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Low mass flow centrifugal pumps are currently widely used in the energy supply system of liquid rocket engines, the
engines of correction, docks, consisting of on-Board power sources on-Board sources power supply system of fuel com-
ponents in the in gas generator systems for inflating fuel tanks, and in temperature control systems of aircraft and
spacecraft.

When designing low mass flow centrifugal pumps for aerospace purposes, methods for calculating and optimizing
the flow rate are often used corresponding to the design methods of full-size centrifugal pumps, which limits the mode
and design potential of pumps and affects their energy characteristics and reliability. Reliability requirements often
lead to the need to reserve units and fuel-supply systems.

Despite the large amount of research works, the issues of reliable design of low mass flow centrifugal pumps with
high energy and operational parameters for spacecraft and aircraft remains an urgent task.

The article analyses the operational parameters of low mass flow centrifugal pumps used in aircraft and spacecraft
power systems. Taking into account working fluid used and the temperature range, it was found that a laminar rota-

tional flow with Reynolds number characteristic Re =10 +3-10° is realized in the lateral cavity between the impeller
and the pump housing.

The determination of power losses on disk friction of the impeller technique is developed taking into account design
features and the applied schemes. Equations for determining the disk friction coefficients are consistent with the de-
pendencies obtained by other authors. The obtained equations for the laminar rotational flow made it possible to de-
termine the dependences for the resistance moment and the disk friction power of the impeller determining of a low
mass flow centrifugal pump.

Keywords: disk friction, power balance, low mass flow centrifugal pump, dynamic spatial boundary layer.
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Maflopacxodeze LfeHmp06€9fCHbl€ HACOCbl 6 HAcmosuee 6pems Haxoosm WUpoKoe npumereHue 6 cucmemax mon-
JUBONOOAUU HCUOKOCHIHBIX paxkemHvix osueamenetl Manotl mszcu, osueamensix Koppekyuu u opueHmayut KOCMuUu4eCcKux
annapamose, 6 cocmaee 60pm06blx UCMOYHUKOB MOUWHOCMU, 2A302€HEPAMOPHbIX CUcCmemax Hadyea monJjiu6HsblX 6(1](’08,
cucmemax mepmopecyauposanus i1emameilbHblX U KOCMUYEeCKUxX annapamaoe.
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Ilpu npoexmuposanuy ManopacxooHvIX YeHmpoOes CHbIX HACOCO8 AIPOKOCMUHECKO20 HAZHAYUEHUS 3a4acmylo Uc-
NOAbL3YIONM Memoobl paciema U ONMUMUZAYUU NPOMOYHOU Yacmu 6 DObulell CIMeneHu Coomseemcmeayouue pacien-
HbIM MeMmOOUKAM NOTHOPA3MEPHBIX YEHMPOOENUCHBIX HACOCO8, YMO OZPAHUYUBAEN PENCUMHBLI U KOHCMPYKMUGHbIU
NOMEHYUAT HACOCO8 U GIUSAEN HA UX IHep2emudecKue napamempsl u Hadexcnocmo. Tpebosanus obecneuenus: Hadeic-
HOCMU 3a4acmyio npueoodsim K HeoOX00UMOCMU Pe3epEUPOSAHUS A2pe2amo8 U CUCHeM MONIUGONO0aYU.

Hosmomy, necmompsi na 601bUOT 0OBEM NPOBEOEHHBIX HAYUHO-UCCIE008AMENbCKUX pabom, pa3pabomka Memoou-
KU BPOEKMUPOBAHUSL MALOPACXOOHBIX YEHMPOOENHCHBIX HACOCOS C BLICOKUMU IHEPLEMUUECKUMU U IKCIILYAMAYUOHHBIMU
napamempamuy annapamos 0Cmaemcst akmyaibHol 3a0ayell paKemto2o 08U2amenecmpoeHus.

B cmamwve nposeden ananus pejcumuvlx napamempos MaiopacxoOHbiX YeHMpPOoOEeNCHbIX HACOCO8, UCHONb3YEMbIX
8 SHEP2eMU4ecKUx CUCeMax 1emamenbHbix u Kocmuyeckux annapamos. C yuemom ucnonv3yemvix paboyux mei u oua-
NA30Ha MEMNEPAMYPHO20 PENCUMA BbIABNIEHO, YMO 68 NOTOCHU MEJCOY PADOUUM KOECOM U KOPHYCOM HACOCA Peanu3y-

emcs TAMUHAPHOe 8pauiamenbHoe mederue ¢ xapakmepuvimu yuciamu Petinonvoca 6 ouanasone Re = 10° +3-10°.

