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INVESTIGATION OF GAS MOVEMENT AND HEAT TRANSFER
IN ROTATING ROTORS

V. V. Mal'ftsev
(Candidate of Technical Sciences)

Investigations published recently [3] allowed us to explain the
fundamental dependences and the significant influence of the rotationa:
speed of the rotor of an electrical machine on the gas flow friction
in channels,

In order to be able to determine the heat-transfer coefficients
in axial and radial channels two experimental devices were especlally
constructed., The basic part of the device for investigating radial
channels 1s a tube with an instrument head (Fig. 1) which 1is screwed
into the cylinder on the shaft of the electric motor [3]. The air
travels along the tube toward the axis of rotation or away from it.

Heat probe 6 (Fig. 1) 1s a smal tube of fine glass cloth ribbon
mouﬁted in measuring cylinde 7 made of asbestos-cement materilal; to
the inner surface of the small tube is attached a copper wire running
zigzag coll to coll. The exposed part of the conductors is abraded
and forms a continuous cylindrical copper surface divided by fine
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Insulation fllaments. This surface is washed by a cooling flow.

The measuring cylinder was lnserted and baked into an ebonlte
sleeve 2 which was then heat-insulated by asbestos linen with inter-
medlate layers of aluminum foill 5.

The experiment was conducted

Y
3
l % = > 7 in the followlng manner. The
s i~
3 “;qgizf@ examined channel received the
N | .
v ¥ v b prescribed rotational speed and

Fig. 1. Measuring head. speclific air flow. Then a certain

13 conductors; 2) ebonite sleeve; constant current I was passed
3) cap; 4) screen; 5) heat insu-
- lation; 6) heat probe; 7) measur- through the probe, heating its

ing cylinder.
active surface., When a steady-

state heat regime was attained we measured the rotational speed n,

the velocity of the alr in the channel v, the probe current and the
voltage drop on the winding of the probe U; from the magnitude of

the winding resistance of the probe R we determined the probe tempera-
ture and the dispersed power.

In order to determine leakage a special test was conducted during
which the outlet from the tube was closed, the probe was heated, and
we determined the dependence of the power required by the probe on
the heating of its winding above the temperature of the amblent medium

6 for various rotational speeds
Py =f0). ]
When processing the test data on the power fed to the probe

2R we calculated the power removed by the air Pa =P - P1

P =UI =1 p

p
znd then the heat-transfer coefficient:

— I,,
= Fare
where F 1s the area of cooling of the probe, At 1s the temperature
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drop between the wall and the air in the channel.

To determine the coefficient of heat transfer in the axial
channels of a turbogenerator rotor and its dependence on the rotational
speeds a device was constructed similar to one described earlier [3],
the only difference being that the rotating cylinder on the shaft of
the motor 1s more massive and the instrument head 1s placed axially
in 1it. |

Flgure 2 shows a probe for determining the heat-transfer coeffi-
clent in the examined channel. The probe has an internal coil 1 onto
which is wound a basic heating coil. Into the internal coll 1s placed
".1nsu1ation cylinder 2 with series-connected thermocouples for measuring
‘the temperature drops between the lnner and outer walls of the insula-
tion cylinder.,

Compensation coll 3 is used to prevent transfer of heat. By
changing the current in the coll we can determine that state of the
probe for which leakage of heat from the inner coll is equal to zero
and all its power is directed only into the channels of the investi-
gated section. The temperature of the channel wall 1s recorded by
thermocouple 4 placed in it. The temperature of the cooling air 1is
determined by thermocouple 5.

In order to determine the heat-transfer coefflcient tests were
made on a stationary cylinder with rotational speeds of 200, %00, and
600 rﬁm.

Figure 3 shows the results of investigating the coefficlents of
heat transfer in radial channels with various rotational speeds and
movement of the air away from the axis of rotation; Fig. 4 shows the

same for movement toward the axis of rotatlon.
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As 18 evldent from the derived depgndences, durlng laminar flow
with an increase in rotational speeds the heat-transfer coeffiliclent
decreases, To explalin this phenomenon it 1s necessary to return to
an examination of friction flow [3] obtained during an investigation
of the movement of alr in rotating radial channels (Fig. 7).
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Fig. 2. Sensor for measur- Fig. 3. Heat-transfer coefficlents
ing the heat-transfer in radial channels of a rotor during
coefficlent. centrifugal movement of alr. :

1), 2), 3), 4) when n 1s equal to O,
500, 750, and 1000 rpm, respectively.

