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Abstract Introduction: Ultrasound Transit-Time flowmeters are based on the fact that the time required for an ultrasound

pulse to propagate through a given distance in a moving medium is a function of the vectorial sum of pulse
propagation velocity and medium velocity. The most common application of this flowmeter in medicine is in
the evaluation of blood flow in arteries and veins during heart vascular surgery. The present article describes
the design, construction and evaluation of a flow phantom for transit-time flowmeters calibration. Methods:
Basically, it is a hydraulic circuit containing degassed and distilled water. In such a circuit, a constant differential
water level is established between two columns that are interconnected by tubes with defined resistance, which
determines a known flow rate. A basic theoretical model to estimate the system Reynolds Number and resistance
was developed. Results: A flow range between 4.43 + 0.18 ml.min' and 106.88 £ 0.27 ml.min ! was found
to be compatible with physiological values in small vessels. The pressure range was between 0.20 + 0.03
cmH,0 and 12.53 +£0.07 cmH, 0, and the larger Reynolds Number was 1134.07. Experimental and theoretical
resistance values were similar. Conclusion: A reproducible phantom was designed and built to be assembled
with standard low-cost materials and is capable of generating adjustable and continuous flows that can be used

to calibrate TTFM systems.
Keywords

Introduction

Cardiovascular and cerebrovascular diseases are among
the most important causes of death according to the
World Health Organization. This is mainly due to
atherosclerosis, a heterotopic fat deposit in the large
arteries’ intima, which may cause atherosclerotic
plaques (Berry et al., 2007; Mello-Aires, 2008).
Such changes in the vessel structure may lead to
embolism, calcification and/or clogging, which are
often corrected through surgical revascularization
intervention. In these surgeries, the flow measurement
(arterial, venous or graft) is very useful as it allows
better procedure quality control to prevent operating
errors that may lead to low flow and consequent
vasospasm (Walpoth et al., 1998).

Angiography is the gold-standard assessment
for blood vessels and graft patency during surgical
procedures and clinical examination (Berry et al.,
2007). However, there are modern techniques for
measuring blood flow that do not require direct
access to the vessel lumen. The main commercial
systems available for this purpose are ultrasonic
and electromagnetic devices. The electromagnetic
flowmeter is efficient in detecting graft stenosis;
however, it is sensitive to the patient hematocrit rate,
especially in smaller vessels, such as the internal
thoracic artery (Canver et al., 1997; Hirotani et al.,
2001; Tabrizchi and Pugsley, 2000).

*e-mail: fellipeallevato@yahoo.com.br
Received: 11 April 2012 / Accepted: 12 December 2013

Flow phantom, Calibration, Flowmeter, Ultrasound, Transit-time.

Ultrasonic flowmeters are based on Doppler or
Transit-time phenomena. The Doppler flowmeter
indicates only flow velocity and depends on
other variables in addition to the particle speed,
for example, distribution of blood cells within the
vessel and transducer beam angle (Beldi et al., 2000;
Walpoth et al., 1998).

The Transit-time Flow Meter (TTFM) depends only
on the fluid velocity, independent of the flow pattern,
red blood cell concentration and insonation angle,
and presents good repeatability and reproducibility
(Laustsen et al., 1996; Sanderson and Yeung, 2002).
The working principle of TTFM is that the time
required for an ultrasound pulse to propagate through
a given distance in a moving medium is a function of
the vectorial sum of the pulse propagation velocity
and the medium velocity (Drost, 1978).

Flow phantoms are hydraulic circuits capable
of generating known and adjustable flow patterns,
providing the necessary conditions for flowmeter
calibration. For the ultrasonic Doppler flowmeter
method evaluation, introducing scattering particles
suspended in the blood-mimicking fluid must be
considered (Poepping et al., 2004; Rickey et al.,
1995). However, backscatter is not needed for the
TTFM method; instead, only the time difference of
a pulse propagating in opposite directions.
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The physiological laminar flow is the most common
and has parameter that are easier to quantify. Turbulent
flow is more difficult to characterize and introduces
measurement errors, presenting sudden changes in
direction and increasing the speed of flow near the
vessel wall where the TTFM sensitivity is lower
(Dean et al., 1996), as Gordon (1995) confirmed
experimentally for the case of turbulence caused
by stenosis.

