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B nacmosweii pabome npedcmaenen 0030p cOBPEMEHHOU MEXHUYECKOU NPODIEMbL, CEA3AHHOU C 08YX-
Gaznvimu cucmemamy MepmopecyIupOBaAHUss KOCMUYECKUX annapamos, U 603MOJICHble MeXHUYecKue npu-
JIOJICEHUsL peKynepayuu menyiogoll dHepeuu 8 opeanuieckom yukie Penkuna kax cocmasnoii vacmu cucmem
obecneyenuss mennogozo pedxcuma. Koncmpyxkmuenoe pewenue noopasymesaem co6oti unmezpuposamue
naposou MUKpomypoumsl 3a paouamopom-ucnapumenem. Muxpomypbuna npedcmasinsiem cooou maueeH-
YuanbHoe no0goodauee YCmpocmeo U padudibHO YeHmpocmpemumenpbHoe paboiee Koieco HU3Kou ovicm-
poxoonocmu ng<40. B amoii obracmu He cywecmsyem O00CMOGEPHbIX OAHHbIX NO NPOEKMUPOSAHUIO U
IHEpeemuKU KaxK no08oosAe20 YCmpoucmea, mak u paboyvezo Koneca. Jnepeemuxa (nomepu 3HmManibnuu)
n00800sIEe20 YCMPOUCMEa onpeoesiem 8 0CHOGHOM MPAHCHOPM 3AKPYYEHHO20 NOMOKA K paboyueMy Koje-
Cy u, Kax credcmaue, OKpYJ’CHYI0 pabomy Ha mypoune. Paspaboman u npedcmasner npomomun paouais-
HOU MUKPOMYPOUHbL C Yeablo OYeHKU KOHCIMPYKMUBHO20 UCHOTHEHUsSL NPONOYHOU YACMU KAK N00B0OSE20
yempoticmea, max u pabouezo Koneca. B pezynomame ananusa gvioenenvl ochosHble onpedensiouue 2uo-
POOUHAMUYECKUE YUACTKU, HeoOX00umble 0I5l 2UOPOOUHAMUYECKO20 AHAIUZA U MAmMeMamuieckoll npopa-
OOMKU AneOpUMMA pacuema meyenull ¢ OYeHKOU IHePeMUIeCcKUX HOmepb: meyeHue 3aKpy4eHH020 NOMmo-
Ka paouaibHO-KOAbYEBOU Well, 0Ce-KONbYe8ol weiu U MAaH2eHYUAIbHO20 N00800sUe20 YCmpoucmed.
Ilepsvie 06a ancopumma npeononazarom paciemuoe mooenuposanue. Mooens snepeemuyeckux nomepb
6 MAH2EHYUAILHOM NOO0BOOAUEM YCMPOICTNEe He N000Aemcs AHATIUMULECKOMY MOOETUPOBAHUIO, HOCKOIb-
Ky @KIIOYaem 6 ce0s NoCcied08amenbHOCHb (U COBMECTHOCHb) Me4eHUsl 8 2DAHUYHBIX YCA0BUSX, Onpede-
JISIEMBIX KAK «MECHHble CONPOMUBTICHUSLY. BHE3ANHOe PACWUPEenUe, Pa3gopom HOMOKd, COBMECHHO C YUYa-
CIMKOM PAOUAIbHO OKPYICHO20 medenus. Baaumosnusnue smux epaHuyHblx YCiosull npeonoaazaem moib-
KO 9KCNEPUMEHMALbHYIO OYEHKY IHEPSeMUUECKUX NOmepb 6 MAHZEHYUAIbHOM NO0800UeM YCImpPoLcmee
uepes KOIPGuyuenm nomeps MECMHO20 CONPOMUBIEHUS. 8 OUANA30OHE USMEHEHUSI 2eOMEMPUUECKUX U pe-
JHCUMHBIX NAPAMEMPOS.

B pezyromame sxcnepumenmanvhuix ucciedosanuti npediodicena 6aza 0anHbix no Ko3gguyuenmy no-
mepb MAHSEHYUATIbHBIX NOOBOOSUUX YCMPOUCME MUKPOMYPOUHbL 6 001aCmU NPAKMUYECK020 OUANA30HA
CYWEeCmBOBaHUS PENHCUMHBIX U KOHCIPYKIMUGHBIX NAPAMEMPOS.

