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� 3D three-field coupling physical model for investigation of acoustic hemostasis is presented.
� Acoustic streaming(AS) effect can reduce or completely stop the flow out of the wound.
� AS effect is studied for two wound shapes and different sonication angles.
� The study shows the theoretical possibility of sealing the bleeding site by focused ultrasound.
� Sonication angles between 450 and 900 should be considered in order to reduce blood flow out of the wound.
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a b s t r a c t

High intensity focused ultrasound (HIFU) has many applications ranging from thermal ablation of cancer
to hemostasis. Although focused ultrasound can seal a bleeding site, physical mechanism of acoustic
hemostasis is not fully understood yet. To understand better the interaction between different physical
mechanisms involved in hemostasis a mathematical model for acoustic hemostasis is developed. This
model comprises the nonlinear Westervelt equation and the bioheat equations in tissue and blood vessel.
In a three dimensional domain, the nonlinear hemodynamic equations are coupled with the acoustic and
thermal equations. Convective cooling and acoustic streaming effects are incorporated in the modeling
study. Effect of acoustic streaming on the blood flow out of the wound has been studied for two wound
shapes and different sonication angles. It was theoretically shown that if focused ultrasound beam is
applied directly to the bleeding site, the flow out of the wound can be reduced due to the acoustic stream-
ing effect. Bleeding can be completely stopped even for a big wound, if the focal point location, ultra-
sound power and sonication angle are appropriately chosen. The sonication angles should be chosen in
the range between 45� and 90�. The temperature around 70 �C can be achieved within a second on the
blood vessel wall, thus showing the theoretical possibility of sealing the bleeding site by focused
ultrasound.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Bleeding is one of the major causes of death after traumatic
injuries [1]. Management of this type of injuries in 1987 in the
USA, for example, accounted for $64.7 billion (in 1993 dollars)
[2,3]. Hemorrhage is stopped by vessel ligation, clamping, and
repair of the vessel [4,5].

Acoustic hemostasis is a new field of ultrasound research.
Focused ultrasound has been successfully applied to the treatment
of tumors in different areas of the bodies, including the breast,
prostate, uterine fibroids and liver [6,7]. Other promising applica-
tions of high intensity focused ultrasound (HIFU) include small
blood vessel occlusion [8–11], hemostasis of bleeding vessels and
organs [12–14]. In the latter case, the vessel wall aperture must
be closed without affecting the vascular lumen to obviate both
local and remote occlusions following the detachment of a blood
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Fig. 1. The schematic of acoustic hemostasis treatment.

Nomenclature

c0 speed of ultrasound in tissue, m/s
ci small signal sound speed increment, m/s
c specific heat, J/kg �C
f ultrasonic frequency, Hz
F force vector per unit volume, N/m3

k wave number
kt thermal conductivity of tissue, W/m �C
I sound intensity, W/m2

p acoustic pressure, N/m2

P fluid static pressure, N/m2

q ultrasound power deposition, W/m3

t time, s
T temperature, �C
u blood flow velocity, m/s
w velocity in z direction, m/s
wb blood perfusion rate, kg/m3 s
x coordinate in the x direction
y coordinate in the y direction

z coordinate in the z direction

Greek symbols
a absorption coefficient, Np/MHz m
b nonlinearity coefficient
d acoustic diffusivity
k wavelength, m
l shear viscosity of blood flow, kg/m s
q density, kg/m3

x angular frequency, Hz
s relaxation time, s

Subscripts
t tissue
b blood
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clot fragment by hemodynamic force and its blockage in a down-
stream vessel of smaller caliber. Therefore, the position of the
ultrasound focal point represents a critical aspect of acoustic
hemostasis. The ultrasound beam orientation and heating volume
must be carefully selected to avoid appearance of any intraluminal
thrombus. Moreover, this technique is only suitable to superficial
vessels.

Acoustic hemostasis is mainly studied experimentally. How-
ever, the optimal strategy for the acoustic hemostasis remains to
be defined. The ultrasound frequency and intensity, exposure dura-
tion, location of the focal point differ according to studies. The
focus can be either fixed at the center of the wound or at its prox-
imal or distal region. Ultrasound focus can be moved continuously
throughout the wound. Sonication at a set of selected points can be
also carried out.

Several studies are related to punctured blood vessel [1,13,15].
Under the same ultrasound parameters, the treatment time can
differ even by an order of magnitude for similar punctures [15].
The difference can be attributed to the wound shape and the HIFU
guidance. The ultrasound beam should be precisely located on the
wound. If the location of the focal point is not properly determined,
the exposure time needs to be highly increased for the same effi-
ciency. In addition, physical processes should be well understood
to improve the treatment planning.

