow  
inside a r ealistic right coronary artery: void fraction (α) profiles 
accompanied with the respective cross-sectional mean α values  
(αc) at various cross sections. Input data: αmean = 0.03, Ul,mean =  
0.03 m/s, pulsation frequency 1 Hz, pulsation amplitude ±50%,  
Db = 300 µm. 
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direction. In general, both fl ow velocity an d void fractio n 
demonstrate a core-peaking profile despite the variation of 
artery diameter. This behavior for sub- millimeter bubbles 
under such special conditions is noteworthy since this type 
of profile is commo nly encountered for bubbles larger 
than 4 mm (Song et al., 200 1). Previous experimental and 
drift–flux model findings of the authors for similar (steady) 
flow conditions validate the outcome of 3D simulation (e.g., 
Evgenidis and Karapantsios, 2018a, 2018b;  Gkotsis et al., 
2019). It is interesting to note that the 3D sharp turns yield  
some void fraction and flow  velocity non- uniformities in 
the angular direction; however, they do not  seem to affect 
the mean void fraction across the artery. This quantity does 
not show any remarkable variation due to artery stenosis 
(decrease of vessel diameter) either, as a result  of flow 
velocity increase. 

4 Discussion 

I-VED is a no vel and highly-sensitive electrical impedance 
spectroscopy technique for non-invasive detection of bubbles 
in humans. So far, I-VED has been calibrated and validated 
in vitro. In view of t he forthcoming in-vivo trials, 3D 
simulation of pulsatile bubbly flow resembling DCS conditions 
inside a realistic artery contributes to I-VED system 
adaptation as follows. 
 Void fraction seems to vary across th e artery about  

±30% with respect to th e input mean α value. This 
means that for the extreme case of void fraction value 
around 0.05, α will vary from 0.035 to 0.065. Therefore, 
considering the measured electrical impedance value of 
the vessel under investigation in the absence of bubbles, 
I-VED electronics need to be properly tuned in order 
to achieve th e maximum sensitivity for v oid fraction 
values lower than 0.1. 

 Since void fra ction varies a cross the artery indicating 
generally a core-peaking profile with some non- 
uniformities in the angular direction, I-VED shall focus 
on the determination of the mean void fraction across 
the vessel under study. To do this, the electrical equivalent 
of the system  needs to be  carefully considered to 
impose an electric field distr ibution through the entire 
cross-section of the measuring artery. In do ing so, the 
critical parameters to be de fined are the dimensions 
and distance of electrodes attached to the skin (Fig. 4). 
Electrode dimensions affect the measurement sensitivity 
and signal intensity, while the distance between the 
electrodes dictates the measuring volume of the technique 
(Devia and Fossa, 2003; Evgenidis and Karapantsios, 
2015). Vessels surrounded by thinner (partially conductive) 
subcutaneous tissue will be preferentially examined 

first for convenience (e.g., radial and ulnar artery in the 
forearm), although I-VED is not sensitive to the depth 
of the artery under study since electrical measurements 
in the presence of bubbles a re normalized against the 
baseline measurement (in the absence of bubbles). 

 I-VED enables simultaneous measurements at different 
sites of the human b ody. Mean void fraction seems 
unaffected by vessel diameter; however, it would be 
interesting to measure synchronously and compare 
void fraction in vessels where bubbles usually appear 
during DCS (jugular vein-neck, popliteal vein-lower 
limb, vena cava-trunk) (Vann et al., 2011). As concerns 
the determination of mean bubbly flow ve locity by 
cross-correlating different I-VED signals, vessel diameter 
shall be taken into serious consideration. Flow velocity 
increases in smaller vessels and the distance between  
the electrode pairs shall be carefully defined  to provide 
intense peak correlation and adequate sensitivity to 
estimate time lag as well. 
All in all, 3D simulation facilitates I-VED system 

configuration and, consequently, reduces the number of 
the necessary in-vivo trials. 

 
Fig. 4 Conceptual design for non-invasive sensing of bubbles 
present in a  human artery by attaching I-VED electrodes to the 
skin. 
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