C yuemom KOHCMPYKMUBHbIX 0COOEHHOCMEN U NPUMEHAEMbIX CXeM pa3padbomana Memoouxa onpeoeieHus nomeps
MowHOCMU HA OUCK080€e mpeHue pabouezo Konecd. Buipasicenus 01 onpedeneHus Kodagh@uyuenmos Oucko8o2o mpeHus
CO2NACYIOMCA C Pe3yIbmamamu, NOAYUeHHbIMU Opyeumu agmopamu. Tlonyyennsie guipadcenus 0N TAMUHAPHOL0 6pPa-
WamenvbHo20 Mmevenuss NO360UNU ONpedeums MamemMamuyeckue 3asUcUMocmu OJia OnpeoeseHus MOMeHma conpo-

muejlenHusa u MouwjHocmu OUCK0B020 mpenus pa6oqeeo KoJjieca Maﬂopacxodnoeo ueHmp06€9iCH020 Hacoca.

Kniouegvie cnosa: ouckosoe mpenue, bananc MowHOCMU, MALOPACXOOHBII YEHMPOOEICHBII HACOC, OUHAMUYECKUU

NpOCMPAHCMEEeHHbLL NOSPAHUUHBLU CIIOLL.

Introduction. A lot of research works [1-9], includ-
ing low-flow centrifugal pumps [10-20], are devoted to
methods of calculating, modelling, and designing cen-
trifugal pumps for liquid rocket engines (LRE). In [1], an
experimental characteristic of the rotational speed effect
on the impeller speed is considered. In [4—7], the effect of
the blade channel on the centrifugal pump performance is
researched. The article [9] is devoted to design methods,
as well as to the influence of geometrical and operational
parameters on the velocity fields and performance distri-
bution of low mass flow centrifugal pumps.

In research works by A. V. Bobkov [10-14], an analy-
sis of the miniaturization of centrifugal-type supercharg-
ers on the kinematic parameters of the working fluid,
which allow taking into account the factors of small size
of the structure, has been carried out; the possibilities of
increasing the efficiency of small-sized centrifugal elec-
tric pump units by reducing the rotor friction losses and
the possibility of the pressure characteristics increasing
were considered. In the works of V. V. Dvirny [15; 16]
methods for improving supply units and the need to en-
sure a long life of low-flow blowers are considered. In the
studies of M. V. Kraev and E. M. Kraeva [17-19], meth-
ods for calculating the energy parameters of low mass
flow pumps units are given, the main operational factors
are identified, areas of semi-open rational use and open-
type impellers that provide high values of energy parame-
ters low flow systems are defined.

However, despite the large amount of research, the
method development for designing low mass flow cen-
trifugal pumps with high energy and operational parame-
ters for spacecraft and aircraft remains an urgent task in
the field of rocket engine building.

Design and operating parameters characteristics.
Low mass flow centrifugal pumps are currently widely
used in the energy supply system of liquid rocket engines,
the engines of correction, docks, consisting of on-Board
power sources on-Board sources power supply system of
fuel components in the in gas generator systems for inflat-
ing fuel tanks, and in temperature control systems of air-
craft and spacecraft.
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Low mass flow centrifugal pumps are characterized by
the following parameters:

— working fluid consumption does
V'=300-10""m'/c;

— low discharge coefficient (the absolute velocity ra-
tio of the meridional component to the circumferential
component at the exit of the impeller)

not exceed

Sm <0.1;
U

— rotor speed of the pump from 3000 to 10000 rpm;

— impeller diameter does not exceed 0.05 m;

— speed ratio is in the range n, =40+80 [20].

As a rule, an electric drive is used as a drive for low
mass flow centrifugal pumps (including thermal control
systems (TCS)). The electric drive uses brushless DC
motors. The frequency of the drive shaft rotation is char-
acterized by the rotation speed ®=314+1047 ¢, The
required resource of low-flow pumps with ball-bearing is
40000-155000 hours of operation (from 4.5 to 18 years).
To ensure the required resource, the design schemes of
low-flow electric pump units (EPU) with supply elements
redundancy are being developed [16].

The working fluids of EPU are various technical flu-
ids: water-glycerine solvents, RM distillate oils, LZ-TK-2
coolant, etc. [19]. The temperature range of thermal con-
trol systems operability with LZ-TK-2 coolant is from -90
to +60 °C, and for immersed pumps which supply RM
distillate oil is from +2 to 220 °C. Due to the wide range
of working fluids used and operating temperatures, the
kinematic viscosity of the fluids varies within
v=1107+0.7-10"° ms.