Acoustic hemostasis was also investigated numerically [16,17].
Linear acoustic model was considered by the authors. However, for
high ultrasound powers and large peak pressures used in acoustic
hemostasis, this assumption is not valid. At high intensities nonlin-
ear wave propagation effects become important. Nonlinear propa-
gation effects can enhance the local heating by several times
[18,19]. Therefore in the current work nonlinear acoustic model
is considered. In Ref. [16], ultrasound propagation through differ-
ent coupling materials between the biological tissues and trans-
ducer during acoustic hemostasis was studied numerically.
Heating in homogeneous media was considered. The temperature
increase was modeled using the classical Pennes bioheat equation
[20]. The amount of the dissipated heat was estimated by averag-
ing the effect of blood perfusion over all tissues. Focused ultra-
sound is able to produce hemostasis [1,13,15] in large blood
vessels up to 10 mm. For tissues with large blood vessels (diame-
ters larger than 0.5 mm) Pennes bioheat equation is not valid and
convective blood flow cooling needs to be taken into account.
Recently, a three-dimensional studies pointed out the influence
of blood flow and acoustic streaming on the temperature distribu-
tion [18,21]. The proposed model was applied to get the tempera-
ture elevation in liver tumor in a patient-specific geometry [22]. In
the present paper the developed mathematical model is applied to
the acoustic hemostasis. Importance on the thermal and acoustic
streaming effects will be addressed.

According to acoustic hemostasis experiments [13,15,23], the
thermal effect exerted by focused ultrasound triggers hemostasis.
The absorbed ultrasound energy in tissues is transformed into
thermal energy. The resulting temperature elevation can soar up
to 70 �C in about 1 s [13], thereby allowing sealing of the bleeding
site. Blood flow at the wound can in theory carry away a part of the
deposited energy. In the experiments [15], when the puncture site
was exposed to air, a blood jet that appeared from the arterial
injury was stopped upon exposure of focused ultrasound. In most
experimental studies, ultrasound beam is oriented roughly perpen-
dicularly to the wound. In the present paper several sonication
angles and two wound shapes were studied. Sonication angle
and focal point location can be optimized for bleeding arrest to
reduce tissue damage and prevent thrombus risk.
2. Methods

The schematic of acoustic hemostasis treatment is presented in
Fig. 1. Focused ultrasound device is located outside of the body.
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There is a water layer between the transducer and the skin. Ultra-
sound beam is focused at the bleeding site. Ultrasound energy can
be transformed into thermal energy and the temperature at the
focal area can be increased, which can help to seal the bleeding
site. Focused ultrasound can also induce some additional flow
motion (the effect is called acoustic streaming). Experimental stud-
ies showed that acoustic streaming can sufficiently reduce or even
stop the blood flow out of the wound. However this effect is not
very well understood. In this paper we are going to study numer-
ically how acoustic streaming effect can change the blood flow
motion out of the wound. For the construction of the mathematical
model for acoustic hemostasis it is necessary to describe acoustic
field to compute the pressure and thermal fields to calculate the
temperature in tissue and blood vessel, and hydrodynamic field
to estimate how acoustic field changes the blood flow velocity.

The three-dimensional (3D) acoustic-thermal-hydrodynamic
coupling model has been proposed to compute the pressure, tem-
perature, and blood flow velocity [18]. The mathematical model
[18,21] relies on the coupling of: (1) nonlinear Westervelt equation
with relaxation effects being taken into account; (2) heat equations
in biological tissues; and (3) acoustic streaming-induced hydrody-
namic equations.

2.1. Nonlinear acoustic equation

Acoustic field generated by a HIFU source was modeled using
the coupled system of two partial differential equations given
below [18]

r2p� 1
c20

@2p
@t2

þ d

c40

@3p
@t3

þ b

q0c
4
0

@2p2

@t2
þ
X
i

Pi ¼ 0

1þ si
@

@t

� �
Pi ¼ 2

c30
cisi

@3p
@t3
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The above system of equations takes into account the effects of
diffraction, absorption, nonlinear propagation and relaxation. In
the above, p is the sound pressure, b ¼ 1þ B

2A the coefficient of non-
linearity, and d the diffusivity of sound originating from fluid viscos-
ity and heat conduction, si the relaxation time and ci the small
signal sound speed increment for the i-th relaxation process. The
first four terms in the first equation of the system (1) represent
the classical Westervelt equation [24]. The new auxiliary variable
Pi is included to model the relaxation processes. In the present
paper two relaxation processes (i ¼ 2) were considered.