Among the TTFM calibration phantoms found
in the literature, some use hydrostatic pressurization
(Gordon, 1995; Transonic. .., 2009) while others employ
peristaltic pumps (Beldi et al., 2000; Groom et al.,
2001). The materials employed in the measurement
region ranged from synthetic materials, such as
latex (Drost, 1978; Transonic..., 2009) and dialysis
tubing (Bednarik and May, 1995; Gordon, 1995), to
biological materials, such as saphenous human vein
grafts (Beldi et al., 2000; Groom et al., 2001), carotid
arteries of rats (Amaral and Michelini, 1997), sheep
(Lundell et al., 1993) and pigs (Beldi et al., 2000).
Water is the working fluid that is normally employed,
but there are also reports of the use of saline solution
in experiments with biological materials (Beldi et al.,
2000; Groom et al., 2001). Furthermore, there is a
case where red blood cells were dissolved in bypass
fluid (Normosol -R) (Groom et al., 2001).

There is no specific pattern used to calibrate the
TTFM method. Known methods do not have a common
experimental protocol and incur a high implementation
cost (Amaral and Michelini, 1997; Bednarik and May,
1995; Beldi et al., 2000; Gordon, 1995; Groom et al.,
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2001; Lundell et al., 1993; Transonic..., 2009), which
indicates the importance of establishing a well-defined
method for TTFM calibration that is inexpensive and
has an easy acquisition phantom.

This work reports on the design, construction and
calibration of the continuous flow phantom capable
of generating comparable values for the flow range
observed in coronary grafts (approximately between
0 and 100 ml/min) to calibrate a TTFM.

Methods

Phantom constituent materials

The designed phantom (Figure 1) consists of two
parts: (i) a pressurization system (a-d, e-f) filled
with 1000 mL of degassed distilled water, and (i)
a measurement region (d-e). The components of the
phantom are as follows:
(1) Peristaltic pump (102FD /R - Watson Marlow
Bredel - USA);
(2) Two cylindrical reservoirs (C/ and C2), which
are plastic beakers which have a 1000 mL
capacity each, 64.5 mm inner diameter
and 420 mm height and are equipped with
connections located at their bases;
(3) Silicone interconnecting tubes (c-d, e-f) with
6 mm internal diameter and 60 cm total lengths;
(4) Three exchangeable silicone tubes used in
the peristaltic pump (a-b) with three internal
diameters - 1.6 mm, 3.2 mm and 4.8 mm - to
provide three flow values. All tubes are 55
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Figure 1. Hydraulic circuit schematic representation for the flow phantom in continuous mode. Arrows indicate the fluid direction. The pump
has an average Q flow rate and, when turned on, transfers fluid from C/ column to C2 column, generating the flow gradient in c-d-e-f. A
dynamic equilibrium is reached when the Q flow rate in a-b is equal to Q1 (in c-d-e-f). The R resistance represents the total fluid movement
resistance in c-d-e-f. AP is the fluid level difference between C/ and C2 during dynamic equilibrium, corresponding to a pressure difference

between ¢ and f.
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cm long with a 1.6 mm wall thickness. One
of these three tubes makes the C/ and C2
columns interconnection via peristaltic pump.

(5) Measurement region (d-e) described in detail
below.

Measurement region

In Figure 1, the measurement region (d-e) is where the
flowmeter transducer that is to be calibrated is placed.
It consists of a plastic frame (15.5 cm x 18.5 cm) with
three tubes representing the vessels that are 140 mm
in length with inner diameters of 4.5 mm, 3 mm and
2 mm. The tubes are serially connected, with the flow
starting in the larger caliber tube and ending in the
smaller diameter one, resulting in three different flow
velocities for the same flow rate. These tubes are thin
walled (0.2 mm) to minimize the ultrasonic beam
interference. The connectors are manufactured with
tapered internal bores (an angle of approximately 6°)
to ensure a smooth transition between the connecting
pipes and vessels to minimize turbulence. The c-d
interconnecting tube is coupled to the 4.5 mm tube,
while the other e-f interconnecting tube is coupled
to the 2 mm tube from the opposite side of the d-e
frame. The interconnections between the remaining
connectors on the right and left sides of the frame
were accomplished using U-shaped silicone tubes
with a 6 mm internal diameter and 10 cm length.