Setting a research problem. Known methods of de-
signing centrifugal pumps do not provide conditions for
the similarity of the processes implemented in the flow
parts of the EPU and full-size turbopump units (TPU) of
liquid-propellant rocket engines (LRE). In order to in-
crease the reliability of the energy characteristics calcula-
tion, a refinement of the used calculation dependencies



ABMGMMOHHG}Z U paKkemHo-KoCmMu4ecKkas mexnuka

and the development of EPU design methods for the con-
sidered standard sizes are required.

Further, the EPU power balance will be considered.
The output power of a low mass flow centrifugal pump is
defined as

No=N,., - N,

mech

_ND_Nleak_Nhydr’

where N, —required power, N

necn — Mechanical power

loss, N, —impeller disk friction power, N, — leakage
power of the working fluid through the seals and N, —

hydrodynamic power loss.

It is important to note that disk losses for low mass
flow centrifugal pumps can reach 10% and depend on the
type of working fluid and operating temperatures signifi-
cantly.

Further, in the article, the methodology for determin-
ing the ratio of disk loss and power loss to disk friction
and the EPU disk resistance moment will be considered.

Disk friction coefficient determination. The turbu-
lent flow regime between the rotating impeller disk and

the pump housing meets Reynolds criterion Re =5-10,

for laminar mode Re<10°. The Reynolds criterion for
the lateral cavity between the impeller and the pump
housing is defined as
Re = coD22 ’
4v

Taking into account the geometrical and regime pa-
rameters and working fluid physicomechanical character-
istics for thermal control systems, the range for the Rey-
nolds criterion will be defined as Re =10 +3-10°, which
corresponds to the laminar flow regime.
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In the implementing laminar flow process the velocity
distribution in the dynamic boundary layer is determined
u_

as
( y )m
U o ’

for laminar flow, the profile degree is m=2+5.

Fig. 1 shows the distribution of laminar flow velocity
profiles.

Fig. 2 shows a photograph of the laminar boundary
layer. From fig. 1 and 2 it can be concluded that the pre-
sented velocity distribution function in the laminar
boundary layer agrees well with experiment.

Depending on the degree of the velocity profile m
there is a need to redefine the dependence of the friction
induced shear stress near the wall surface in the boundary
conditions of the laminar boundary layer 1, . The equation

for the law of friction of the gradient profile of the distri-
bution of the velocity component in the boundary layer
for laminar flow is written as
0.5
To
pU? ] '

When considering the pulse thickness loss equation
for the gradient velocity distribution profile

B mod
C(m+D)C2m+1)°

the friction induced shear stress for a rectilinear uni-
form flow is defined as
j—O.S

US**
A%

= 0.293[

kk

t,=0203p02 | Lm0
v (m+1)(2m+1)

/o

06 07 08 09 1

Fig. 1. Distribution of laminar flow velocity profiles

Puc. 1. Pactipenenenue npoguiieil CKOpOCTH
JJAMHUHApHOTO TE€UEHUS MOTOKa
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Fig. 2. The velocity distribution profile
of the laminar boundary layer

Puc. 2. Ilpodunp pactpeneneHuss CKOPOCTH
JIAMHHAPHOTO IOTPAaHUIHOTO CIIOS

When considering the case of the working fluid flow
in the channel between the rotating disk and the fixed
wall, it is necessary to take into account the stream core
angular velocity and the disk. If the circumferential com-
ponent of the absolute flow velocity on the wall is

U,=o.R,

then the circumferential friction stress on the wall is de-
fined as
-0.
(DCR ok >
8(1]4’ *
%

If the circumferential component of the flow velocity
on the disk is

= 0.293p(mCR)2(

UD = ((DD - (OC)R >
then the circumferential friction stress on the disk will be
equal to
]05

The considered case refers to the flow at which the
distribution of the circumferential velocity component

ok

oD

<, =029%[(0, -0 P (272085

.U
corresponds to the equation i =®=const .

The thickness of the pulse loss in the circumferential
direction with an arbitrary profile degree for the laminar
flow wall can be defined as

0.4 02

After transforming this equation, the thickness of the
loss of momentum in the circumferential direction on the
wall for laminar flow is obtained

AM?*-7L
1+ H

v

i

o)

2 1
+

8. =0.04535 i
J L
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4

1 Rg,

1

8. =Dl
Re3

c

where

8m(47m” +12m +1)

(3m+1)* (5m+1)
Vam (m +1)(7032m* +2602m° + 413m” +32m +1)
(Bm+1)(4m+1)(5m+1)(6m+1)(7m+1)(8m+1) 5

(2m+1j
+1

D1=0.04535

m

2(3m+1)(4m+1)(Sm+1) o

(m +1)(47m +1)
(3m +1)(4m +1)(5m +1)(6m +1)(7m +1)(8m +1)
2m(m+1)(7032m* +2602m’ +413m” +32m +1)