For the linear acoustic equation the intensity is equal to
IL ¼ p2=2qc0. For the nonlinear case the total intensity is
I ¼P1

n¼1In, where In are the corresponding intensities for the
respective harmonics nf0. The ultrasound power deposition per
unit volume is calculated by

q ¼
X1
n¼1

2aðnf0ÞIn ð2Þ

The absorption coefficient in tissue a obeys the following frequency
law a ¼ a0ðf=f 0Þg, where a0 ¼ 8:1 Np/m, g ¼ 1:0 and f 0 ¼ 1 MHz
[25]. The unknown relaxation parameters si, ci in the differential
system (1) were calculated through the minimization of a mean
square error between the linear attenuation law and the relaxation
model [18].

2.2. Radiation force and acoustic streaming hydrodynamic equations

Acoustic wave propagation in a medium exerts a force acting in
the direction of propagation, which is called the radiation force. It
can be defined as a period averaged force acting on the medium by
a sound wave. Under the linear acoustic propagation assumption,
this average force is equal to zero. So the radiation force represents
the second order nonlinear effects. Several mechanisms can con-
tribute to the generation of this force, including reflection/scatter-
ing at the interfaces, change of ultrasound energy during the
propagation due to the absorption and scattering [26]. Radiation
force can be used to access elastic tissue properties, for biomedical
diagnostic applications, drug and gene delivery [27]. Good review
about biomedical applications of radiation force can be found in
[26,28].

While ultrasound wave is propagating in the liquid, the liquid
starts moving in the direction of propagation and acoustic stream-
ing appears. In the present study we are going to investigate how
the acoustic streaming effect can help to stop the bleeding. During
acoustic hemostasis in order to seal the bleeding site, first it is nec-
essary to reduce the flow out of the wound. Vaezy et al. [14] exper-
imentally showed that radiation force, generated by the focused
ultrasound device, was able to temporarily stop the bleeding in
the open wound. Blood jet from the puncture was stopped upon
the exposure of focused ultrasound. The ultrasound beam was per-
pendicular to the blood vessel and was focused on the puncture in
the artery. It was shown that it was easier to produce hemostasis
when the blood was pushed back by streaming. However, the
treatment time can differ by the order of magnitude for similar
punctures, ranging from ten to one hundred seconds [1,29]. The
difference can be attributed to the wound shape, focal point loca-
tion, beam orientation and ultrasound guidance. Most of the exper-
imental studies considered the perpendicular orientation of blood
vessel and the ultrasound beam. In order to optimize the treat-
ment, theoretical understanding of the acoustic streaming effect
on the flow out of the wound is necessary. Different sonication
angles, focal point locations and wound shapes will be studied in
the present paper. It will be shown that these parameters can be
optimized during acoustic hemostasis. In the following sections
we will show that even for the big wound with the length of
6 mm, the bleeding can be completely stopped by the acoustic
streaming effect, while without applying focused ultrasound about
90% of mass flow comes out of the wound.

One of the first studies about acoustics streaming has been per-
formed by Rayleigh [30], who studied circulation of air in Kundt’s
tubes. Later theoretical studies on the prediction of streaming
either in the tube or in the open domain have been performed by
Eckart [31], Nyborg [24,32] and Tjotta [33]. Simple analytical
expression exists for the estimation of the streaming velocity in a
plane progressive wave [33]:

v ¼ ð2aI=c0lÞð2aÞ2G;
where v is the streaming velocity, l the viscosity of the medium, 2a
the ultrasound beam width and G a geometric factor dependent on
the geometry of the problem. However, this analytical expression
can be only applied for weakly focused transducers under linear
acoustic approximation. However, at high intensities and at com-
plex geometries nonlinear hydrodynamic equations should be
solved.

In this study the flow in large blood vessels is assumed to be
incompressible and laminar, for which the mass conservation
equation has the form r � u ¼ 0. The equation for modeling the
blood flow motion with the acoustic streaming effect being taken
into account is as follows [34,35,36]

@u
@t

þ ðu � rÞu ¼ l
q
r2u� 1

q
rPþ 1

q
F ð3Þ

In the above, P is the static pressure, l (=0.0035 kg/m s) the shear
viscosity of blood flow, and q the blood density. In Eq. (3), the radi-
ation force vector F is assumed to act along the acoustic axis n and it
has the following form [24]
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F � n ¼ � 1
c0
r~I ¼ q

c0
ð4Þ

Gravity is known to significantly influence pulmonary blood
flow distribution according to the height and hence the
ventilation-perfusion ratio [37]. It also impacts the cerebral venous
flow and the venous return in the inferior limbs in the standing
position, hence resulting in the presence of valves to counter back-
flow during muscular contraction of leg skeletal muscles. In the
present paper, the subject under consideration is in the lying posi-
tion. Body forces, such as gravity and electromagnetic field, during
MRI, can nevertheless be easily added to the model.