Kniouesvie cnosa: mypbunvl peaxmugHvle, yenmpobedichvie, Kodpuyuenm nomepv nHOIHOU SHePIUl,

maHeeHyuanbHvle N00800AWUe YCmpoUcmaea, pabouee Koneco, OKpyx#CHAs paboma na mypoune, yuki Pen-
KUHA, HUBKOKUnswee pabodee meio.
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This paper presents an overview of the current technical problem related to two-phase spacecraft ther-
mal control systems and possible technical applications of thermal energy recovery in the organic Rankine
cycle as an integral part of thermal management systems. The design solution involves the integration of a
steam microturbine behind an evaporator radiator. The microturbine is a tangential supply device and a
radially centripetal impeller of low speed ny,<40. In this area, there is no reliable data on the design and
energy of both the supply device and the impeller. The energy (loss of enthalpy) of the supply device mainly
determines the transport of the swirling flow to the impeller and, as a result, the circumferential operation
on the turbine. A prototype of a radial microturbine has been developed and presented in order to evaluate
the design of the flow part of both the supply device and the impeller. As a result of the analysis, the main
determining hydrodynamic areas necessary for hydrodynamic analysis and mathematical elaboration of
the flow calculation algorithm with an assessment of energy losses are identified: the flow of a swirling
flow of a radial-annular slit; axial-annular slit and tangential supply device. The first two algorithms as-
sume computational modeling, the model of energy losses in a tangential supply device is not amenable to
analytical modeling because it includes a sequence (or compatibility) of flows under boundary conditions
defined as “local resistances”: the sudden expansion, reversal of the flow, together with a section of ra-
dially circumferential flow, the mutual influence of these boundary conditions assumes only an expe rimen-
tal assessment of energy losses in a tangential supply device through the loss coefficient of local resistance
in the range of changes in geometric and operating parameters.

As a result of experimental studies, a database has been proposed on the loss coefficient of tangential
microturbine supply devices in the field of the practical range of the existence of operating and design pa-
rameters.

Keywords: jet turbines, centrifugal turbines, total energy loss coefficient, tangential supply devices, im-
peller, circumferential turbine operation, Rankine cycle, low-boiling working fluid.

Introduction

Analysis of information on modern foreign developments in the field of using two-phase circuits
(TPC) on a spacecraft (SC), which have high energy consumption, shows the technical promise of us-
ing them in thermal control systems. Among the spacecraft using phase transition in thermal control
systems, NASA’s Eureka and Columbus are mentioned, on which full-scale tests of highly efficient
two-phase modules were successfully carried out. On the COMET spacecraft (NASA), the thermal
regime of individual heat-stressed payload blocks is ensured using thermal control systems (TCS) on
capillary pumps. Capillary pumps in the drop-down design of the radiative radiator are also used on
the STENTOR spacecraft (NASA) in TCS. Full-scale tests carried out on these spacecraft showed the
high efficiency of TCS based on two-phase circuits.

The use of generation using circuits on low-boiling working fluids on ships for long-distance space
flights for their energy supply was proposed in the USSR in the seventies of the last century. Unified
radioisotope source modules (Pu-238) were used as a heat source for the power steam turbine cycle
[1]. The result of the research was an installation with a nominal power of 1.3 kW, a mass of 205 kg
and equipped with a refrigerator-emitter with an area of 10.8 m’. During bench tests, the mass flow
through the circuit reached 0.0107 kg/s. The installation operated for 20 hours. During this time, no
significant deviations in parameters were detected.
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To solve the problems of thermal regulation of promising large-sized spacecraft and stations with
increased power equipment, if it is necessary to reduce the relative mass and size of the spacecraft
TCS, the most promising way is to create the basic elements of integrated TCS SC with TPC, as the
most effective in comparison with those currently existing in Russia and in foreign practice by means
of thermal control. With existing systems, it is necessary to significantly increase the area of external
radiator emitters, which leads to an increase in their weight and dimensions. Combining a thermal con-
trol system with a steam turbine makes it possible to remove part of the energy through the steam tur-
bine into the power supply system, which reduces the thermal load on the radiator-emitter. The prob-
lem of radiator-emitters arises when there are limited possibilities for placing them under the fairing of
the launch vehicle at the site of launching the spacecraft into orbit.