+

The thickness of the momentum loss in the circumfer-
ential direction with an arbitrary degree of profile for a
disk with a laminar flow is

0.8

|l

2 1
_+_
J L

0.01256
(1+H)J
3LJ+4L(K-2J)

0.2
53| e
(&)
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Further, the thickness of the momentum loss in the
circumferential direction on the disk is obtained as
4
1 —
5
1 L

5
ReD—c

8. =D2

where

2(3m+1)(4m+1)(5m+1)
(m+1)(47m+1)
(3m+1)(4m+1)(5m+1)(6m+1)(Tm+1)(8m+1)
2m(m+1)(7032m* +2602m> +413m* +32m+1

0.0185

D2=

(m+1) {M+ lj (4Tm+1)
m

8m(m+1) (m+l)(47m+l)_2m(47m2 +12m+1 o
@Bm+1)(5m+1) (4m+1) @Bm+1)

><(7032m4 +2602m° +413m> +32m + 1)
(6m+1)(Tm+1)Sm+1)

6m(m+1)*(47m +1)(7032m* +2602m> + 413m* +32m +1
@Gm+1)(4m+1)(5m+1)(6m+1)(Tm+1)8m +1)

The velocity distribution profile m for practically im-
portant cases (which are realized with laminar flow in the
cavity between the impeller and the pump) is summarized
in tab. 1.

Taking into account the obtained equations for the im-
pulse loss thickness in the circumferential direction, the
tangential friction stresses on the wall for laminar flow

are defined as
8

. 0293pv?Re’
Yo =" 1 >
(D1)2 R?
and the laminar disk is defined as

8

b _0293pv’Rej ,

The velocity profile distribution m for practically im-
portant cases is summarized in tab. 2 for the frictional
stresses of the laminar flow.

The friction coefficient equation for the wall and disk
of the impeller with a laminar flow is expressed as

R?
Cp = . 22"
pRe” v

Then the friction coefficient for the wall in the circum-
ferential direction with a laminar flow is defined as

0.293

1
(DI)E Re
and the friction coefficient for a disk in the circumferen-
tial direction with a laminar flow is

0.293

1 2
(DZ)E Re3, .

Tab. 3 is for coefficient determining of the disk fric-
tion and the wall in the circumferential direction with a
laminar flow depending on the degree of the velocity dis-
tribution profile. This table can be used for engineering
calculations convenience m .

The loss coefficient of disk friction during laminar
flow is defined as

Cho =

RS

c

D
Cfra =

Ch=Cly+Cpy-

For the working fluid flow case in the lateral cavity
between the working disk and the centrifugal pump hous-
ing, the angular core velocity is determined as
o, =0,50, . Then the loss of disk friction coefficient
laminar flow with laminar flow is defined as

1 0.293  0.293
2 1 +

C, = 5 T T
(o.sReD)S (D)2 (D2)?

Tab. 4 is for determining the laminar flow disk friction
loss rate and it demonstrates the analysis of the obtained
dependence and comparison with obtained results by
other authors.

0o T Fig. 3 presents the disk friction coefficient dependence
(D2)2R for the laminar flow of the working fluid at Re < 10°.
Table 1
Thickness of impulse loss on the wall and disk in the circumferential direction,
for practically important cases in laminar flow
NQ " Saw 8txD
1 2 4 4
0.136112Rg 0.271349 RS
Re?. Re%_c
2 3 4
0,206109 RS 0,441887 RS
Re?. Regﬂ,
3 4 4 4
0.27?8 RS 0.6?82 RS
Re§ Reéﬂ.
4 5 4
0.33121R§ 0.831828Rg
Re? ReéfC
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Table 2
Tangential friction stresses on the wall and disk in the circumferential direction,
for practically important cases in laminar flow
Ne m Tga T(?a
1 2 8 3
0.794158pv” Re? 0.560269pv” Re3,
S R’
2 3 8 8
0.645415pv” Re’ 0.437328pv” Re3, ,
R’ R’
3 4 8 3
0.563045pv” Re} 0.366766pv* Re3, .
S R’
4 5 8 8
0.508432pv” Re3 0.320017pv* Re}) .
R’ R’
Table 3
Friction coefficient on the wall and disk in the circumferential direction,
for practically important cases with laminar flow
Ne " C}iu CfDrtx
1 2 0.794158 0.560269
2 2
Re? Re)_.
2 3 0.645415 0.437328
2 2
Re? Rej)_.
3 4 0.563045 0.366766
2 2
Re} Rej_,
4 5 0.508432 0.320017
2 2
Re? Rej_.
Table 4
Disk friction coefficient, for practically important cases with laminar flow
Ne m G. Shlikhting Cimbus, F. SHul’tc-Grunov C
K. Smiden M
1 2 1.787844
2
Re’
2 3 1.429221
3.87 3.14R 2.67 —F
1 Re z ’ 1 R 5
Re? R Re? ¢
3 —=0.02 (radius to gap ratio) 1.227351
z 2
Re’
4 5 1.093553
2
Re’

