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This paper considers the problem of modeling a rotational flow in the radial-annular cavity of turbo machines with
fixed walls. This case corresponds to the boundary conditions of the supply channel for a radial centripetal turbine. In
the presented model, the flow is conventionally divided into radial and circumferential movement. The radial compo-
nent of the velocity is determined by the mass flow rate from the continuity equation, the circumferential component is
formed by the tangential channel supply. The main equation in the integration is the equation of the change in the mo-
mentum for the flow in the form of the Euler equation. In the case of the circumferential component of the velocity, the
angular momentum law is used, assuming the potentiality of the flow and the constancy of the angular momentum
within the integration step. As a result of the transformations of the motion equations, differential equations for the ra-
dial, circumferential component of velocity and static pressure are obtained, which represent a certain system of three
equations in three unknowns. The system of equations allows integration under known boundary conditions at the inlet;
as a result of integration, it is possible to obtain the field of distributions of velocities and pressures along the radius of
the radial-annular cavity. The results of the study can be used in modeling the circumferential and radial forces on the
rotor (impeller) of turbo machines.

Keywords: radial-annular cavity, turbo machine, flow dynamics, continuity equations, Euler equations, boundary
conditions, impeller.
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B pabome paccmompena 3a0aua Mooeruposanus 6pauamenbHo20 medeHust 8 paoudibHo-KoabYesol noI0Cmu myp-
OOMAWUH ¢ HENOOBUNCHBIMU CMEHKaMU. JlanHblll pacuemmublil Cyuatl COOMEEemCmayem ePAHUYHbIM YCI08USIM NO0B0-
Ose20 Kanana 01 paouanibHOU YeHmpoCmpemumenvHou mypounvl. B npeocmasienHou mooenu HOMOK YCIO08HO
pasoeien Ha paduaibHoe U OKpPYJICHoe OsudiceHue. Paduanvhas cocmasnsiouas cKOpocmu Onpeoeisiemcs Macco8blm
PAcxoo0om u3 ypasHeHus. Hepa3pbleHOCMU, OKPYICHAS COCMAGISIOWAs hopmupyemcs: maHeeHYuaibHblM KAHATbHbIM
1n006000M. OCHOBHBIM YPABHEHUEM NPU UHINEZPUPOBAHUL AGISECS YPAGHEHUE USMEHEHUS KOIUYeCmead 08UCeHUs 05
nomoka 6 ghopme ypaenenusi Junepa. B ciyuae oxpysicHoll cocmasisiioweli CKOpocmu UCHONb3YenCsl 3aKOH USMEHEeHUs
MOMEHMA KOIUHEeCMEa OBUNCEHUS NPU OONYUWEHUY NOMEHYUATLHOCU NOMOKA U NOCMOSIHCIMEA MOMEHMA KOIUYECmEd
ogudicenusl 6 npedenax waza uHmezpuposanus. B pesynomame npeobpazoeanuii ypasHeHull KOaU4ecmea OBUNCEHUS
nonyuenvl Oupepenyuanvivie ypagHenus O pAOUANbHOU U OKPYICHOU COCMABIAIOWUX CKOPOCMU, d MaKdice
0L CMamuy4ecko20 0agieHUs, NPeOCmasisiouie OnpeoesieHiylo CUCIeMy Mmpex YPAGHEHUT C MpPemMsl HeU38eCHHbIMU.
Cucmema ypasHeHuti no360J1sem 6eCmu UHMeZPUPOBAHUEe NPU U3GECHIHBIX 2DAHUYHBIX YCIOBUSX HA 6X00€, 8 Pe3yibma-
me UHMeZPUPOBAHUsL BO3MONCHO NOIYYUMb NOJe PACHPedeNeHUll CKOpocmell U Od6leHull no paouycy paoudibHO-
Konbyesol nonocmu. Pezymbmamel uccredosanus mo2ym Obimb UCHOAb306AHbL NPU MOOETUPOBAHUU OKPYICHBIX
U paouanbHuIX yCUIUl Ha pomop (pabouee Koaeco) mypooMauiun.

Kniouegvie cnosa: paouanvbHo-konvyesas noiocms, mypooMaund, OUHAMUKA NOMOKA, YPAGHEHUs. HEPA3PLIGHOCIU,
ypasnenus Jinepa, epaHuynble yCciosus, paboyee Koaeco.
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Introduction. Turbo machines of wvarious types
(pumps, compressors, turbines, expansion engines) are
currently being used everywhere. While designing and
constructing turbo machines, specialists often have to deal
with the issue how to model the movement of liquid flow
or gas flow in working cavities properly in order to assess
the distribution fields of velocity and pressure, friction
stresses, coefficients of losses and the overall energy effi-
ciency of a turbo machine [1-4]. The problem of model-
ing is complicated by the fact that the flow has a complex
spatial nature [5—6], for which it makes sense to decom-
pose the main system of equations into two projections —
radial and circumferential ones. The final form of the
system of equations of motion depends on the design
of the cavity of a turbo machine [7].

