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ABSTRACT

The problemof creatingauxiliary circulatory systemgACS) for extrememedicineis crucial. Inareasof
naturaldisasteror in conditionsof hostilities, it is sometimesiecessaryo replacethe heartand organizeancillary
circulation. The paper analyzes the optimization of energy parameters of small-sized centrifugal pumps used in
auxiliary blood supplysystems. Thealculation and analyticddasefor designingminiaturerotary pumpsis
borrowed fromthe field of designingindustrial centrifugalpumps. Calculation methodse repletewith a
large numberof empirical coefficientsthat do nothave physicaljustification and do noensurequalitative
results at the design stage of auxiliary circulatory systems.
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There are several types of hydraulic pumps which can

1. INTRODUCTION be used as an artificial heart. The best weight, size and

' performance parameters have miniature rotary pumps.
The problem of creating auxiliary circulatory systems - this pump is the size of a conventional Durasell battery,
(ACS) for extreme medicine is crucial. its capacity is 56 liters of blood per minute. There is only

In areas of natural disaster or in conditions of hostilities, itis ~ ©N€ moving part — an impeller which makes 10 thousand
sometimes necessary to replace the heart and organize ancillary revolutions per minute [1].
circulation. Figure 1 shows the diagram of connection of the The existing calculation methods are based on a two-
hydraulic pump implanted in the abdominal cavity below the dimensional potential flow model that does not take into
diaphragm and connected to the cardiovascular system in such account the spatial nature of the flow in the miniature

a way as to perform the functions of the left ventricle. The  impeller. As a result, the design results are ineffective in
probability of heart failures can be reduced. terms of the energy transfer whose optimization is required.

From a hydrodynamic point of view, the
miniaturization of the impellers is accompanied by an
increase in the relative thickness of the boundary layer in
the interscapular canals. As a result, the deflecting
properties of the impeller are reduced, the pressure quality
of the artificial heart of the rotor type is deteriorated, the
radial dimensions of the structure are increased. One of the
main advantages of using such hearts in auxiliary
circulatory systems is minimum dimensions and weight.

This article is devoted to the development of a
regression multifactorial mathematical model of the rotor
impeller of an artificial heart.

2. CHARACTERISTICSOF TARGET
FUNCTIONSOF THE MODEL

The model of the impeller geometry allows us to transform
the flow part and increase the energy efficiency of the

ACS pump.
Mathematical modeling was carried out according to
Figure 1 Scheme of connection of the hydraulic pump an algorithm in which the results of hydraulic tests of the
to the human cardiovascular system AICS pump were subjected to the correlation analysis.

Variables that have the greatest impact on the response
function were selected. The composition of the target
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functions of 3 energy parameters of the centrifygahp Hydraulic tests were carried out using different
of the ACS and 6 variables in the form of geometric versions of the impellers for a given number ofofations
parameters of the impeller are presented in Table 1 and a change in the flow rate of the working fluid.

Table 1 Designations of target functions and variables

Statistical Analysis Parameters

Designation of target

X . Composition of target functions and variables
functions and variables

1) Pressure ratioH;
Target function Y 2) hydraulic parameterf;

3) Pump efficiency

1) relative impeller diameter (ratio of inlet andtlet diameters)D,=D./D;

2) geometric degree of diffusivity of the impeltdrannels (the ratio of areas of the
impeller channels at the inlet and outl€ R/ Fi;

U

3) the relative width of the channels of the impedt the exit (the ratio of the width of the
Variable % channels to the diameter at the exit of the impelte=b,/Dx;

4) relative width (the ratio of the width of theasinels at the exit of the impeller to the
length of the bladeshib;

5) outlet blade angl@.., degrees;

6) speed factorgn

‘V-?i‘ . .
3. STATISTICAL PROCESSING z= 50) is compared witht, (p), the set level of the
ALGORITHM valuey = 0.05 from the ratio:
. - . . y-Yi -
The algorithm for statistical processing of expeirtal P{ &(y) SZN(P)}—l—V
data includes seven stages. ) o
Stage | “Stratification of the initial experimentta”. where z, (P) — P-quantile for normal distribution t(f)
At this stage, before _the statistical processing thoe# f= N; N — the number of acceptable measurements;
results, gross systematic and random errors madagdu z, (P):tl—yIZ (f=N); P =1 —y/2, critical values g(P) are

the experiments are identified and eliminated [2—4]
The target design parameter is the mean square erro
g(y) of the response function values.