If m=2 and the gradient function of laminar flow
agrees well with the dependence of G. Shlikhting [21],
then the maximum deviation of the disk friction parameter
does not exceed 7 %. If Re = 10° the difference is 5 %,
and if Re = 10° the difference is 7 %. In general, all de-
pendencies are in the region of the confidence span
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defined by various authors and are in the parameter do-
main for disk friction coefficients from 0.113 to 0.027,
depending on the Re criterion (fig. 3). It is important to
note that when designing flow parts it is necessary to
choose the turbulence transition which depends on the
boundary conditions of the flows.
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Fig. 4 shows the dependence on the disk friction
coefficients, the friction coefficient for the wall in the
circumferential direction and the friction coefficient for
the disk in the circumferential direction of the laminar
flow required for the flow parts design and for the
power balance of low mass flow centrifugal pumps
determining.

The radial element of the tangential friction stress is
formed by the circumferential and consumable compo-
nents taking into account the bottom lines slope and leaks
through the sealing elements.

Radial stress of friction on the wall is

TgR = TBVRp + TBVRG
and radial friction stress on the disk is

D _ D D
Tor = Torp TR -

Cypro16 ., ~

0.1
0,08
0.06
0,04

0,02

1000

10000

Radial stress of friction from the circumferential com-

ponent is
Tora = &0 5
where & — tangent of the bottom slope angle.

The radial friction stress will be determined depending
on the flow rate associated with the amount of leakage
through the sealing elements, and the dependence on the
structure is similar to straight linear flow

v md

—0.25
1, =0.01256pV? | L —nx | |
v (m+1)(m+2)

where Vp — flow rate.

The one side resistance moment of the low mass flow
centrifugal pump working disk is defined as

R2
_ 2. 5.2
M, —275.[ Too ! dr = C pR;00}, .
Rl
— — G.shlikhting

------- Cimbus, K. Smiden

100000

Fig. 3. Coefticient of disk friction laminar flow

Puc. 3. KoaddumuenTt 11uckoBoro TpeHus JIJAaMIHAPHOTO TCUCHUS

Cu 0,12

0.1

0,08

0,06

0,04 ~

0,02

1000

10000

Cmm=2
= = = Chody
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Fig. 4. Coefficient of disk friction

Puc. 4. KoahdunmeHT AHCKOBOTO TPEHUSI
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Then the impeller disk friction power on one side of
the low mass flow centrifugal pump is defined as

Nyp =Mpoy, .

Conclusion. The analysis of low mass flow centrifu-
gal pump operating parameters used in aircraft and space-
craft power systems was carried out. After analysing the
working fluid characteristics and the temperature range, it
was revealed that a laminar rotational flow with Reynolds

numbers Re =10 +3-10° is conducted in the cavity be-
tween the impeller and the pump.

The method for determining the power losses due to
disk friction of the impeller with design features and the
applied schemes was developed. The equations for disk
friction coefficient determining are consistent with the
results of other authors. The obtained equations for the
laminar rotational flow established mathematical depend-
encies to determine the resistance moment and power of
the impeller disk friction of a low mass flow centrifugal

pump.
References

1. Valentini, D., Pace, G., Pasini, A., Torre, L., Ha-
davandi, R., & d’ Agostino, L. (2017). Fluid-induced ro-
tordynamic forces on a whirling centrifugal pump. Euro-
pean Journal of Mechanics — B/Fluids, 61, P. 336-345.
Doi: 10.1016/j.euromechflu.2016.09.004.

2. Liu, M., Tan, L., & Cao, S. (2019). Theoretical
model of energy performance prediction and BEP deter-
mination for centrifugal pump as turbine. Energy. Doi:
10.1016/j.energy.2019.01.162.

3. Sengpanich, K., Bohez, E. L. J., Thongkruer, P.,
& Sakulphan, K. (2019). New mode to operate centrifugal
pump as impulse turbine. Renewable Energy. Doi:
10.1016/j.renene.2019.03.116.

4. Ding, H., Li, Z., Gong, X., & Li, M. (2018). The
influence of blade outlet angle on the performance of cen-
trifugal pump with high specific speed. Vacuum. Doi:
10.1016/j.vacuum.2018.10.049.