Herewith, we consider the problem of modeling a ro-
tational flow in a radial-annular cavity of a turbo machine
with fixed walls, which corresponds to the boundary con-
ditions of the supply channel for a radial centripetal tur-
bine. The approach presented in this work can be used to
calculate the turbines of other types.

Research task description. The main task of the
work is to obtain a system of equations that properly
describe the fields of pressure and velocity distribution
at the inlet into the impeller for the design case of flow
in the supply device of a radial centripetal turbine. It is
necessary to consider the following characteristic aspects
[8-11]:

— the correct formation (without losses) of the velocity
and pressure fields in front of the impeller mainly deter-
mines the value of the circumferential power of a turbine,
and, as a consequence, the overall efficiency of a turbine.

— the partiality, nonuniformity of the velocity and
pressure fields in this area determine the value of axial

load on the turbine rotor, which reduces the resource of
rolling units [12].

To solve the problem, it is necessary to transform the
equations of motion together with the continuity equation
in order to obtain expressions for numerical integration
for the flow rate and circumferential velocity components,
as well as static pressure, taking the mass velocity into
consideration as an initial parameter.

Basic assumptions and design flow diagram. The
radial-annular cavities of turbo machines with multidirec-
tional flows relative to the radius R can form a confusor
or diffuser flow. This flow is asymmetric, therefore, the
solution is considered in cylindrical coordinates with the
condition 0/0x = 0.

There are two possible cases of flow: purely radial
C = Vi and radial-circumferential C = (Vz* + U%)".
In both cases, we use the momentum conservation
equation for the mass fluid flow for the analysis. The
design diagram of the radial-annular cavity is shown
in figure.

The flow area in the radial direction Fy is defined as
follows:

Fp=2mR-n,,, (1)

where R is the radius of the cavity, ny, is the axial clear-
ance in the direction of the z coordinate.

The incrementation of the flow area in the radial direc-
tion:

dF, =2nR-dR. ©)

The equations (1) and (2) determine the geometric pa-
rameters of the flow area at the integration step, which
make it possible to find the radial velocity at a known
mass flow rate of the actuation fluid.

'f\l

a

Design diagram of a radial-annular cavity:
R, Z, a — coordinates; C, U, Vz — velocity components; Tyg, Ty, — friction stresses
in the radial and circumferential direction; ny. — normal gap clearance

PacuetHas cxema paguaibHO-KOJIBLEBOM MOJIOCTH:
R, Z, a — xoopnunatsl; C, U, Vp — KOMIIOHEHTBI CKOPOCTH; TR, Toa — HATIPSDKEHHUS
TPEHHS B PAJUAIBHOM U OKPY>KHOM HAIPaBJICHUU;
119; — HOPMAJIbHBIN 3230p
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Mathematical model of the flow. The incrementation
in the change in the momentum for the flow in differential
form is determined by the equation:

d(p-F
deR -dR = (IZ]R R)‘dR+2szToR» 3)

dR

where m is a mass flow; V; is a radial velocity compo-

nent; Ty is the circumferential component of the friction

stress on the wall, p is a pressure quantity.

Taking (1) into consideration, the equation for the ra-
dial velocity component has the following form:

m m

V =

= . 4
p'FR p'ZTCRnoz @
We change the equation (3) taking (2) into considera-

tion:
AV . dp

dF,
=Fy—+p—2L +1_,-4nRdR. 5
"R T RaR  Prar TR T ®)

We determine the derivative of the radial velocity
component using the equation (4):

dVe _ d m 3 —1il

dR dR\ p-2nRn, ) p-2nR’n’
dVp Vi
dR R’

(6)
The derivative of the flow area F g, considering (1),
is determined by the following equation:

dbp _ d

dR dR

Taking (6) and (7) into consideration, we rewrite the
equation (5) in the form:

(2n- Rn,,)=2mn,,. @)

—mVp dp
=F,—+2nn,_-p+1,, -4nR.
R R dR oz " P oR
Let us distinguish the derivative dp/dR in the equation:
dp —m 2mn, 4nR
- = — . — . TOR .
dR F,R Fj Fy ®)
Taking (1) and (4) into consideration we obtain:
dp pVR2 p 2tR
DLk P TR ©)
dR R R n,
or finally:
)
- 2
ap _ mn _P_ZTor (10)

dR p-4n*-n>-R° R n,

It will be recalled that that when flowing to the center
of coordinates (-V7%), the flow is confusor and vice versa.