Under an unknow value oF(y) its assessment is

presented in statistical tables.
If, for a given number of acceptable results N, the

inequality: \V—Vi‘ > 2, ()’ we can assume that a gross
N

made approximately using the ratio: ] ( ) ) ) )
1 NS error lies at the basis of the “popping up” resdlhis

5(y):{ Z(M —Y,-) } , result is excluded from further statistical datagassing.
N-1% At the final stage, after eliminating the gross esrthe

wherey, — measurements of energy parameters: pressure normalization of variables is carried out using the

and efficiencyn of centrifugal pumps obtained during the equations:

experiment; Y; — average value of energy parameters: Y, -Y; X; -X;

pressure and efficienayof the centrifugal pump. Yi = o, T

The absolute differency-Y)| between the valuey

and the mean valu¥ ; other acceptable results is divided
by the mean square err@(y). The determined value response function and variables;

where Y, X; — normalized experimental data on the
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oy, Oy — Standard deviations of the response function
and variables. To determine the average valueshef t
response function and variables, the expressienased:

N N
Z Yii Z X;i

?j — =l ;(j — =l
N N
The standard deviations are calculated by formulas:
N W N -\
Z(y,-i _YJ') Z(in _Xi)
O—Y o | L= a'x o | L= S
' N-1 po N-1 -

Stage 2. "Correlation analysis." The correlatioalgsis
allows for a qualitative assessment of the deperedem
independence of energy parameters on the input gfeom
and operational parameters of the centrifugal pufiipe
energy parameters of the centrifugal pump are presand
efficiencyn; the geometric and operating parameters are the
following variables: relative diameter, diffusivityand
relative channel width of the impeller at the oythe, by/L,
working fluid flow rate, speed coefficient n

Sample correlation coefficients between the outpdt a
input parameters are calculated; their significarise
assessed; the one-factor regression model

?(ao,allxi') =a,+ax is built.

The one-factor model is expanded by selecting a new
variable according to the highest value of the ficiefit of
partial correlation between the remainder of theaggjon
and variables not included in the regression eqoati

Selected correlation coefficients are calculated by
formulas:

56 - )y, i)

1

Sl 2l -vif |

corr (Yf WX ) =

The most correlated variablX,  with the response

function is selected by selecting the element whik t
maximum absolute value and the two-factor regressio
model is built:

~ 2
Y(awalyaz):ao +Zaj X
=1

The coefficients of the regression equatianare
determined by the least squares method:

N _

Z(y] —YJ)2 ~ min

i=1

Having built the two-factor model, we proceed to stage
3, assessing the adequacy of the resulting model.

Stage Ill. "Variance analysis." It is designed far
comprehensive two-level assessment: the adequaittyeof
model is determined using the Fisher F-test and the
significance of the variable based on the sequehtia
Fisher criterion.

The adequacy criterioﬁ(kl_._krn is the inequality for

the two-factor model m=2:

Fokn > (Fkl-.-km

where F ,  — estimated value of the criterion
(Fkl...km )M — tabular value of the F — Fisher test.
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The table value of the Fisher test at a signifiealevel
of y = 0.05 is calculated by formula:

(Fo o)., = R (k) N = pllky)-1)
To determiner, |, itis necessary to calculate:

* residual variation of the impact of the response
function of unaccounted factorsp\*s%“k by

formula:

Rss . =( -4 T fxa )
(Yio - ((Ak,...kmz )T ':( XLk, )T )T )

e variation SS, , Characterizing the impact

(ki...km) of the factors on the response function:

55, = b -5 iy %)l -, ) b )T
x (on - ((Ao.kl...km )T [ﬂXlkl...km )T )T ) J

* the number of freedom degrees p(km), equal
to the number of variables, i.e. p(kkm) = m.

Fa..xm— the Fisher's criterion is determined by:

Fe.x, = ((on _?i)T Eﬁon _?i)_

B [ (Yio B ((Akl...kz )T [ﬁx%-»km )T )T)T X
;=) s )T

(=t k)3 [l -, ) s, )T

e = (T fxa T oot k) x

by~ Y e, )

oy (4 T b T oot

As a result of checking the model for adequacy,ether
can be four outcomes.