With an increase in rotational speed the coefficlent of flow
friction increases and the converslon to turbulent flow occurs at
h?~v Rewnelds numhers; centrlifugal farces damp the vorticlty in the
flow,

We will examine a particle of moving gas in a fleld of centrifugal
forces; thils particle, having recelved a disturbance from the wall or
some other disturbed pérticle, should move in a radlal direction toward
he axlis of rotatlion. Such a particle should change from a large
radius of rotation to a sméll one, l.e., it should perform work,

overcoming centrifugal forces which can be many tlmes greater than
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the forces disturbing the particle. Therefore, radial movement of

a particle 1s rapidly stopped; pulsations in the direction opposite
that of the centrifugal forces are damped under their action, The
Coriolis forces exert a simllar influence in & transverse direction.
On account of this, the magnitude of critical Reynolds numbers becomes
greater with an increase in the rotational speed.

The flow frictions of a laminar flow for the same Reynolds numbers
increase with an increase of the rotational speed of the rotor [3],
l1.e., they become the same as they would be at lower Re in a fixed
channel (with less disturbed flow). Along with this, the transfer of
heat from the walls of the channel into the middle of the flow becomes
less intensive with an lncrease 1n centrifugal forces.

Free convection also decreases on account of the difference of

_ :pecific weights of hot and cold particles 1n the fleld of centrifugal

‘forces on the walls of radially-oriented channels.

The smoothing out of vortlcity in the field of centrifugal forces
occurs both during movements toward the axis of rotation and without
such movements. However, the magnitudes of the heat-transfer coeffl-
clents when moving away from the axis of rotation and toward it for
the same Re do not coincide (Figs. 3,%4), although their nature is
identical. Let us note, however, that 1f the curves corresponding to
transfer wlth movement away from the axis of rotation shift to the
right'then they'will colncide, This is evidently due to the fact that
with movement away from the axis of rotation the probe was located
approximately 30 diameters from the inlet, while with movement toward

the axis of rotation it was 3 diameters from the inlet.



vt :
1
l oy
i
144 V4
o .
1 %
e <0
[ T4
am | N ya
s = v
2y M |
| D y.4
: " ’
H- < %
. - -
W= ot 1 3 T2
Fig. 4. Heat-transfer coeffi-

clents in radial channels with
centripetal movement of the

air.
30

1, 2, 3,

The results of the
investigations of heat
transfer in axlal channels
of a rotating rotor, given
in Fig. 5, show that with
an Increase of the rota-
tlonal speed during lamil-
nar flow the heqt-transfer
coefflicients iricrease,

At first glance it
seems paradoxical that

in radial channels the

4) same as Fig.

i |1 2 3 10 15

1.9 1,441,281 1,1811,131,05

Y

It 1s known that the local

coefficlents of heat transfer aloc

decrease with distance from the

channel inlet,

a
- _loc
a

If we take the ratlo

£ i1t will change with

A
distance from the inlet as 1s shown

in the table [1].
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Fig. 5. Heat transfer coefficlents in

axial channels of a rotor.

when

1’2’354
n = 0, 200, 400, and 600 rpm,

respectively.

heat-tronsfer coefficlent decreases during rotation while in axial

channels it increases,

Upon closer examination of the vorticity in

the axial channels this apparent contradiction can be explained.

The examined channel of circular cross section can be considered

to consist of two halves:

upper and lower,

The centrifugal forces

from the lower part are directed toward the upper; the boundary lzyor

v
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at the walls of the channel are heated more than in the central part.
In the upper half of the channel the colder layers of air, which are
heavier, develop greater centrifugal forces than the light layers
and, therefore, the cold alr forces the heated air from the upper
wall creating conditions of improved heat transfer. In the lower
half opposite phenomena are observed. Such a distribution of the
layers of alr restrains vorticity, impairing heat transfer. Since
'the upper half of the channel 1s on the large radlus with higher
centrifugal forces, the effect of lmproving heat transfer in the
channel prevalls.