Basic technical proposal

The content of the technical solution is determined in accordance with sources [2—4]:

— a direct cycle on low-boiling bodies with generation of mechanical energy. The internal heat
source of the spacecraft is used as an energy source, this is the heat generated by operating instruments
and installations. In the traditional scheme, this heat is removed into space using radiator refrigerators.
The proposed option allows saving energy resources and generating mechanical energy, as well as re-
ducing the area of radiator refrigerators;

— a direct cycle on low-boiling bodies with the generation of mechanical energy using solar heat
removed from solar panels as a source. Due to the relatively low equilibrium temperatures of the pan-
els, it has low efficiency, but allows the use of solar radiation in a wider infrared (thermal) range. In-
stallations made using this method are not subject to aging and degradation of characteristics (com-
pared to solar batteries);

— the same as in the previous paragraph, using parabolic-type solar concentrators allows obtaining
high temperatures, and therefore high efficiency of the installation. However, in this case it is neces-
sary to solve the problem of high pressure drops of the working fluid in the system.

Microturbine design diagram
In the theory of turbine construction, the relation is mainly used for calculating and designing high-

speed turbine stages n,, =24 of both axial and radial-centripetal designs [2; 5-9]. This topic is devoted

to most of the literature relating to various branches of turbine construction: turbines for large power
generation (power plants), turbines for transport devices (aircraft, ground, railway transport, various
special-purpose devices, etc.). Most turbines are designed as high-power active-type stages, more than
100 kW. In the field of distributed energy and the practical use of low-grade waste heat, radial-
centripetal type turbines with a power of less than 100 kW with a speed coefficient n,, = 60 are used

[4; 6; 10]. The gas dynamics relation is mainly used at supercritical (supersonic) pressure and tempera-
ture differences. The topic of structural calculations and optimization of parameters is presented quite
comprehensively. For the low speed range n, < 60, the topic is not sufficiently covered in terms of
engineering calculation applications, which causes obvious difficulties when modeling such objects
with a power of less than 100 kW. Today, turbines of various special designs are used to utilize the
energy of gas transportation systems and hydrocarbon production systems: including vortex, bladeless
and centrifugal, etc. [7].

In our case, turbines with a power of less than 1 kW can be identified (classified) as microturbines
of low speed, size and power [11]. The question of optimal design and choice of turbine type remains
open due to the low efficiency of low-speed turbomachines, which has similar values for blade-axial
and radial microturbines, labyrinth-vortex, disk turbines, centrifugal and centripetal type turbines, etc.
It is impossible to give preference to any type at this stage. It is worth noting that for turbines of both
active and reactive types, the most important element that forms the circumferential direction of the
flow, ensuring the circumferential operation of the impeller, is the nozzle or guide apparatus for high-
speed turbines, made in the form of nozzle arrays (in the blade rim). For low-speed and low-flow ma-
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chines, one nozzle is made (tangential nozzle channel) [2]. The range of output power according to the
customer’s technical specifications is from 100 to 1000 W at a subsonic drop working fluid (steam),
with a temperature difference of no more than 60 °C with limited speed up to 5000 rpm due to high
resource requirements. Given such data, high efficiencies comparable to those of large-scale power
turbines should not be expected. The problem of optimal design with the goal of achieving the highest
efficiency is relevant. To set the research objectives, a prototype microturbine with a generator with
characteristic structural elements based on the centripetal impeller of an expander was designed and
manufactured (Fig. 1).
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Puc. 1. IIpotoTun mukpo TypboreHeparopa:
1 — KpBIlIKa; 2 — KOPIIYC MUKPOTYPOHHBI C TAHTCHIHMATbHBIM
MOJIBOJISIIIIAM YCTPOHUCTBOM; 3 — paboydee KoJieco; 4 —TeHepaTop

Fig. 1. Prototype of a microturbo generator:
1 — cover; 2 — microturbine housing with tangential supply device;
3 — impeller; 4 — generator

It is clear from the design that the tangential channel is the main element that forms the circumfer-
ential flow of the flow. Structurally, the region of radial-circumferential flow RU and axial-
circumferential flow LU should be distinguished. General view of the turbogenerator is shown in Fig.
2.

a 9] 6

Puc. 2. Bug Ha pabouee Koseco co CTOPOHBI KPBILIKH (@); KpbIIIKa U KOpIyc reHeparopa (6);
BHJ] CO CTOPOHBI KPBIIIKK TeHepaTopa (8)