1. If the adequacy condition is satisfied for thee-o
factor model, the regression equation is regardeda a
satisfactory description of the response functidine
transition to the model description accuracy isnbei
carried out.

2. If the adequacy condition for the one-factor elag
not fulfilled, the model and the included variabdee
excluded and are not considered for further analyiey
return to the stage of selective correlation anslysorder
to build a one-factor model.

3. If the adequacy condition for the m — factor ielad
not fulfilled, the model is inadequate. The lastlinied
variable is excluded from the model and is not uied
further analysis. The next step is the transitionthe
private correlation analysis in order to expand the
mathematical model.

4., If the adequacy condition is fulfilled, the a@my of the
response function description is significant. Oae assess the
significance of variable km, included at the lasps
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The significance of variable km is studied fy, —
Fisher criterion. The significan of variable kmdggidied
by the inequalityF >

(ka)maél
(ka )m is determined by the statistical tables. At a

given level of significance = 0.05.
The table value is found from the equation:

(F.),.. =F, b N=pli..k,)-1).

To determineFi, — successive inclusion criterion used
for assessing the significance of variable km, st i
necessary to calculate the components:

» variation of the impact of factors k1 ...
response function S, . ;

km on the

» the number of degrees of freedom of the m-factor
regression modep(k;, k), equal to the number

of factors p(k;, k) =

F — Fisher criterion for sequential inclusion of a
variable is determined using the expression:
(SS, s =SS s )N = Pl k) 1)

ka:(Yf ((klkm EﬁXL” )T[ﬁY kik [ﬁx%k))T)

As a result of checking the variable by the seqgaénti
inclusion criterion there can be four outcomes:

1. If the condition of significance of a variabke riot
satisfied in the one-factor model, the variable dahd
resulting model are excluded and are not considésed
further analysis. There is a return to the stagsetédctive
correlation analysis in order to build a one-factor
mathematical model.

2. If the condition of significance of the varialitethe
one-factor model is fulfilled, the regression edpmat
adequately describes the object under study. One can
proceed to the stage of model description accuracy.

3. If the significance condition for the variablenkis
not satisfied in the m — factor model, it is exaddrom
the regression equation. The least-squares methadeid
to reconstruct a mathematical model with the remaini
variables without including new ones. The resultinaded
is evaluated for adequacy by the F — Fisher coiterVith
an adequate model for the analysis of significante
factors, they proceed to the stage of regressialysis.

4. If the condition of significance of the varialdm is
satisfied, one can proceed to the stage of regmessi
analysis to assess the significance of previoustjuded
variables.

Stage 4. "Regression analysis". The regressiorysinal
checks the impact and significance of variablesrkthe
value of the multiple correlation coefficient [5].

Assessment of the significance of variables included
before the last step is checked by the Studerst tseere

j=1...(m=-1

The condition of significance of the Student'ssttis
inequalitytJ >(t|) y
The Student t-test is checked by
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|a.,

t =
Joa, o 1) mss

The value determined empirically is compared with th
tabular value of the criterion. The number of degref
freedom at the selected level of significance 0.05 is
equal to p@=(N-p(ki...km) =1).

When checking the significance assessment of
previously included variables, two options are galssi

1. The condition of significancg > ( )m is fulfilled.

This means that the coefficieaj is statically significant
and the variable is stored in the regression eguaiihe
transition to the stage of model description accyres
being carried out.

2. The condition of significancd; >(t,),,1,,,7 is not

fulfilled. The contribution to the regression ofglvariable
is considered negligible. With respect to this able, the
guestion about eliminating or storing it in the atjon
arises.

Stage 5. "Accounting for pair interaction." The
analysis of assessment of the correlation coefficie
between the variables is carried out.

If the variable does not satisfy the condition bét
Student criterion, it is necessary to study thervgae
interaction of this variable with the included vaiss.

The correlation coefficient of pair interaction is
checked for the condition of pair interaction cluéeazed
by the inequality
01<|corY.,.,),, .. Xn|< 085

The fulfillment of this condition means the presend
a linear relationship between the variables. Faitarmeet
the conditions of pair interaction means the presesf a
multicollinear connection, as a result of which #agiable
is excluded from the current model.