2.3. Energy equation for tissue heating

In the current simulation study of thermal field the physical
domain has been split into two subdomains for the perfused tissue
and the flowing blood. In a region free of large blood vessels, the
classical Pennes bioheat equation [20] given below is employed
to model the transfer of heat in the perfused tissue region

qt ct
@T
@t

¼ ktr2T �wb cb T � Tað Þ þ q ð5Þ

In the above bioheat equation q; c; k denote the density, specific
heat, and thermal conductivity, respectively. The subscripts t
and b refer to the tissue and blood domains. The notation Ta

denotes the arterial temperature. The variable wb (�0.5 kg/m3 s)
in Eq. (5) is the perfusion rate for the tissue cooling in capillary
flows.

In the region inside the blood vessel, temperature rise was cal-
culated by solving the following heat equation

qb cb
@T
@t

¼ kbr2T � qb cbu � rT þ q ð6Þ

where u is the blood flow velocity. In the above equation the biolog-
ically relevant heat source, which is q, and the heat sink, which is
�qb cbu � rT , are added to the conventional diffusion-type heat
equation. It is noted here that the above thermal Eqs. (5) and (6)
are coupled with the acoustic Eq. (1) for the acoustic pressure
through the power deposition term q defined in Eq. (2). In order
to calculate the blood flow velocity u, shown on the right hand side
of Eq. (6), in a three dimensional geometry hydrodynamic equations
given in Eq. (3) should be solved. Focused ultrasound can induce an
additional mass flow in a fluid (acoustic streaming). The cooling due
to blood flow motion and acoustic streaming effect will be taken
into account. In Ref. [18] it was shown that in the high-intensity
regime acoustic streaming velocity magnitude can be 3–30 times
larger than the velocity in a blood vessel. Large velocity gradients
can be generated near the blood vessel wall, thereby leading to
large shear stresses. The large shear stresses may cause damage of
the vessel wall cells. Several experimental studies [38,39] showed
that the walls of the blood vessels were sometimes damaged after
ultrasound irradiation at high powers.

2.4. Solution procedures and description of the problem

The nonlinear system of acoustic Eq. (1) is solved by the implicit
finite difference time domain method presented in [18]. The sec-
ond order accurate scheme in time and sixth order accurate
scheme in space are implemented for the solution of the system
(1). Discretization of this system of differential equations is started
with the approximation of the temporal derivative @

@t P
nþ1
i shown in

the second equation of the system (1):
@

@t
Pnþ1
i ¼ 1

2Dt
ð3Pnþ1

i � 4Pn
i þ Pn�1

i Þ ð7Þ
After some algebraic manipulation the second equation in the sys-
tem (1) can be rewritten in the form as:

Pnþ1
i ¼ 2

c30

cisi
1þ 1:5si=Dt

@3pnþ1

@t3
� si
2Dt þ 3si

ð�4Pn
i þ Pn�1

i Þ ð8Þ

The above Pnþ1
i is then substituted into the first equation of the sys-

tem (1).
Temporal derivatives in the first equation of the system (1) are

approximated using the following second order accurate schemes:
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The nonlinear term @2p2
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jnþ1 is linearized using the second order

accurate relation:
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� �
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The above temporal derivatives are then substituted into the sys-
tem (1) to get the Helmholtz equation. Helmholz equation is solved
implicitly using the three-point sixth-order accurate scheme [18].
Accuracy of the numerical solutions for acoustic pressure was
examined in [18] by comparing them with the known analytical
and numerical solutions obtained by other authors [40,41]. The pre-
dicted numerical results were also in good agreement with the
experimental data [18,21].

With the known acoustic pressure, the ultrasound power depo-
sition in Eq. (2) and the acoustic streaming force in Eq. (4) were cal-
culated. The acoustic streaming force was then substituted into Eq.
(3) to compute blood flow velocity. Afterwards, temperatures in
blood flow domain and in tissue were calculated. The initial tem-
perature is equal to 37 �C. Finite-volume method has been applied
for the analysis of the three-dimensional problem. A detailed
description of the solution procedures can be found in our previous
articles [18,21,35]. The computational model for the calculation of
acoustic streaming velocity was validated by comparing the results
with those of Kamakura et al. [36]. For the validation of the compu-
tational model for the thermal field, with and without flow, the
predicted results were compared with the experimental results
of Huang et al. [42]. Good agreement between the predicted and
measured temperatures with and without flow has been found
[42] as it can be seen in Fig. 2. We have also performed MRI mea-
surements of temperature increase during focused ultrasound
treatment in ex-vivo porcine muscle [43]. Excellent agreement
between our numerical simulation results and experimental data
has been found [43].