Fig. 2. View of the impeller from the cover side (a); cover and housing of the generator (b);
view from the side of the generator cover (c)
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Purpose and statement of the research problem
The current designs of TCS of autonomous spacecraft with a long active life (up to 15 years) use almost
the entire range of known design solutions: natural thermal conductivity from the source to the radiator-
emitter into black space; complex design of the transport heat pipe system; liquid-circuit heat transfer
from the southern to the northern panel, TPC with a dynamic (pump) supply system in the circuit to the
circuit heat pipe. The specified list in sequence ensures an increase in the mass-energy characteristics of
the TCS system [12]. It should be noted that the dimensions of the northern and southern panels are de-
termined by the area of the evaporator and condenser TCS integrated into the honeycomb panels, and
mainly determine the dimensions and power circuit of the spacecraft as a whole. The next logical step is
the recovery of electrical energy in a two-phase TCS system based on the organic Rankine cycle in order
to reduce the thermal load on the emitter capacitor. The most important component of such a system is a
turbo drive, consisting of a supply device that provides a field of velocities and pressures at the inlet into
the subsequent turbine impeller. Low-speed turbines with low-flow partial supply are characterized by
significant asymmetry in the fields of thermodynamic parameters, leading to significant deviations in the
calculation results using the methods of full-size units. In accordance with the above, following the set
goal of increasing the mass-energy characteristics of two-phase TCS through the use of a turbogenerator
in the Rankine cycle, it is necessary to solve the following problems:

— develop and manufacture a set of standard sizes of supply devices in order to obtain energy char-
acteristics in the range of changes in design and operating parameters;

— to conduct experimental studies of the energy characteristics of supply devices with the creation
of a database on the main design and operating parameters.

Methodology for conducting energy and partial balance tests of microturbines

Energy tests are carried out with elements of balance tests, possible on the material part of the
physical model with the additional installation of measuring (stations) posts: p* is total pressure; p is
static pressure; T .5 is @ measured equilibrium temperature.

The location of posts (measuring stations), for the purpose of correcting the calculation algorithm,
completely coincides with the accepted calculation scheme (Fig. 3).

The sequence of measurement posts corresponds to:

— measurement post in front of the entrance to the channel inlet p;, P ¥ons T opi= Tons

— in the channel of the supply device py, p;, Tomeas;

— at the outlet of the channel supply device, at the inlet to the impeller py, pfu, Ha BBIXOJIC U3 Ka-
HAJIBHOT'O TIOIBOJIAIIETO YCTPOKCTBA, HAa BXOJIE B pabouee KOJieco p, pfu s Timeass
where pfu is measured in the circumferential direction;

— at the outlet of the impeller at radius R,, p,, p;u Y
Since it is technically difficult to place a total pressure receiver at radius R;, purging of channel
supply devices is carried out in a special device, without an impeller, at the radius of the entrance to
the impeller. If necessary, these tests are coordinated by p; - static pressure during energy tests.
Methodology for processing results in the post /ent — 0/ is considered below.
P¥onts ot Doy Po> Tomeas» Mo, To, Tr0, Cp are measured.
Additionally, it calculates mass flow in two ways to eliminate errors.
0
m=Po‘Co‘Fo=Po‘Fo'm‘Qfm (D
where

)
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Fo=hy- byis a flow area of the supply channel.
The loss coefficient (. in is calculated:

Methodology for processing results in the area /0 — 1/ are considered.

.
DPiu> Dis Timeas are measured.

%
Po> Po> T()meas are known.

They are calculated using expressions for the circumferential component Cy,:

Mlu> Tlm Tfl’ Clm Pus Tlu'

€)

“

)

The parameters are calculated based on the circumferential component Cj,, correction is necessary:

C =+/CL +CE,.

(6)

where C,, is the radial component of the absolute velocity at the inlet; it is determined in a first ap-

proximation p; = p;, and
_oom 1
pioFy Py 2nR by

CIR

where 71 (1).

channel supply

h

ent

A

Cent

PO, T0,CO | |

the impeller

Rent

/ P1,T1,C1

R2 //

Puc. 3. PacuerHast cxema pauanbHON CTYIIEHU

Fig. 3. Design scheme of the radial stage

Total pressure is corrected:
. Ct k-1

=p +— —.
b =D 2 X
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And the run is performed while:

MSO.OI.

li+1

With C,, Cy,, Ciz known, the absolute velocity angle is calculated:

o, = arctgh. 9)
lu
There is a relative velocity angle:
C C
B, = arctg—2 — =arctg IR , (10)
G, -0, (Clu _031‘R1)
¢,-U
5 _lcu-ul
cosp,
There is an attack angle:
i=P, =B, (11)

where [, is a design parameter.
Nozzle (feeder) loss coefficient is the following:

. :(&_&]L.L, a2

Description and design features of the studied channel supply lines devices

Experimental purging of channel supply devices was carried out in a special device that simulates a
power plant and allows measurements to be taken at six measuring stations, according to the diagram
(Fig. 4).