The analysis of the correlation coefficient has two
options:

1. If the condition of pair interaction is violatethe
corresponding variable is excluded from the matheala
model and is not considered for further analysibe T
transition to the correlation analysis is carried im order
to expand the description of the response function.

2. When the conditions for pair interaction areifigé,
the constructed model is checked for adequacy.

Stage 6. "Calculation of the model description
accuracy assessment.” The current and previous Isnode
are compared to select one of them as an adequatel.m
The criterion for the accuracy of description isimtrease
in the absolute value of the coefficients of théatree
importance of the variables:

» fraction of the variation explained (%):

R :[1_ RSS .,
RSS, , +SS .,

+ multiple correlation coefficienK MK,

] [100%

reflecting tightness of the relationship between
the response function and all included variables;
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the value of the multiple correlation coefficient
lies in the range

0< KMK <1

K. Ky =
_ &
KMKk,,..km— K
corr(Y;, %) corr(Y;,x,) corr(Y;,%;) corr(Y;, X,) 0
1 corr(x,X,)  Corr(X,,X;) corr(x,x,) corr(xl,YJ)
A" =|corr(x,,%,) 1 corr(x,,x,) corr(x,,Y;)
Corr(X,, %) Corr(x,,x,) corr(x,,;) 1 corr(x,,Y;)
1 COIr (X,X;) .. COIr(%,X,)
A= corr(x,, X 1 . COrr(X%, X,)
COIm(X,, %) COIT(X,,X,) ... 1

The fraction of the explained variation increasd®gemv
the variables are included in the regression eguiati
however, they have a weak impact on the respomstidn.
Many variables can be included in the equation wigitight
increase in accuracy and an increase in the model
dimension. To overcome this drawback, systematiorer
are corrected. The corrected multiple correlatioefficient
is calculated using the following equation [6, 7]:
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N-1
Kigim = \/1_ (l_ Kkl"'kmz)gm .

Evaluation of the standard regression error shotnet w
is the average error when evaluating the value hef t
response function of the model; it is calculateddmynula
[6, 8, 9]:

;(yji =Y )2
N - plk..k,)-1

The variance of the standard error characterizes th
model error due to unaccounted factors.

Stage 7. "The adoption of the final version of the
Mathematical Model." from several models differinghe
composition of variables; the option with maximualues
of the fraction of the explained variation and the
coefficient of multiple correlation is selectedagsimal.

The regression model helps identify the optimaiflo
part of the central nervous system, at which thgpuu
energy parameters, pressure and efficiency coeffisi
reach maximum values.

Having accepted the model as adequate, the tramsiti
to Stage 2 is carried out expanding the model wilv
factors, thus repeating the cycle.

~2 -
Oy kwum™=

Table 2 Regression dependencies

Target function
B2 _ ss,.,. (%) MKK

Pressure ratidd
30° H = 0.538 + 0.36®); — 0.827; 97.8 0.988
Ns H=1.33442 - 0.0125n 92.7 0.962
Hydraulic parameterK:
30° k.= 0.567 + 0.40D); — 0.90D. 98.8 0.994
Ns knr = 1.345 - 0.012n 93.1 0.965

of the pressure coefficiedt and the hydraulic parameter

4. RESULTS k.. This trend corresponds to the generally accepted

During the processing of experimental data, thiofahg
regression dependencies were constructétl= f (D.),
k- =f (D), n="f(D.), H="f(ny), kn: =f (n) (Table 2).
The fraction of the explained variation and the MCC
characterize the accuracy of description of thegeir
functions.

5. CONCLUSION

The analysis of the nature of changes in the enedjges
of ACS centrifugal pumps with Zshowed that an increase
in the relative diameter of the impeller decreasies
pressure qualities of the pump characterized bytiee

classification of the central nervous system adogrdo
the speed coefficientsnaccording to which the growth of
"D increasing the speed of the pump, increases tive fl
rate of the working fluid and reduces the degredlaf
swirling in the interscapular channels of the inhgrel

Using one-factor models of MCC energy indicators,
the optimal combinations of the main geometric
parameters of the impeller were revealed: the aofjibe
blades at the outlet and the intervals of the iradat
diameter, with the recommended [10] relative widthhe
blades at the exit0.1. The optimality criterion was the
area of variation of the pressure coefficient ahe t
hydraulic parameter limited by the rangeiob % of the
extreme value of the corresponding indicator.
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