Flow phantom operation

When the pump is off, there is no difference in level
between the fluids in the C/ and C2 columns because
of the ¢-d-e-f connection, meaning that the pressure
difference between the ¢ and f points (the base of
each column) is zero and that the system is in static
equilibrium.

When the pump is turned on, a Q flow is generated
towards a—b, creating a difference in the level between
the fluids in the C/ and C2 columns that is equivalent
to the pressure difference (4P) between ¢ and f, as
seen in Figure 1. This level difference increases and
indicates that dynamic equilibrium occurs when the
Q1 flow created in the c—d—e—f direction equals
the flow generated by the pump (i.e., Q1 = Q).
Each Q value is a function of the pump voltage and
corresponds to an identical Q7 flow, as determined
by 4P and the total c-d-e-f resistance of the circuit,
which is also a function of Q1.

The maximum backpressure resistance (reflux)
of the peristaltic pump is 612 cmH,O, which is much
higher than the maximum pressure in this system
(12.53 cmH,0) and thus prevents mechanical losses.
The pump flow is pulsatile, and each half cycle always
has the same pumped volume. Thus, the Q average

Continuous flow phantom for calibration of TTFM

flow rate (total volume by time) in a-b is a direct
function of the ejected volume for each cycle and the
pump rotation rate. The speed of rotation can be varied
as a function of the voltage (in this case, between 4
and 12 volts). It is activated by a continuous electric
motor (6215A Power Supply - HP - USA) in parallel
with a 10 uF capacitor (Sangamd Type 500 - USA),
which filters the voltage oscillations of the electric
motor. The pump calibration was performed at the
beginning of the experiment, as explained below.

Flow and pressure measurement

The peristaltic pump calibration employed can be
described as follows: two containers (500 mL capacity
Becker), distilled water, a precision balance, a voltmeter
and a timer. Assuming that the resistance in the a-b
segment is insignificant, it can be said that Q is a
function of the voltage supplied to the motor (which
determines its rotational speed) and the internal
diameter of the pumping tube.

The voltmeter (Tek DMM254 - Tektronix - USA,
with a resolution of 0.01 volts) was used to measure
and regulate the voltage supplied to the pump
for the transfer of water flow from the first to the
second container during one minute (controlled
with a digital timer of 0.1 second resolution). The
amount transferred was measured by weighing the
mass of the pumped water with a precision balance
(E200 - Mettler - Switzerland, with 0.01 grams
resolution). The three available pumping tubes
(1.6 mm, 3.2 mm and 4.8 mm internal diameters)
were used, and for each tube, the voltage was varied
from 4 to 12 volts in steps of 1 volt. Each combination
(tubes x voltages) was repeated six times to minimize
potential start and end timing errors.

Therefore, using the pump calibration results
(tubes x voltages), we can define the Q average
flow rate in the a-b segment corresponding to the
ejected volume in one minute. The measurement unit
was ml.min™', which is usually employed in human
circulation flowmetry.

The measurement of the AP pressure difference
in the system was obtained by measuring the level
difference between the fluids in the C/ and C2 columns
during phantom dynamic equilibrium (Figure 1). A
millimeter scale with 0.1 cm resolution was attached
to the columns to perform the measurement in terms
of centimeters of water. In this measurement, the
three types of pumping tubes (1.6 mm, 3.2 mm and
4.8 mm internal diameters) were also employed to
evaluate all of the AP possibilities for each of the nine
voltage values (4 to 12 volts), and each combination
was repeated six times.
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Theoretical modeling

The Re Reynolds number (Equation 1) is dimensionless
and indicates whether the flow regime in a pipe is
laminar or turbulent, with the fluid’s main rheological
characteristics considered in the flow phantom design.