Here are measuring post at the input pe,; , Ten: Puxs Tx, measuring post in the channel of the supply
device py Ty and four measuring posts on the radius of the impeller p,Ty, p.T5, psTs, psTs. No
measurements were taken at the p,7, post; the post is a backup one. At each post, total pressure (p*)
was measured with a total pressure receiver and static pressure (py) with a static pressure receiver, and
the equilibrium measured temperature (t) was measured with a thermocouple.

The experimental setup with placed total and static pressure receivers is shown in Fig. 5.

For geometric parameters, the following definitions and design relationships are used:

— ley 1S an angular momentum arm, where:

l

ot =Ro—h12;

ent

— dg «q1s the equivalent throat diameter, where
_ [abh.
dg.eq - T

— ¢ is a degree of partiality, where

(xent

R, —h
, 0, = arccos —ZL——;
2n

ent

E=
Rey is the Reynolds number at speed Cy, where

Co'd
e
Re, = —=4;
v

Re, is the Reynolds number along the peripheral speed, where
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2
C,l -/
0 t l .
Re, =—%L=—¢*L;

A% A%

— len/R 1 1s the relative angular momentum arm, where R;; =24 mm is the radius of the entrance to

the microturbine impeller.

A spiral supply device is formed by combining two profiling radii R;and R, with a displacement of
the profiling centers by an amount A.

Measured parameters of the microturbine spiral feed device are the following:

b = 3.5 mm is the channel width;

D is an outer maximum diameter;

d is the distance from D to the upper (closest to D) surface of the channel #;

L, is the maximum distance along the line of diameter D;

h is the width of the input channel;

R, is the larger profiling radius;

R, is the smaller profiling radius;

A is the displacement of profiling centers;

¢ is the degree of partiality;

lene 1 the arm of the input channel along the midline;

h/Ry; is the relative width of the input channel;

len/ Ry 18 the relative width of the input channel.

Here are expressions for calculating a spiral drive device based on measurement results:
L, =R, +R, +2A;
A=0.51+8+0.5L,-0.5D,
R, =D-26-0.5h-0.5L,,
R, =0.5(L, —h),

I, =0.5D—-5-0.5h,

Olory = arccosM'
ent L. +0.5h

aen[

27

Here are expressions for calculating a ring drive device:
L

R =71,

=0.5L, 0.5k,

& =

[

ent

or

h
loy = R — =
ent 1 2

The following designations for collectors are accepted: C is spiral, the first digit in the designation:
height 4 in mm. The second digit in the designation: 1. is an arm of the moment of momentum in mm

(rounded), for example: C6-39 is spiral h = 6 mm, l.,, = 39 mm; K6-32 is ring h = 6 mm, l.,~ 32 mm.
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According to the designations, the quantitative values of the parameters of 19 spiral and 13 ring
supply devices are presented in Table. 1.

Table 1
Range of design parameters for spiral and ring feed devices
Designation h (mm) Loy (mm) D, ¢q (mm) Len/Rix h/Ry;
C2...6-28...39 2-6 28-38.9 3-52 1.16-1.62 0.083-0.25
K2...6-25..32 2-6 25-32 3-52 1.04-1.33 0.083-0.25

You can see the range of change of geometric parameters in dimensionless (relative) form (22
structural assemblies):

Rey= 10000-60000 = 1 — 6-10" is the Reynolds number for speed Cy;

Len/Ry1 = 0.97-1.62 is a relative input arm;

h/Ry;, = 0.083—0.25 is the relative width of the input channel;

b = 3.5 mm is the channel width;

Ry; =24 mm is the radius of entry into the microturbine impeller.

Puc. 4. Cxema pacronoxeHus JaTYNKOB B UCTIHITATEILHON CUCTEME

Fig. 4. The layout of the sensors in the test system

Puc. 5. SKCHepI/IMeHTaJ'IBHaSI yCTaHOBKaA ¢ IPpUEMHUKAMU IIOJIHOTO
1 CTaTUYCCKOI'O JJaBJICHUA

Fig. 5. Experimental installation with full and static pressure receivers
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Methodology for processing experimental tests of tangential supply of a subsonic centripetal
turbine

To develop a mathematical model and algorithm for calculating a centripetal microturbine used to
utilize the thermal power of a spacecraft, it is necessary to estimate the circumferential component of
the absolute speed at the radius of the entrance to the turbine impeller (TI). Theoretical analysis of to-
tal flow losses as a superposition of sudden expansion with subsequent vortex flow to the impeller
represents a theoretically uncertain problem. For a preliminary assessment and formation of a database
of losses in this section, it is necessary to use data from experimental blowdowns with registration of
energy and speed parameters of the flow in the section: 0 — parameters in the input channel of the de-
vice; 1 — parameters on the inlet diameter in the inlet channel of the device. To process experimental
data, in addition to the energy loss coefficient {y, it is convenient to use the coefficient of the circum-
ferential velocity component ¢u [13—15].