As we mentioned before, two main mechanisms of acoustic
hemostasis are considered in this paper: the stopping of the blood
flow out of the wound due to the radiation force (acoustic stream-
ing effect) and sealing of the wound by high temperature. In order
to investigate the effect of acoustic streaming on the blood flow out
of the wound, we are going to consider two different wound
geometries. Two wound shapes, namely, the small circular wound
with a diameter of 2 mm and a big long wound of 6 mm in length
and 2 mm in width will be investigated as it can be seen in Fig. 3. In
the present paper the vessel with a diameter of 3 mm is
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considered. The fully developed velocity profile is prescribed at the
inlet of blood vessel, while zero gradient velocity boundary condi-
tion is applied on the outlet plane. The pressure at the wound is
equal to the tissue pressure. At vessel inlet, the blood flow cross-
sectional average velocities are set at 0.016 m/s and 0.13 m/s.
These imposed velocities correspond to the velocities in veins
and arteries with the diameter of 3 mm [44].

Unstructured mesh has been generated for the study of flow in
the vessel with the wound. The number of tetrahedral elements
varied from 191,000 to 207,000 elements for the vessel with the
small and big wounds correspondingly. Mesh independence study
has been performed. The difference of the predicted velocity fields
using the current mesh and the refined mesh (by increasing the
number of elements by 50%) was less than 1%.

Thermal effect has been investigated for three different sonica-
tion angles (see Section 3.2). The vessel with a diameter 3 mm was
considered. A structured mesh was used in both tissue and vessel
domain. The focal point was located on the blood vessel wall. Close
to the blood vessel wall in the focal area the refined grids were
generated with a mesh size of 0.15 mm ⁄ 0.15 mm ⁄ 0.2 mm. In
the focal area (4 mm ⁄ 4 mm ⁄ 15 mm) the grid with a mesh size
of 0.2 ⁄ 0.2 ⁄ 0.2 was used. The number of hexahedral elements
varied from 512,000 to 621,000 for different blood vessel orienta-
tions. Mesh independence study was performed by comparing the
predicted results using the current mesh and the refined mesh
with the increased number of the elements by 50%. The predicted
X

Y

Z

HIFU beam

Wound

(a)

y,
m

-

Fig. 3. Schematic of the problem. (a) a small circular wound with the diameter 2 mm in
2 mm. The blood vessel diameter is d ¼ 3 mm.
difference for the velocity and temperature fields using two differ-
ent meshes was less than 1%.

The single element HIFU transducer used in this study is spher-
ically focused with an aperture of 12 cm and a focal length of
12 cm. In this study, the transducer with the frequency
f 0 ¼ 1:0 MHz is considered. Focal intensity is 2240 W/cm2. Peak
positive and negative pressures are Pþ ¼ 14 MPa and P� ¼ 6:4 MPa
(in linear approximation Plin ¼ 8:5 MPa), respectively, and the son-
ication time is 0.6 s. The parameters used in the current simulation
are listed in Table 1 [25].

3. Results and discussion

As it was already mentioned in introduction section, heating is
considered as one of the main consequences during acoustic
hemostasis. Increase of the temperature above a certain value
allows cauterizing of the bleeding site. The temperature of 70 �C
can be assumed as the threshold temperature for the acoustic
hemostasis [13]. However, blood flow out of the wound may carry
away heat at the bleeding site and it can significantly reduce the
temperature at the bleeding site. Blood also has a lower absorption
than a tissue. For example, in Table 1 it can be seen that absorption
coefficients of liver tissue and blood differ by about five times.
Therefore if blood is still flowing out of the wound it is quite diffi-
cult to seal the wound. First of all, it is necessary to reduce or stop
the flow out of the wound, then thermal energy can be applied to
cauterize the bleeding site and seal the wound. In the experiments
[15] with the wound exposed to air it was shown that blood flow
out of the wound can be stopped after applying focused ultrasound
energy to the bleeding site. Focused ultrasound induces streaming
of the blood away from the focus of the transducer. This effect is
called acoustic streaming. Thus, physical processes involved in
acoustic hemostasis can be described in the following way: first,
acoustic streaming effect reduces or stops the flow out of the
wound, afterwards thermal effect is used to seal the wound. In
the following section we are going to investigate numerically the
acoustic streaming effect for the two wound shapes under investi-
gation and different sonication angles and thermal effect for differ-
ent sonication angles.