For the radial flow, the system of equations (4) and (9)
is sufficient, with V3 = const. For the radial flow with a
circumferential component, the formula for the peripheral
velocity U is required. For the potential flow rot U = 0,
the following formula is satisfied:

U-R=C, =const. (11)
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The formula (11) completely determines the function
U = f(R), however, when integrating over the radius,
it is necessary to take into consideration the influence
of the circumferential component of the friction stress on
the wall 7,,; this friction stress reduces the values of Cy
for any direction of the radial velocity Vz [13].

Next we find the formula for the circumferential
component of the velocity of the radial-circumferential
flow. We use the law of changing the angular momentum
[14-15]:

2 dU-R)

-dR = dF,, ‘R, (12)

where dF; is the friction force on the elementary volume
271y, dR.
Friction force on two surfaces (see fig.):

dF,, =4-1,,-©R-dR,

mp

13)
We take the derivative of the equation (12) and take

into consideration (13):

au U
- =4
dR R

4nt R

m

>

m(Rd—U+Uj =4R-1,, -47R.
dR

We express the derivative:
auv U N 4nt, R
dR R o

Or taking U = wR into consideration we obtain the
equation:

(14)
m

do 20 4nt,

==__=2Z 15
dR R m (13)
Taking (11) into consideration, we finally obtain:
2
dc, _ 411R. Toa __ 2RT,, . (16)
dR m n, -p-Vg

The equations (14), (15), (16) can be integrated
autonomously without knowing the change in the pressure
field p.

Next, we find the formula for the static pressure for
the radial-circumferential flow. We use the equation for
changing the momentum for absolute speed (see fig.):

C=yr2+U?, (17)

Where Vi and U are determined by the equations (4)

and (11).
After transformations we obtain:
d(p-F
w2 . ar :M-dR+210R dF,,  (18)
R dR

where dF. = 4nRdR is the double lateral surface of the
elementary volume dV = 2nRny,dR, Fr = 2nRny, is the
flow area.

We define the derivatives of the velocities. The de-
rivative dVp/dR, according to the equation (6):

Ve  Va

dR R’ (19)
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Considering the equation (11), the derivative
of the circumferential component on the elementary vol-
ume dV = 2nRn,,dR can be defined as follows:

aw__c

E— 20
R (20

-
The derivative dC/dR according to the equation (17)
is defined as:

Gt 0) g o) )
=—(Vi+ D oy
1( UZ) [ZV 14 de
2 dR dR

We take into consideration the equations (19) and (20)
and continue the transformation:

ac 1(V2 UZ) 2Vd Y,
drR 2 dR dR
iC 1 [ oy C
T (vi +0?) = Q1)

Considering (21) we transform the equation (18) into
the following form:

Cm
= +p—R 421 ,-dF..
R Rgr TP Tgp TR

After substitution of the equations (1) and (2) we ob-
tain, respectively:

3 dp  dFy

(22)

R _onn . 2dF. —4nRAR; Fy=2Rn, :
Thereupon:
Fy
€ 4R = Py pTh ) aR 441, 7 R-dR
R R ar R

We simplify the last equation by dR, as a result we ob-
tain:

—mC Fd_p

Fr
— +p—+4-n-R-1 23
R R p p R oR (23)
We express the pressure derivative:
d, 7 1 4nR-1t
BT pop e (24)
“dR RFR R Fp
Considering Vz= ri1/pFy, we obtain:
- 2.
b _ ’”ZC ) 3 (25)
dR  2nR°n, R m,

The equation (25) combined with the equations (4)
and (17) form a closed system of equations for determin-
ing the velocity and pressure fields in the radial-annular
cavity of turbo machines.

Conclusion. The mathematical model obtained in this
work can be used at complex modeling of radial centripe-
tal turbo machines for calculating the flow dynamics in
inlet and outlet devices. The model determines the fields
of velocity and pressure at the inlet and outlet of the rotor,
which is a condition that forms the vector of radial and
axial forces that determine the dynamics of the rotor, the
load on the rolling units, and, as a consequence, the re-
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source of a turbo machine in general. The approach pre-
sented in this work can be used to calculate the turbines of
other types.
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