5. Skrzypacz, J., & Bieganowski, M. (2018). The in-
fluence of micro grooves on the parameters of the
centrifugal pump impeller. International Journal of Me-
chanical  Sciences, 144, P. 827-835.  Doi:
10.1016/j.ijmecsci.2017.01.039.

6. Zhang, N., Liu, X., Gao, B., Wang, X., & Xia, B.
(2019). Effects of modifying the blade trailing edge
profile on unsteady pressure pulsations and flow
structures in a centrifugal pump. International Journal
of Heat and Fluid Flow, 75, P. 227-238. Doi:
10.1016/j.ijheatfluidflow.2019.01.0009.

7. Chen, H., He, J., & Liu, C. (2017). Design and
experiment of the centrifugal pump impellers with twisted
inlet vice blades. Journal of Hydrodynamics, Ser. B,
29(6), P. 1085-1088. Doi: 10.1016/s1001-6058(16)60822-3.

8. Yu, R., & Liu, J. (2018). Failure analysis of cen-
trifugal pump impeller. Engineering Failure Analysis, 92,
P. 343-349. Doi: 10.1016/j.engfailanal.2018.06.003.

9. Salehi, S., Raisee, M., J. Cervantes, M., & Nour-
bakhsh, A. (2018). On the flow field and performance of a
centrifugal pump under operational and geometrical
uncertainties. Applied Mathematical Modelling, 61,
P. 540-560. Doi: 10.1016/j.apm.2018.05.008.

226

10. Bobkov A. V. [The influence of the factor
malorazmernyj to the design of the supercharger centrifu-
gal typel. Uspekhi sovremennoy nauki. 2017. Vol. 4.
No. 2. P. 127-130 (In Russ.).

11. Bobkov A. V. [A geometric criterion of optimiz-
ing the design of blade machines]. Mezhdunarodnyy
zhurnal prikladnykh i fundamentalnykh issledovaniy.
2013. No. 6. P. 49 (In Russ.).

12. Bobkov A. V. [Energy expediency of increasing
the number of stages in a small centrifugal electric pump
unit]. Sovremennyye problemy nauki i obrazovaniya.
2012. No. 4. P. 84 (In Russ.).

13. Bobkov A. V., Tsvetkov E. O. [Improving the
pressure qualities of the centrifugal pump thermal control
system]. Mezhdunarodnyy zhurnal prikladnykh i funda-
mentalnykh issledovaniy. 2012. No. 10. P. 110 (In Russ.).

14. Bobkov A. V., Tsvetkov E. O. [Features of bal-
ance of power losses in electric pump units of spacecraft
thermal control systems]. Izvestiva Samarskogo nauch-
nogo tsentra Rossiyskoy akademii nauk. 2011. Vol. 13.
No. 1-2. C. 290-292 (In Russ.).

15. Dviryy V. V., Krushenko G. G., Golovanova V. V.,
Dvirnyy G. V., Petyayeva N. N., Kirianova K. A. [Im-
provement of units for heat transportation in spacecraft].
Issledovaniya naukograda. 2016. No. 3—4 (18). P. 12-16
(In Russ.).

16. Dvirnyy V. V., Dvirnyy G. V., Khnykin A. V.,
Golovanova V. V., Krushenko G. G. [Providing long last-
ing resource of economical compressors]. Issledovaniya
naukograda. 2014. No. 3 (9). P. 12-20 (In Russ.).

17. Krayeva E. M. [Energy parameters of high-speed
low-flow pumps]. Vestnik Moskovskogo aviatsionnogo
instituta. 2011. Vol. 18. No. 3. P. 104 (In Russ.).

18. Krayeva E. M. [Calculation of energy parameters
of high-speed centrifugal pumps of low speed]. Izvestiya
vysshikh uchebnykh zavedeniy. Aviatsionnaya tekhnika.
2010. No. 1. P. 48-50 (In Russ.).

19. Krayeva E. M. [To calculation of operating pa-
rameters of centrifugal pumps of low speed]. Vestnik
SibCAU. 2009. No. 2 (23). P. 168-170 (In Russ.).

20. Bobkov A. V., Katalazhnova N. I., Kachalov A. A.
[TCalculation of field lines ratio specific speed centrifu-
gal blower spacecraft]. Uspekhi sovremennogo estest-
voznaniya. 2004. No. 4. P. 50-51 (In Russ.).

21. Shlikhting G. Teoriya pogranichnogo sloya [The
theory of the boundary layer]. Moscow, Science Publ.,
1974. 712 p.

Bubaunorpaguyeckue ccblIKM

1. Fluid-induced rotordynamic forces on a whirling
centrifugal pump / D. Valentini, G. Pace,. Pasini A. [et al.] //
European Journal of Mechanics — B/Fluids. 2017.
Vol. 61. P. 336-345. Doi: 10.1016/j.euromechflu.2016.09.004.

