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Despite significant progress in the study of the phenomenon of blood flow in the
human circulatory system, many unanswered questions remain, in particular, about the
influence of cardiac activity and gravity on blood flow processes. Such questions are
important both from a fundamental point of view and for practical biomedical
applications. The Bernoulli equation is a reflection of the law of conservation of
energy, and therefore it does not allow us to describe in a traditional form the main
features of the blood flow process, which i1s accompanied by the supply of mechanical
energy from the heart, as well as the processes of viscous flow dissipation.

Gravity creates a hydrostatic column of blood that is linearly added to the dynamic
pressure generated by the heart. In an upright position, the pressure in the vessels
located below the level of the heart (for example, in the lower extremities) increases
significantly, while the pressure in the vessels located above (for example, in the
vessels of the brain) decreases accordingly. This difference, which can reach tens of
millimeters of mercury, is a direct consequence of the gravitational effect.

The purpose is to construct a model of blood flow through arterial vessels taking
into account cardiac activity and changes in vessel height in a gravitational field based
on the proposed modified Bernoulli equation.
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From the classical Bernoulli equation [1,2] we move to a modified form that takes
into account heart activity, dissipation, and the change in vessel height in the
gravitational field.

The classical Bernoulli equation can be written as:

const=K+PxG (1)

» P (Pressure): Corresponds to the pressure energy (Pa), which is the potential
energy stored in the fluid due to compression.

» K (Translational Flow Energy): Corresponds to the kinetic energy of the
translational motion of the fluid.

+ G (Gravitational Contribution): Corresponds to the potential energy of the fluid
in the gravitational field.

We propose to write a modified equation based on this traditional
equation, namely:
AE

card

- D=K+W+Px+G

. «wa (Cardiac Impulse Supply): This is the external energy source that

provides the translational motion of the blood.

* D (Translational Motion Dissipation): This is the active resistance element that
reflects the viscous energy losses that inevitably occur when real (viscous) blood
moves.

* W (Rotational Flow Energy): Corresponds to the kinetic energy of the rotational
component of the blood moving [3-7].

Using this fundamental equation, taking into account the effect of gravity on the
pressure at different heights in the system, we obtained a series of temporal
dependences of the pressure at different heights of the aorta relative to the initial level.
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Figure 1 - Time dependence of pressure at relative altitude 0

When raised 20 cm above the heart, the low initial pressure becomes more
pronounced, demonstrating a significant decrease in perfusion pressure in the upper
body (Figure 2).
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Figure 2 - Time dependence of pressure at a relative altitude of +20

For points located above the heart, the gravitational contribution becomes
negative. This causes a decrease in the initial pressure. The systolic rise is maintained,
but the absolute values are reduced. The initial pressure passes into the zone of negative
values (Fig. 2-4).
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Figure 4 - Time dependence of pressure at relative altitude +60
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It can be plot the change in pressure over time as a function of altitude (Fig. 5, 6.)
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Figure 5. - Time dependences of the pressure of the progressive blood flow through the aorta for
different distances in the field from the heart from O (upper curve) to 50 cm (lower curve) in the
gravitational field.

From Fig. 5. it follows that the line of maximum pressure during systole shifts to
the left with distance from the heart
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Figure 6. - Time dependences of the pressure of the progressive blood flow through the aorta for

different distances in the field from the heart from O (upper curve) to 50 cm (lower curve) in the
gravity field.

From Fig. 6. it can be seen that the line of minimum pressure before the opening
of the aortic valve shifts to the right with distance from the heart
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Fig. 7. Typical experimental pressure-time dependences during the cardiac cycle at different heights
of the aortic vessel

The Fig. 7. shows the nature of the temporal dependences of pressure at different
heights of the aortic section qualitatively corresponds to the simulation (Fig. 1-6), the
pressure before the opening of the aortic valve shifts to the right with distance from the
heart. In particular, the line of maximum pressure during systole shifts to the left with
distance from the heart, and the line of minimum pressure before the opening of the
aortic valve shifts to the right with distance from the heart.

Bernoulli's equation has been refined to model blood flow through arterial vessels
of the human circulatory system under gravity. The calculations conducted are
qualitatively consistent with the lines of maxima and minima of the time dependences
of pressure at different heights of the circulatory system.

The proposed model can form the basis for modeling changes in the diameter of
the arterial vessel of the human arterial circulatory system in the field of gravity using
the modified Bernoulli equation.
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AHATOMO-TOIIOI'PA®IYHI OCOBJINBOCTI
AUIAHKH HOCA IIOJ0 PU3UKIB OIIEPATUBHHUX
BTPYYAHDb

Ymaneus Ouiekcanapa OuiekcanjapiBHa
3100yBayvKa BUIIO1 OCBITH, 2 KypC

FOpkiB Osecss €BretiBua

3100yBayvKa BUIIO1 OCBITH, 2 KypC

Ionamky EmMmmanyin PycianoBuu

3100yBad BHILIOT OCBITH, 2 KypC

Konapycuk Harauis FOpiiBHa

KaHAuAaT MEUYHUX HAYK, JOLIEHT

Kadenpa kiiniuHOT aHaTOMIT Ta ONEPaTUBHOI XIpyprii
XapKiBChbKUM HAIIOHATLHUM MEIUYHUIN YHIBEPCUTET
M. XapkiB, YKpaiHa

AxrtyanbHicTh. Omepanii Ha JAUISHLI HOca aKTyajdbHI y  CydacHId
BIJIHOBJIOBAJIbHIN Ta €CTETHYHIN JUIbOBiM Xipyprii [1; 4]. 301UIbIIeHHS KUIBKOCTI
PUHOIJIACTHK, PEKOHCTPYKIIIH MICIA TPaBM, BPOKEHUX B/ Ta MyXJIUHHUX yPaKeHb
TATHE 3a COOOI0 3POCTAaHHA BUMOT JO HAJIWHOCTI Ta TOYHOCTI XIPypriyHUX
MaHINyJISIiN y i aHaTOMIYHO Hacu4eHid auisHii [2; 4]. TlepeHiccst BUPI3HIETHCS
TICHUM TIEPEIUICTCHHSIM KICTKOBUX, XPSIIOBUX 1 M'SIKMX TKaHWH, IHTCHCUBHUM
KPOBOHAIIOBHEHHSAM Ta 0arator IHHEPBAIli€l0, 10 CTBOPIOE YMOBHU MIJABUIIEHOTO
PU3HMKY BUHUKHEHHSI YCKJIaJJHEHb IT1]] Yac oneparii Ta micis Hel [3; 4].

Po3yMiHHS aHATOMIYHUX OpIEHTHPIB Ta IUISHOK MOTEHIIMHOI HEOEe3NeKu €
XKUTTEBO BAXJIMBUM YMHHUKOM Yy 3alo0IraHHi KpoBOTe€uYaM, IMIEMIYHUM 3MiHaM
TKaHWH, pO3JajaM YyTJIMBOCTI Ta HeOaxaHUM 30BHIIHIM nedexram [3; 4]. Xouemo
MIJIKPECIUTH, 10 caMe KIIHIYHA aHaTOMIsA, MOEAHYE MOP(QOJIOTIYHI Ta XIpypriduHi
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