_%Q
Re= ) €8
where p is density, Q is the flow rate, u is the fluid
dynamic viscosity and D is the tube internal diameter
(Fox and McDonald, 2010).

According to Fox and McDonald (2010), in
laminar flow (Re < 2000), the fluid flows in laminae
or parallel layers. In turbulent flow (Re > 3000), the
particles are mixed in a nonlinear manner. In other
cases, (2000 < Re <3000) one of two types of flow
can occur.

Employing hydrostatic pressurization can ensure
laminar flow as long as the condition described in
Equation 2 is followed (Hein and O’Brien, 1992)

Ly 2 20200 @)
u

where L . is the minimum length of pipe in the

measurement region.

The relationship between pressure, flow and
resistance in this proposed hydraulic circuit phantom
can be described by Equation 3 (Fox and McDonald,
2010):

AP=Q"-(R.+R,) 3)

where the difference in pressure (AP) between the two
system reservoirs is equal to the flow rate squared
(Q) multiplied by the circuit intrinsic resistance (R),
which can be defined as the resulting resistance from
the continuous straight pipe (R ) and the accessories
(R) that connect them.

In the laminar flow case, R_can be calculated
from Poiseuille Equation 4, which expresses the
pressure fall in a horizontal tube of L length (Fox
and McDonald, 2010):

ap=12HL0 “)
nD
Equation 4 can be rewritten as:
_ of128uL
o3 g

From Equation 3, assuming no accessories in the
tube (R = 0) and applying (5-3), Equation 6 is obtained:

128ul
R =—2
nD*Q

(6)

R_ represents a specific resistance accessory
or sudden change in internal diameter in a closed
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hydraulic system. R_can be obtained from algebraic
manipulations, resulting Equation 7 (Fox and
McDonald, 2010):

R )
where K is the dimensionless loss coefficient, which
can be determined experimentally for each situation
or using representative data found in the literature.
Table 1 presents the most common cases of accessories
in flow phantoms (Fox and McDonald, 2010).

Results

In Table 2, the values of Q and 4P obtained in each
voltage X pumping tube diameter combination are
presented with their respective uncertainties. The
values of experimental and theoretical resistance
are also shown.

The measurement of O and 4P in the c-d-e-f
region covers the entire range of possible variation by
combining all voltages ranging from 4 to 12 volts in
increments of 1 volt, with each of the three pumping
tubes (1.6 mm, 3.2 mm and 4.8 mm internal diameters,
respectively). Six measurements were performed
for each combination to determine the flow rate and
pressure difference. Flow rates ranged from 4.43 £ 0.18
ml.min™! and 106.88 + 0.27 ml.min"! with expanded
uncertainties obtained by multiplying the combined
uncertainty of the measurement components (volume
and time) by the coverage factor. The pressures ranged
from 0.20 & 0.03 cmH,O to 12.53 = 0.07 cmH,0,
and the combined uncertainties were obtained using
the measurement uncertainty component (pressure).

The higher Re Reynolds number calculated from
Equation 1 was 1134.07. Because Re is directly

Table 1. Coefficients of losses (K) for each accessory (Fox and
McDonald, 2010).

Input Type K
Sh dge i 0.5
arp edge 1nput —— .
%zzzz
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Gradual contract A*l z f, 03 0.05
radual contraction Al—~
e contractio 025 005
0.1 0.05
AJA, =6°
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radual expansion
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proportional to the Q flow rate and inversely
proportional to the D pipe diameter, the higher
O = 106.88 ml.min™" and smaller D = 2 mm were
employed. The value used for the water density (p)
was 1000 kg.m, and that for dynamic viscosity (p)
was 107 kg.(m.s)™.

The largest L predicted value for the measurement
region (d-e) is 13 cm, which corresponds to the
phantom system running at its highest QO flow (which
is 14 cm for this phantom). The minimum L, distance
required for a continuous flow to become laminar was
calculated using Equation (2) (Hein and O’Brien,
1992).