2. Liu M., Tan L., Cao S. Theoretical model of en-
ergy performance prediction and BEP determination for
centrifugal pump as turbine // Energy. 2019. Vol. 172.
P. 712-732. Doi:10.1016/j.energy.2019.01.162.

3. New mode to operate centrifugal pump as impulse
turbine / K. Sengpanich, E. L. J. Bohez, P. Thongkruer,
K. Sakulphan // Renewable Energy. 2019. Vol. 140.
P. 983-993. Doi: 10.1016/j.renene.2019.03.116.



ABMGMMOHHLI}Z U pakemHo-KoCmu4ecKas mexnuka

4. The influence of blade outlet angle on the per-
formance of centrifugal pump with high specific speed /
H. Ding, Z. Li, X. Gong, M. Li // Vacuum. 2019.
Vol. 159. P. 239-246. Doi: 10.1016/j.vacuum.2018.10.049.

5. Skrzypacz J., Bieganowski M. The influence of
micro grooves on the parameters of the centrifugal
pump impeller // International Journal of Mechanical
Sciences. 2018. Vol. 144. P. 827-835. Doi:
10.1016/j.ijmecsci.2017.01.039.

6. Effects of modifying the blade trailing edge profile
on unsteady pressure pulsations and flow structures in a
centrifugal pump / N. Zhang, X. Liu, B. Gao [et al.] //
International Journal of Heat and Fluid Flow. 2019. Vol. 75.
P. 227-238. Doi:10.1016/j.ijheatfluidflow.2019.01.009.

7. Chen H., He J., Liu C. Design and experiment
of the centrifugal pump impellers with twisted inlet
vice blades // Journal of Hydrodynamics. Ser. B. 2017.
No. 29(6). P. 1085-1088. Doi: 10.1016/s1001-
6058(16)60822-3.

8. Yu R., Liu J. Failure analysis of centrifugal pump
impeller / Engineering Failure Analysis. 2018. Vol. 92.
P. 343-349. Doi: 10.1016/j.engfailanal.2018.06.003.

9. On the flow field and performance of a centrifugal
pump under operational and geometrical uncertainties /
S. Salehi, M. Raisee, M. J. Cervantes, A. Nourbakhsh //
Applied Mathematical Modelling. 2018. Vol. 61.
P. 540-560. Doi: 10.1016/j.apm.2018.05.008.

10. bobkoB A. B. BnusiHue dakropa manopa3mepHo-
CTM Ha KOHCTPYKIMIO HArHEeTaTeNsl LEHTPOOEKHOTO
tuna // Ycnexu coBpemeHHoi Hayku. 2017. T. 4, Ne 2.
C. 127-130.

11. bookoB A. B. 'eomeTpuueckuii KpuTepuii ONTH-
MHU3AIMU  KOHCTPYKIIMM  JIONATOYHOH  MamuHel  //
MexayHapoHbIi JKypHaNT MNPUKIAAHBIX H (QyHIaMeH-
TanbHBIX KccnenoBanuid. 2013. Ne 6. C. 49.

12. Bo6koB A. B. DHepreTuueckas 1ei1ecoo0pa3HoCTh
YBEJIMYECHHUS YKCIa CTyIEHEH B MajIopa3MepHOM IIEHTPO-
0exHOM 3JekTpoHacocHoM arperare // CoBpeMeHHbIE
npoOiemsl Hayku 1 oOpazoBanus. 2012. Ne 4. C. 84.

13. bookoB A. B., IlsetkoB E. O. IloBslieHue Ha-
MOPHBIX KayecTB IIEHTPOOEKHOT0 HAacoca CHCTEMBI Tep-
MoperynupoBaHust // MeXIyHapoaHBIH JKypHal TIpH-
KIaJHBIX W (YHIAMEHTAIBHBIX ucchemoBanuil. 2012.
Ne 10. C. 110.

14. BookoB A. B., IIsetkoB E. O. Ocobennoctu 6a-
JaHCa MOTEePh MOIIHOCTH B DJICKTPOHACOCHBIX arperarax
CHCTEM TEPMOPETYINPOBAaHUSI KOCMHYESCKHX anmnapaToB //
Wzeectust Camapckoro Hayd. mentpa PAH. 2011. T. 13,
Ne 1-2. C. 290-292.