3.1. Importance of acoustic streaming

3.1.1. Bleeding in a small circular wound
In the previous studies [18,21] it was shown that focused ultra-

sound can induce acoustic streaming velocities up to 100 cm/s in
x, m
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Fig. 4. The predicted velocity (m/s) in vein (a) and artery (b) when the acoustic streaming effect is taken into account.
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Table 1
Acoustic and thermal properties for the tissue and blood.

Tissue c0 m
s

� �
q kg

m3

� �
c J

kg K

� �
k W

mK

� �
a Np

m

� �
Tissue 1540 1055 3600 0.512 8:1f
Blood 1540 1060 3770 0.53 1:5f
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the blood vessel and can affect the ultrasound heating. When blood
vessel was placed perpendicularly to the acoustic axis, acoustic
streaming velocity magnitude becomes smaller comparing with
that of the parallel blood vessel orientation.

When the focus of HIFU transducer is directed towards a bleed-
ing site, the local absorption of acoustic energy supplies an extra
momentum to the fluid and this force can result in streaming of
the blood in the direction away from the focus of transducer. Usu-
ally in the acoustic hemostasis experiments blood vessel was
located perpendicularly to the acoustic axis. However it is not very
clear what blood vessel orientation is the optimal one. For the case
of big wound focal point locations and scanning paths can be
planned differently. We are therefore motivated to investigate
the effects of blood vessel orientation (sonication angle) and focal
point location.

Let’s consider a hole (wound) on the blood vessel wall. The
diameter of this hole is 2 mm. The diameter of the blood vessel
is 3 mm, and the maximum velocities are 3.2 cm/s (vein) and
26 cm/s (artery). Acoustic streaming velocity magnitude is
30 cm/s (without acoustic streaming the maximum velocity in
the vein is 3 cm/s). Acoustic streaming velocity magnitude is one
order of magnitude larger than the blood flow velocity in the vein.

In Figs. 4 and 5 the velocity profiles in vein and artery are pre-
sented with and without incident focused ultrasound. In Tables 2
and 3 mass flow rates at the inlet and two outlets (outlet and
wound) are presented in the vein and in the artery. Mass flow rate



Table 4
The effect of acoustic streaming on the mass flow rate in the big wound in the vein
(u ¼ 1:6 cm/s).

Mass flow rate Outlet Wound Inlet

Without AS 3% 97% 100%
With AS 100% 0 100%

Table 5
The effect of acoustic streaming on the mass flow rate in the big wound in the artery
(u ¼ 13 cm/s).

Mass flow rate Outlet Wound Inlet

Without AS 26% 74% 100%
With AS 47% 53% 100%
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Fig. 7. The predicted mass flow rate (kg/s) at the big wound for the cases with
different focal point locations, artery case.

Table 2
Acoustic streaming effect on the mass flow rate in the small wound in the vein
(u ¼ 1:6 cm/s).

Mass flow rate Outlet Wound Inlet

Without AS 22% 78% 100%
With AS 100% 0 100%

Table 3
Acoustic streaming effect on the mass flow rate in the small wound in the artery
(u ¼ 13 cm/s).

Mass flow rate Outlet Wound Inlet

Without AS 55% 45% 100%
With AS 71% 29% 100%
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cases with different focal point locations, artery case.
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through the surface S is calculated by
RR

Sq u
!
dS
!
, i.e. the flow of mass

m through a surface per unit time t. Mass flow rate at the vessel
inlet is equal to 100%. Without AS, 78% of the total mass flow
comes out of the wound. If we switch the transducer, radiation
force will cause the acoustic streaming flow to occur. With the
acoustic streaming effect being taken into account, the bleeding
in the vein can be completely stopped. However, there is still a
small bleeding out of the artery. In the artery the blood flow out
of the wound can be reduced by an amount from 45% to 29%. In
order to stop blood flow out of the wound, higher power deposi-
tions should be considered.

Simulations show that acoustic streaming velocity profile
reaches the steady state within a very short time interval of
0.12 s, within which bleeding can be stopped or sufficiently
reduced. This prediction is in agreement with the experimental
observations [15,45–47]. Since the acoustic streaming velocity
can reach steady state within a very short time, only steady state
velocity contours in the present paper are plotted, unless other-
wise stated.