The R experimental value is calculated by
Equation 3, which consists of the ratio between the
AP and Q experimental flow squared. The expanded
uncertainties were determined by multiplying the
combined uncertainty of the measurement components
(volume, pressure and time) by the coverage factor.
Theoretical R (cmH20.min”>.ml?) is calculated from the
addition of R_(c-d, e-f, and the thin-walled tubes of the

Continuous flow phantom for calibration of TTFM

measurement region) and R_(accessory connections,
consisting of eight pieces), defined by Equations 6 and
7. In Figure 2, the curves of R obtained in both forms
are compared. The experimental and theoretical curves
are similar, and the R values are similar when there
is higher flow (pumping tubes of 4.8 and 3.2 mm in
diameter). However, the lowest flow rates (1.6 mm)
are distant from each other.

In the scatter plot for the experimental and
theoretical R values for each of the pumping tubes
(4.8 mm, 3.2 mm, and 1.6 mm) in Figure 3, the r
Pearson correlation coefficients (0.998, 0.997, and
0.957, respectively) and the linear regressions with
respective angular coefficient of 1.098, 1.527, and
1.950 are presented.

Discussion

This article aims to study and develop a phantom
capable of generating continuous flow comparable

Table 2. Experimental values of average flow rate (ml.min™') and average system pressure (cmH,0), with respective expanded and combined
uncertainty. Experimental resistance values (cmH,O.min’.ml?), with expanded uncertainty and theoretical resistance values (cmH,0.min”.ml2).

Average

. Average Average Experimental Experimental Theoretical
Pumping Average system . . s
flow rate system resistance resistance resistance
tube volts  flow rate pressure .
(mm) (ml.min) expanded pressure combined (¢cmH,0.min? expanded (cmH,0.
’ uncertainty  (cmH,0) . ml?) uncertainty  min?.ml?)
uncertainty

4.80 12.00 106.88 0.27 12.53 0.07 1.10E-03 1.84E-05 9.02E-04
4.80 11.00 97.58 0.43 11.03 0.09 1.16E-03 2.64E-05 9.75E-04
4.80 10.00 88.48 0.25 9.77 0.07 1.25E-03 2.49E-05 1.06E-03
4.80 9.00 79.15 0.59 8.17 0.09 1.30E-03 4.12E-05 1.17E-03
4.80 8.00 69.90 0.28 7.17 0.09 1.47E-03 5.09E-05 1.31E-03
4.80 7.00 60.78 0.24 6.20 0.09 1.68E-03 7.67E-05 1.49E-03
4.80 6.00 51.52 0.21 4.97 0.09 1.87E-03 9.66E-05 1.73E-03
4.80 5.00 42.28 0.25 3.97 0.04 2.22E-03 6.35E-05 2.08E-03
4.80 4.00 32.80 0.37 2.83 0.07 2.63E-03 1.81E-04 2.64E-03
3.20 12.00 50.48 0.15 4.40 0.03 1.73E-03 2.67E-05 1.76E-03
3.20 11.00 46.17 0.22 3.87 0.05 1.81E-03 6.32E-05 1.92E-03
3.20 10.00 41.88 0.13 3.37 0.04 1.92E-03 6.30E-05 2.10E-03
3.20 9.00 37.48 0.17 2.97 0.04 2.11E-03 7.92E-05 2.33E-03
3.20 8.00 33.07 0.11 2.40 0.03 2.19E-03 6.02E-05 2.62E-03
3.20 7.00 28.72 0.20 2.07 0.05 2.51E-03 1.63E-04 3.00E-03
3.20 6.00 2433 0.07 1.73 0.05 2.93E-03 2.28E-04 3.52E-03
3.20 5.00 20.02 0.14 1.28 0.05 3.19E-03 3.52E-04 4.25E-03
3.20 4.00 15.50 0.12 1.00 0.03 4.16E-03 2.73E-04 5.45E-03
1.60 12.00 14.27 0.11 0.97 0.04 4.75E-03 5.42E-04 5.91E-03
1.60 11.00 13.12 0.15 0.87 0.05 5.04E-03 7.76E-04 6.41E-03
1.60 10.00 11.95 0.24 0.73 0.05 5.14E-03 9.43E-04 7.03E-03
1.60 9.00 10.62 0.13 0.70 0.05 6.21E-03 1.25E-03 7.89E-03
1.60 8.00 9.48 0.22 0.60 0.03 6.67E-03 7.55E-04 8.82E-03
1.60 7.00 8.27 0.16 0.53 0.05 7.80E-03 1.95E-03 1.01E-02
1.60 6.00 7.00 0.18 0.40 0.03 8.16E-03 1.36E-03 1.19E-02
1.60 5.00 5.75 0.18 0.33 0.05 1.01E-02 4.04E-03 1.45E-02
1.60 4.00 4.43 0.18 0.20 0.03 1.02E-02 3.34E-03 1.87E-02
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Figure 2. Experimental resistance (cmH,0.min’.ml?) with expanded
uncertainty and theoretical resistance (cmH,O.min*ml) determined
using the flow phantom with each of the three pumping tubes. The
horizontal scale corresponds to the flow rates used in the experiment
(mlL.min™).
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Figure 3. Scatter plots for R experimental and theoretical resistance
values in cmH,0.min’.ml ™ for each of the pumping tubes (4.8 mm,
3.2 mm and 1.6 mm) with respective Pearson’s correlation coefficients
(7) (0.998, 0.997, and 0.957) and linear regressions.