Let us justify some considerations that determine the content of the coefficient of the circumferen-
tial velocity component and determine the mass flow rate in the supply channel:

i=pV =C,-hy-by, (13)

where p is density; Cyis the flow rate in the channel; /4 is the channel height; b, is the width.
Let us assume that Cy is const along the height 4y, the angular momentum arm along 4, changes
from /; mo b, and then the angular momentum in the input section will be written as an integral:
) 2
M, :Ip.cg A-by-dl=p-Cy-hy-b, .Coz
h

)
y (14)

Let us substitute the limits of integration /, Ry; /= Ry— hy and take into account (13):
. 1 2 2

M0=% : -Co(zRohO—hg)zm-Coho[Ro—%j. (15)
Theoretical angular momentum at the current radius R is the following:
M, =m-U; R, (16)
where m is the mass flow determined by the expression:
m=2nR-b-Cy-p. (17)
For the ideal case, when there is no friction torque, the moments My and M are equal:
My = Mr,

Substituting expressions for moments (16), we obtain:

Let’s continue the transformation, expressing the values of the circumferential component at the
current radius through the parameters in the input channel:

=%[Ro—%hoj, (19)

or taking into account
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C
UT = OThO : lenta
(20)
For the radius of entry into the impeller R, in the absence of losses
Cohg
Ur = R Lent
21)
The coefficient of the circumferential velocity component is determined
Uis
(Pu =7 22
0, (22)

where U, is the actual (measured) value; U, is the maximum theoretically possible.

The actual value of the peripheral speed is calculated as the average of the results of measurements
of total and static pressure and temperature along the periphery of the microturbine impeller at 4 points
of the circle R, (Fig. 4).

A general view of the assembly is shown in Fig. 6, where the connections to the thermistors are
shown, and the pressure receivers are not connected to the measuring tubes of the pressure sensors.

For a preliminary assessment of the peripheral speed at the entrance to the microturbine rotor of the
LV, it is necessary to use the energy equations along the periphery of the microturbine:

kop Gk pm G G 23)

- s

k=1 p, 2 k-1 p 2 = 2

where C, is the total pressure loss coefficient in the nozzle; absolute speed at the entrance to LV:

Cl=U +Cp, (24)
the consumption component is determined only by calculation:
m
Rl = ﬁa (25)

where m is the mass flow of the working fluid; p; is the density at the entrance to the LV; F| is the
flow section area to the LV.

The speed coefficient is a parameter calculated directly
from measurement results without additional assumptions.
According to the results of the experiment in the range of
changes in the geometric and operating parameters of the
microturbine supply device (A, — channel height; /.., — aver-
age arm of the angular momentum; R; — radius of the en-
trance to the impeller; Re — Reynolds number at the en-
trance) the possibility of forming a database for ¢u is real-
ized for the purpose of using it in mathematical modeling
and design of a microturbine.

The use of databases on the circumferential velocity
component coefficient ¢, (22) and the total pressure loss
coefficient (. (23) makes it possible to unambiguously de-
termine the total pressure at the inlet to the microturbine
valve during mathematical modeling and design, and also
carry out optimization in the range of changes in the operat-
ing and geometric parameters of the microturbine. Fig. 6. General view of the assembly

Puc. 6. O6uwmii Bua coopku
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The algorithm for processing experimental data from tests of tangential, spiral and annular inlets is
implemented in the form of a software algorithm that allows, based on measurements in 0 (channel
inlet) and 1 section (along the periphery of the impeller), values of pressure, temperature and design
speeds, to determine the energy parameters of the inlet device: {. as the loss coefficient (12) and ¢, as
the speed coefficient (21).

According to the design diagrams of the material part for spiral and ring supply devices, experi-
mental measurements of the loss coefficient (., and ¢, were carried out in the range of changes in the
geometry of the supply devices (Tables 1, 2) and the operating parameter Rey, calculated from the val-
ue of the speed C, (Up) in the tangential supply. The data is presented in the form of a database in Ta-
bles 2, 3. In general, the database is a tabular function of the loss coefficient

Ceo =(Len/ Rygsh/ Ry ,Rey);  a tabular  function  of  the  speed  coefficient
©, =(Ley / Ry, h/ Ry, Rey ); from three variables:

Len/ Ry 18 a relative input arm;

h/Ry;1s a relative width of the input channel;

Rey is the Reynolds number for the velocity Co(Up) in the tangential channel.