In the next section we will show that under different sonication
angles blood flow can be stopped even in the artery.
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Fig. 6. The predicted velocity magnitude (m/s) contours in the artery with the big wo
3.1.2. Bleeding in a big wound
In Tables 4 and 5 mass flow rates at the inlet and two outlets of

the blood vessel with a big wound are presented for the cases with
and without considering acoustic streaming effect. The focal point
is located at the center of the wound. For a larger wound case it is
more difficult to stop bleeding. When we take into account the
acoustic streaming effect the bleeding out of the wound in the vein
can be stopped. However, there is still a flow of blood out of the
wound in the artery. The blood flow out of the wound in the artery
is reduced from 74% to 53% of the total mass flow due to the acous-
tic streaming effect. In Fig. 6 velocity profiles in the artery are
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Fig. 9. The predicted mass flow rate (kg/s) with respect to time in the big wound for
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presented for the cases with and without focused ultrasound. It can
be seen that bleeding is stopped in the small focal area. This means
that in the focal area we can seal the bleeding site by heating.

In Fig. 7 mass flow rate out of the wound is presented as the
function of focal point location along the axis of the big wound.
When the focal point is located at the rear of the wound, the largest
mass flux and consequently the largest bleeding occur. When the
focal point is located close to the front of the wound
(x ¼ 0:0175), the mass flux is minimal. Therefore to reduce the
bleeding in the large wound, focal point should be located in front
of the wound. In Fig. 8 mass flow rate out of the wound is pre-
sented with respect to time at different focal point locations.
Within 0.12 s blood flow becomes steady. The smallest mass flow
rate occurs at the condition when the focal point is located at the
front of the wound. The worst case happens when the focal point
is located at the rear of the wound.

Several ways of ultrasound sonications can be applied to stop
bleeding in the wound. In the work of [12] mechanical scanning
of HIFU probe was used to stop bleeding in a punctured artery.
The frequency of the scanning was 15 or 25 Hz, the amplitude of
the scanning was equal to the length of the wound (5–10 mm).
In Fig. 9 the predicted evolution of the mass flow rate for the case
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Fig. 13. The predicted velocity magnitude (m/s) in the artery with the big wound for the cases with different locations of the focal point: (a) in front of the wound and (b) at
the rear of the wound. The sonication angle is 45�.
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of big wound is presented for the case of mechanical scanning of
HIFU beam along the wound. Focal point was oscillating around
the center of the wound with the frequency 25 Hz. We can see that
mass flow rate is oscillating around the value of mass flow
obtained at the central location of focal point. Decrease of the oscil-
lating frequency will lead to the increased oscillating amplitude.
The mass flow rate is very close to that of the case when the focal
point is at the center of the wound.

3.1.3. Bleeding in a big wound. Different sonication angles
In Fig. 10 the evolution of the predicted mass flow out of the big

wound is presented for different sonication angles in the artery.
Focal point is located at the center of the wound. Better sonication
angles range from 0� to 90�. At the angle 0� it’s possible to com-
pletely stop bleeding within 0.1 s. Because ultrasound beam is
quite narrow, for 0� sonication it’s quite difficult to allocate the
ultrasound beam precisely on the wound. For the sonication angle
45� there is only a small bleeding at the rear of the wound (Fig. 11).
In the experiments, 90� sonication was mostly used. From the sim-
ulation point of view, it is better to use 45�. The predicted velocity
magnitudes in the artery with the big wound for two different son-
ication angles 45� and 135� are presented in Fig. 11. For 135� son-
ication there is a reverse flow near the center of the wound. This
reverse flow acts like a dam and therefore the velocity magnitude
in the beginning of the wound is increased. Comparison of the
mass flow rates with and without AS for this sonication angle
shows that 135� sonication increases bleeding and this angle
should be avoided in the treatment.

In Fig. 12 the evolution of the predicted mass flow out of the big
wound is presented for the two sonication angles 45� and 135� and
two locations of the focal point: at a location in front of the wound
and at the rear of the wound. The corresponding velocity magni-
tude for the sonication angle 45� can be seen in Fig. 13. When
the focal point is located at the rear of the wound and the angle
is 45�, bleeding can be stopped. When the focal point is located
in front of the wound and the angle is 45�, there is still a small
blood flow out of the wound at the rear of the wound. For 135�
an opposite result is obtained. For 90� and 135� sonications focal
point should be located at the front side of the wound. The present
numerical simulations show that 135� sonication should be
avoided, because in this case the degree of bleeding is increased.
The smallest mass flow rate occurs at 45� sonication when the focal
point is located at the rear of the wound. Sonication angles
between 45� and 90� should be considered in order to reduce the
flow out of the wound. In some cases flow out of the wound can
be stopped.