with that found in coronary grafts. The primary
motivation was to use this equipment in the calibration
of an ultrasonic flowmeter based on the transit-time
principle.

Flow phantoms for the calibration of ultrasonic
flowmeters using the Doppler method can evaluate
the performance of TTFM. However, the Doppler
method requires fluids that generate scattering of
the ultrasonic incident wave similar to that produced
by the blood suspension organelles (Poepping et al.,
2004; Rickey et al., 1995). This is not required for
the flowmeters based on transit-time because they are
only depend on the difference between the times of
flight of a pulse propagating towards and backwards
along the same path in which there is a moving fluid.

The TTFM measurement method does not require
that the acoustic properties of the tube walls be similar
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to those of the vessel because the influence of these
properties is naturally canceled by the transit-time
subtraction procedure. Nonetheless, thin-wall silicone
tubing was employed in this study to minimize the
attenuation of the signal received by the device being
tested. Poepping et al. (2004) opted to use silicone
tubes in ultrasonic Doppler flowmeter for phantoms
due to its stability and low attenuation. The flow is
constant in the phantom described in this article;
therefore, despite an initial transient, the viscoelastic
behavior of the tubes used is not important.

The continuous flow system was chosen because it
facilitates obtaining a laminar flow (more common in
small arteries); additionally, turbulent flow may cause
error in the TTFM measurement (Dean et al., 1996;
Gordon, 1995). In the phantom presented in this article,
the laminar flow in the measurement region for TTFM
calibration is generated by hydrostatic pressurization
(difference in level between the fluids columns).
Both columns dampen oscillations originating from
the peristaltic pump flow. Due to the large difference
in diameter between the columns’ and the tubes’
pumping diameters, the variation of the water level
in the columns during the pump cycle is negligible.
Although it has been used for a continuous flow
regime, by eliminating one of the circuit columns, the
described phantom is able to generate pulsatile flow.

The flow phantoms used for calibrating TTFM
that are described in the literature employ different
materials and methods with some similarity to the
phantom proposed here. No papers regarding a
TTFM flow phantom designed with silicone tubes
in the measurement regions were found. Water has
been the most cited fluid (Bednarik and May, 1995;
Drost, 1978; Gordon, 1995), except for cases in which
salt solutions were employed in ex vivo veins and
arteries (Amaral and Michelini, 1997; Beldi et al.,
2000; Groom et al., 2001; Lundell et al., 1993). The
use of hydrostatic pressure for pressurization was
found in the Transonic System calibration manual
(Transonic..., 2009). Gordon (1995) used a pressurized
chamber created by a mechanical ventilator to generate
a differential pressure.