According to the tabular data, visualization of the level surface, the function is quite monotonic,
does not have sharp extrema, and is quite easily approximated even by linear splines (Fig. 7). The val-
ue of the function is 2-3 times higher than the loss coefficient due to sudden expansion. Obviously,
there must be an additional element in the structure of energy losses. As such an element, we should
consider the loss of flow energy when the flow flows from radius R to radius R;;, which follows from
the structural geometry of the supply device. To estimate the loss coefficient in the radially circumfer-
ential section of the flow, we will use a numerical estimate based on test data of the K2-25 annular
supply device.

We use the values of Ry=1[, +h/2=0.026m; AR=R;,—R, =0.002 m; 8. =0.00017 m;

ent

C,0=U, R, =2.314[m"/c] as the initial data for the calculation. Loss factors are calculated using the

u

expression derived from the energy equation:

k Us &k Ut Ug
k_po US_ k _p VR U
k_l ,00 2 k_l pl 2 rad .uch. 2
from which CradAuch.:
2( k 1 Us -U;
=S| =(p—p)+ |, 26
Crad.uch. Ug (k_l p(pO pk) 2 ( )

It should be noted that the loss coefficient in the radial flow section is formed due to a drop in static
pressure and the circumferential velocity component. In one dimension potential flow, the change in
total and static pressures coincides, the speed does not change. The calculation results are presented in
table. 4 [16—17]. It is clear from the results that the loss coefficient changes almost twice as Reynolds
changes and is close to one. The loss coefficient is formed from two approximately identical terms:
losses of static pressure, losses of peripheral speed.

Taking into account the data of the coefficient for sudden expansion and the loss coefficient, ap-
proximately 1/3 of the total loss coefficient remains in the radial section, i.e., a value approximately
equal to unity. As a hypothesis, it is proposed to estimate this value by the loss coefficient for a flow
turn of 90° using the Weisbach formula [14]:

¢, =0.95sin’ (gj +2.05sin* (gj =0.986,

where 8 = 90° is a rotation angle, taking into account the correction loss coefficient for rotation
Cpov =C-4-C,,; € =1 for symmetrical flow; 4=0.95+33.5/5=1.32; then the reversal coefficient
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is (;900 =1.3. It should be noted that the proposed energy balancing of losses for sudden expansion,

radial section and flow reversal by 90° gives the value placed in the database for the loss coefficient
Cco in the supply device (Tables 2, 3).

Eco 4 — h/R1k=01092

3,0967 m34
4,281204 23
5,15758 =12

=01

6,15531
6,909967
7,202792
Lem/le

7,374883 1,53

7,594724 141

Re, 104 1,16

WR,,=0,13
gCl}

3,5 4

3l
335
2,5

=253

=225

152
115

051

005
14

05 1 a3 Lent/Ruk

1,18

0 - - - - - - \

2,606671 4,204094 509533 6,494875 7,348922 7,896081 8343457 8,684101
Re, 10+

0

Puc. 7. Iloepxuoctu yposHe# (yHkiuu (6a3st ganubix) C.o = (L, / Ry.h/ Ry, Rey) :

a — OTHOCHUTENbHAs IMPUHA BXOAHOTO KaHana h/ R, =0.092;6— h/ R, =0.013

Fig. 7. Surfaces of function levels (databases) C ., =(L,,, / R..h/ Ry, Rey) :

a — relative width of the input channel 4/ R, =0.092;b— h/ R, =0.013
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Loss coefficients (¢ and speed ¢, for a ring supply device