15. CoBepIieHCTBOBaHHUE arperaToB IS TPAHCTIOPTH-
POBKHM Terula B KOcMHYeckux ammapatax / B. B. JIsup-
weid, I'. T. Kpymenko, B. B. T'omoBanoBa [u nap.] //
UccnenoBanus Haykorpana. 2016. Ne 3—4 (18). C. 12-16.

16. ObecrnieyeHne UIMTEIBHOTO pecypca Majopac-
XOAHBIX HarHetatene / B. B. [IsupHsrii, I'. B. JIBupHbIi,
A. B. XuwsikuH [u gp.] // WccnenoBanus Haykorpaja.
2014. Ne 3 (9). C. 12-20.

17. Kpaesa E. M. DHepreTnueckue mapaMeTphbl BBICO-
KOOOOPOTHBIX HACOCOB Majoro pacxoza // Bectank Moc-
KoBckoro asuail. uH-Ta. 2011. T. 18, Ne 3. C. 104.

18. KpaeBa E. M. Pacder sHepreTHueckux mapameT-
POB BBICOKOOOOPOTHBIX IIEHTPOOESKHBIX HACOCOB MaJIOH
ObicTpoxonHOCTH // V3BecTHs By30B. ABHAIIIOHHAS TEX-
Huka. 2010. Ne 1. C. 48-50.

19. Kpaesa E. M. K pacueTy sKkcmiIyaTaruoOHHBIX
IapaMeTpoB IEHTPOOEKHBIX HACOCOB MaJOH OBICTPO-
xomHoctd // Bectmmk Cubl'AY. 2009. Ne 2 (23).
C. 168-170.

20. bo6koB A. B., Karamaxxnosa H. 1., Kauanos A. A.
Pacuer mone# nmHWIA ypoBHS KOd(dummeHTa OBICTPO-
XOTHOCTH IIEHTPOOEKHOTO HAarHeTaTeNsl KOCMHUYECKOTO
anmapata // Ycmexu COBPEMEHHOTO eCTECTBO3HAHMS.
2004. Ne 4. C. 50-51.

21. nuxtunr I'. Teopus morpaHudHoro cios. M. :
Hayxka, 1974. 712 c.

© Zuev A. A., Nazarov V. P., Arngold A. A.,
Petrov 1. M., 2019

Zuev Alexander Alexandrovich — Cand. Sc., associate Professor, Department of Aircraft Engines; Reshetnev Sibe-
rian State University of Science and Technologies. E-mail: dla2011@inbox.ru.

Nazarov Vladimir Pavlovich — Cand. Sc., Professor, Department of Aircraft Engines, Reshetnev Siberian State
University of Science and Technologies. E-mail: nazarov@mail.sibsau.ru.

Arngold Anna Anatolievna — Department of Special Connectors and Instruments, Krasnoyarsk Machine-Building

Plant. E-mail: arngoldanna@mail.ru.

Petrov Ivan Mikhaylovich — Deputy chief designer for engines, propulsion systems and power plants, Krasnoyarsk

Machine-Building Plant. E-mail: petroof777@mail.ru.

3yeB AJiekcaHApP AJIeKCAHAPOBMY — KaHIWAAT TEXHHYECKUX HAyK, JOIECHT, JOLUCHT Kadeaphl ABUraTeseil nera-
TENBHBIX ammaparoB; CHOMPCKHil TOCYIapCTBEHHBIN YHIBEPCUTET HAYKH U TEXHOJIOTHH MMeHHN akanemuka M. @. Pemierre-

Ba. E-mail: dla2011@inbox.ru.

Hazapos Baagumup IlaBioBuY — KaHIUIAT TEXHHUYECKHUX HAYK, ITpodeccop, 3aBeayonuii kadenpoii neurarenei
JeTaTeNbHBIX ammapatoB; CHOMPCKHI ToCylapCTBEHHBIN YHUBEPCHUTET HAyKH W TEXHOJOTHMA HWMEHH aKaJeMHKa

M. ®. Pemernesa. E-mail: nazarov(@.sibsau.ru.

ApHroiba AHHa AHATOJIbeBHA — HAYalbHHK OIOPO CIelCOeqUHHTENeH, NPHOOPOB U MYJIBTOB AalapaTyphl;
AO «KpacHosIpckuii MalIMHOCTPOUTENBHBIHN 3aBo». E-mail: arngoldanna@mail.ru.

erpo UBaH MuxaiiJloBU4 — 3aMECTUTEINb TIIABHOTO KOHCTPYKTOPA MO JBUTATENSAM, TBUIATEIbHBIM YCTAHOBKAM
u sHeproycraHoBkam; AO «KpacHospckuii MalIMHOCTPOUTENBHBIH 3aBo/». E-mail: petroof777@mail.ru.