Although in the experiments 90� sonications are mostly used
[15], we have shown that for a big wound the optimal focal point
location is at the rear of the wound and the optimal angle is 45�.
In this case the flow out of the wound can be completely stopped.
However the wound is not sealed yet, we should apply thermal
energy in order to cauterize the bleeding site. In the following sec-
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tion we are going to investigate the thermal effect of ultrasound for
different sonication angles.
3.2. Thermal effects

Let’s study the temperature distribution in the tissue and in the
blood domain during acoustic hemostasis. In most of the experi-
mental studies ultrasound beam was located perpendicularly to
the blood vessel. However, the optimal angle between the blood
vessel and ultrasound beam is not very clear and it is not always
possible to focus ultrasound beam perpendicular to the blood ves-
sel. We are going to investigate how the sonication angle can affect
the temperature elevation. We assumed that acoustic streaming
effect has already stopped the flow out of the wound and the blood
vessel is intact. Focal point is located on the blood vessel wall.
Blood flow velocity in the vein is 1.6 cm/s. In Fig. 14 the predicted
temperature contours at t ¼ 0:6 s are presented at the cutting
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Fig. 16. The predicted temperature (�C) at the focal point as the function of time for
different sonication angles.
plane y ¼ 0 for three different sonication angles. We can see a very
small temperature increase inside the blood vessel.

The predicted acoustic streaming velocity at the cutting plane in
the blood vessel without an externally applied flow is presented in
Fig. 15 for three different sonication angles. The acoustic streaming
velocity magnitudes are 34 cm/s, 36 cm/s and 60 cm/s for the son-
ication angles 90�, 45� (or 135�) and 0� (or 180�), respectively. The
acoustic streaming velocity has the smallest value for 90� sonica-
tion and the largest value for 0� sonication. For all sonication
angles, acoustic streaming velocity magnitude is up to an order
of magnitude larger than the velocity in blood vessel (1.6 cm/s in
vein and 13 cm/s in artery). Therefore cooling due to acoustic
streaming effect can prevail over the blood flow cooling and can
therefore represent the main cooling mechanism.

In Fig. 16 the predicted temperature is presented at the focal
point as the function of time for different sonication angles. It
can be seen that for 90� sonication the predicted temperature
has the largest value and for 0� sonication the predicted tempera-
ture has the smallest value. For 45� and 135� sonications the pre-
dicted temperatures are almost the same (about 1 �C difference),
because acoustic streaming velocity magnitude (35 cm/s) is an
order of magnitude larger than the velocity in blood vessel
(1.6 cm/s) and acoustic streaming is the main cooling mechanism
in this case. The temperature around 70 �C on the blood vessel wall
can be reached at t ¼ 0:6 s for 90� sonication, for other sonication
angles it will take a longer time to reach the temperature 70 �C.
This shows the possibility to stop bleeding theoretically. For a
smaller blood vessel the effects of blood flow cooling and acoustic
streaming will be smaller.

In the current subsection we assumed that there is no blood
flow coming out of the wound. In this case the temperature around
70 �C can be reached quite rapidly (t < 1 s) and the wound can be
sealed within a short time period. Simulation shows that 90� son-
ication should be chosen in order to optimize the treatment.
4. Conclusions

The mathematical model for the simulation of acoustic
hemostasis is proposed in the current paper. Our analysis is based
on the nonlinear Westervelt equation with the relaxation effect
being taken into account and the bioheat equations are applied
in blood vessel and tissue domains. The nonlinear hemodynamic
equation is also considered with the acoustic streaming effect
being taken into account.



1122 M.A. Solovchuk et al. / Applied Thermal Engineering 124 (2017) 1112–1122
Both thermal and acoustic streaming effects have been investi-
gated in the current paper. The importance of acoustic streaming
was examined for different blood vessel orientations and focal
point locations. Acoustic streaming velocity magnitude is up to
60 cm/s and this magnitude is several times larger than the veloc-
ity in blood vessel. If focused ultrasound beam is applied directly to
the bleeding site, the flow out of a wound is considerably reduced
due to acoustic streaming. Bleeding can be even completely
stopped depending on the blood vessel orientation and the focal
point location. As a result, the wound can be quickly sealed. Simu-
lations show that the temperature around 70 �C can be reached
within a second on the blood vessel wall, if there is no flow out
of the wound. The temperature inside blood vessel remains almost
unchanged. Sonication angles between 45� and 90� should be con-
sidered in order to reduce blood flow out of the wound. This sim-
ulation confirms the theoretical possibility of sealing the bleeding
site by means of focused ultrasound. The blood vessel remains
patent after the treatment.
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