Table 2

K2-25 K6-32
o Len/Ryi hIR i Rey Pu o Len/Ryz hIR i Rey Pu
3.0209067 1.04 0.083 17520.65 0.2889737 2.6914906 1.33 0.25 28199.46 0.350395
2.81332385 1.04 0.083 21327.45 0.4220766 1.3009716 1.33 0.25 24833.99 0.5772179
2.7729739 1.04 0.083 26275.56 0,4445341 1.2320646 1.33 0.25 31322.3 0.5997001
3.1156121 1.04 0.083 29045.19 0.3552896 1.732688 1.33 0.25 39639.36 0.5403541
2.8642894 1.04 0.083 30264.05 0.4435942 2.0409651 1.33 0.25 44025.96 0.5012578
2.880883 1.04 0.083 32048.86 0.4319966 1.7411898 1.33 0.25 47618.09 0.5481886
2.7712986 1.04 0.083 32068.46 0.4661496 1.8086491 1.33 0.25 50644.91 0.541099
2.8155358 1.04 0.083 30754.69 0.4596947 1.7884947 1.33 0.25 50892.56 0.5436699
Table 3
Loss coefficients ¢y and speed ¢, for a spiral feed device
C2-28 C6-39
o Len/Rik h/R i Rey Qu o Len/Rik hIR Reg Qu
3.3439123 1.16 0.083 30933.17 0.2453211 1.7325754 1.62 0.25 19870.44 0.4304552
3.01471724 1.16 0.083 38247.2 0.3147172 2.6571707 1.62 0.25 30967.94 0.3141631
3.1387546 1.16 0.083 45548.23 0.3981814 1.9631256 1.62 0.25 32378.77 0.4201886
2.98048791 1.16 0.083 55432.55 0.3672183 2.1385318 1.62 0.25 40561.44 0.4038012
2.9605327 1.16 0.083 60051.83 0.3609476 2.0742571 1.62 0.25 44835.47 0.4082927
2.9455596 1.16 0.083 64664.08 0.3731699 1.8497709 1.62 0.25 52284.86 0.4391877
3.12578929 1.16 0.083 67022.12 0.3387341 1.801266 1.62 0.25 54236.36 0.445411
3.3556589 1.16 0.083 69246.83 0.2580974 1.6874583 1.62 0.25 58712.84 0.4565281
Table 4
Results of calculations of loss coefficients in the radial section of the flow
Ne C(;E/Uo) 2o Po Tou dfn/u/ dR Cg(/) Ag/uo Czu/k HZ/{ Ap Px 2k po-p U, 2 | Craduch. Reg
[m/s] [Pa] [Pa] [NV]vm [m/s] [m] s | [m7s] [m?/s] [m/s] [Pa] [Pa] (k-1)p U2 1—70
1 89 | 103750 98955 314 408.2 | 2.314 | 0.816 1.5 62.4 662 98923 0.487 0.508 0.995 17500
2 107 | 111260 | 103710 43.32 4584 | 2.782 | 0.916 1.87 77.8 961 102749 0.518 0.471 0.983 21300
3 133 | 123277 | 110844 63.4 5443 | 3.458 1.09 2.37 98.7 1493 109351 0.492 0.449 0.941 26286
4 147 | 139803 | 122733 75.5 582.2 | 3.828 1.16 2.662 111 1828 120905 0.493 0.43 0.923 29045
5 153 | 157831 13700 81.0 594 .4 3.98 1.19 2.8 116 1982 135018 0.4936 0.425 0.919 30264
6 162 | 174356 | 148890 89.23 610.5 42 1.221 2.98 124 2216 146674 0.494 0.412 0.906 32048
7 162 | 193866 | 165535 89.4 598.2 421 1.196 2.014 125.6 2223 163312 0.4944 0.398 0.8924 32068
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Conclusion

Based on the research results, it is clear that the tangential supply device of a radial microturbine
topologically represents boundary flow conditions that consistently combine hydraulic losses of local
resistance: sudden expansion, flow reversal by 90°, flow in a radially swirled section in front of the
impeller. Formally, hydraulically, local losses are summed up through hydraulic straight sections. In
our case, local resistance losses are combined and mutually influence each other, which excludes their
summation in the general case [14]. Therefore, from the point of view of the adequacy of the results, it
is preferable to use the loss coefficient database in the supply device. Addition of losses is possible
only as an approximate estimate.

1. Experimental results on the loss coefficient  , =(L,

! Rish/ Ry; Rey) and for annular and spiral
tangential supply devices are presented in the form of a database. In general, the database is a table
function of three variables:

Len/Rix 1s a relative input arm;

h/Ryy is a relative width of the input channel;

Reo is the Reynolds number for the velocity Co(Up) in the tangential channel.

2. The loss coefficient function is quite monotonic and does not have bright extrema; the value
of the function is approximately three times higher than the value for a sudden expansion of the flow,
which suggests its additive structure.

3. Based on the results of a comparative energy analysis, in a first approximation, the follow-
ing structure of energy losses in the tangential supply device of a microturbine is proposed, which is

practically consistent with the value of experimental losses: £ ,=¢,, .., + Cog0 * Craduch.> where Gy ras 18

losses due to sudden expansion; C9o° is losses due to flow reversal by 90° (aguch. 1S friction losses on

the radial section of the channel.
4. A similar database was obtained for the speed coefficient @,
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