Based on our results, it appears that the system
produces flow rates Q comparable with those of the
human vascular system coronary arteries (Mello-
Aires, 2008) and thus may be used to calibrate the
TTFM. The d-e measurement region consists of the
frame containing the three thin-walled tubes (2, 3-,
and 4.5 mm diameters) in series (Figure 1), and this
arrangement provides three values of speed depending
on the diameter of the tube in which the transducer
is to be attached.
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The use of a millimeter scale affixed to the water
columns led to satisfactory results when measuring
AP at high gaps (obtained using the pumping tubes
of' 4.8 mm and 3.2 mm internal diameters). However,
it was difficult to measure the 4P in cases where the
magnitude of the gap decreased and approached the
read error. This measurement bias led to the low
correlation coefficient between the experimental and
theoretical R values with the 1.6 mm tube (»=0.957).

It was also observed that the relationship between
flow rate Q and the 4P is not linear. However, it is
important to note that given the specifications of
the pump manufacturer, the flow will always be the
same function of supply voltage and pumping tubes.

The Re Reynolds number estimates and the
L_. minimum distance to obtain laminar flow were
determined from the data Q flow, depending on the
voltage supply to the pump. The observed maximum
predicted for the phantom Re is equal to 1134.07, which
does not exceed 2000; therefore, the flow tends to be
laminar (Fox and McDonald, 2010). The possibility
of laminar flow in the measurement segment is also
confirmed by obtaining 13 cm higher L . in the case
of higher flow; as a result, a 14 cm length was adopted
in the experimental setup.

The comparison between the resistance R of
the experimental and theoretical hydraulic systems
(Figure 2) shows the similarity between the two results,
especially in cases of higher flow (4.8 and 3.2 mm
pumping tubes) where the » Pearson correlation
coefficients between the curves are 0.998 and 0.997,
respectively. However, for lower flow tubes (1.6 mm),
the curves have different values, with » = 0.957
(Figure 3). The graph analysis of the dispersion
linear regression of the three resistances (Figure 3)
also verifies a smaller slope coefficient in the case
of a higher flow rate (1.098 for the 4.8 mm tube
and 1.527 for the 3.2 mm tube) and a greater one
at lower flows (1.950 with the 1.6 mm tube), with a
lower correlation. This can be attributed to the lower
accuracy of the experimental measurements in the
case of lower pressure differential gradients.

It is noted that if this system is to be used with
blood-mimicking fluid to calibrate flowmeters
according to the Doppler method, the pressure-flow
relationships presented here should be measured
again because the rheological properties are different.
As an example, in Ramnarine et al. (1998), which
studied a fluid with a sound propagation velocity
similar to that of blood (1548 = 5 m.s™), the viscosity
(4.10 £ 0.10 mPa.s) was greater than that of water
(1.00 mPa.s); thus, new tests with the flow phantom
proposed here are needed before it can be used.

Continuous flow phantom for calibration of TTFM

Initial results and the fluid mechanic parameters
have been presented in congresses (Silva et al.,
2008; 2010). The flow phantom model presented
in this paper was used as the evaluation method for
ultrasonic transducers for TTFM, and satisfactory
results were reported in Jiménez et al. (2010) and
Ortega-Palacios et al. (2012).

The next step would be the simulation of pulsatile
flow and the calibration required to study the sensitivity
of TTFM. Other steps would include characterizing
the acoustic and elastic properties of silicone tubes
and using a fluid similar to blood with regard to
rheological properties to enable the calibration of
Doppler ultrasonic flowmeters.

A phantom was designed and built to be capable
of generating flow values similar to the ones observed
in coronary bypass for the calibration of flow
measurement in coronary surgery by TTFM systems.
The resistance curves are a function of pressure and
flow, were obtained in experimental tests using water,
and are in agreement with the theoretical model based
on fluid mechanic equations. This phantom generates
known constant flows and is simple to assemble and
cheap to make (about $250.00 U.S. dollars); therefore,
it is ready to be implemented in TTFM calibrations.
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