Besldes this, the expelled heated layers move along the walls
creating transverse circulation in the boundary layer which spreads
to the lower half of the channel, improving heat-transfer conditions.
Thus, the total effect durling laminar flow in an axlal channel 1s
characterized by the increased heat-transfer coefficlent with increased
rotational speed.

In all cases of developing turbulent flow the heat-transfer
coefficlents for rotating channels correspond éo fixed channels and
can be determined by the usual formulas.

Heat transfer in the channel of a rotor 1s expressed by the

following function:
Py=FaAt, (1 )

where Fk 1s the heat removal surface;
At 1s the average excess of temperature of the copper rotor over
the temperature of the gas in the channel;
a=2 Ny, (2)
a 1s the heat-transfer coefficient;

kf 1s the heat conduction of the cooling gas;
d is the hydraulic diameter of the channel;
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Nu 1s the Nusselt number,
For laminar movement in fixed channels
Nu=0,17 Rets* Pr Groa (P11 , (3)
where Prw and Prf are the Prandtl numbers in the boundary layer and
middle of the flow respectively;

Gr=2{psr 18 the Grashof number;
v 1s the kinematlc viscosity;
g 1s the acceleration of gravity; .
B is the coefficient of cubical thermal expansion of gaé;

At! 1s the temperature excess of the wall over the tempera-
ture of the gas in the channel.

For turbulent movement
Nu=0,02] Re*.* pr;).n (;;,_)o_:l (4)

or for dlatomic gases
Nu=0,018-Re®-*. (5)
As is shown by calculations and comparisons of the coefflclents
of heat transfer found experimentally we should introduce, a correction
factor into Formula (3), which takes into account the dimensions of
the channel, the rotational speed, and velocity of the gas in the

channels:

'PP = od ' » ’
V;"-—I,J.mfm- (6)

where w 1s the angular rotational speed of the channel;
Vi 1s the relative gas veloclty in the channel.
Then the heat-transfer coefficient for a rotating radial channel

with laminar movement of a fluid (gas) is

apr = epra ’ - A7)
where o 13 defined by Formula (2):
a= 0:]70,,;- -Z-'- Re'-"Gr"'Pr'-“ (TPrr_,)o,u (8 )

The heat-transfer coefficient in rotating axlal channels dwring

laminar flow 1s
-8~



Qg = €pas (9)

nhere apa=;/‘§-‘;"--1,4.xo-°m~. " (10)
In order to refine and generalize Expressions (6) and (10)
into a single calculation formula it 1s necessary to conduct physical
investigations to determine the increase, the thermal boundary layer,
and the peculiarities of vorticity.

The available data allow us to formulate four oonditions which
detérmine the peculiaritles of heat transfer in rotating channels:

1) During laminar flow in the channels of a rotating rotor the
coefficlents of heat transfer depend on the rotatlional speed.

2) The coefficients of heat transfer in rotating radlal channels
during laminar flow decrease when the rotational speed increases.

3) The coefficlent of heat transfer in axial channels during
laminar flow increases wlth increasing rotational speed.

4) with developed turbulent flow the coefficients of heat trans-
fer 1n the rotating channels do not depend on the rotational spegd.

Let us examine the movement of a gas flow in the air gap of an
electrical machine when the rotor rotates wlth a periphal veloclty
u and the gas moves along the gap with veloclty Vo

Under the effect of the force of pressure in an axial direction

P, =AHF,, (11)

where'Fz 1s the cross-sectional area of the alr gap;

AH is the pressure drop between the 1nlet to the gap and the
outlet from 1t.

The gas flow in the gap moves hellcally with an absolute velocity
¢ which with respect to the surface of the stator will be expressed

as ¢ =y'u;’+;}", and relative to the rotor ¢, = Y vg +we

(here ve 1s the axial velocity component; v and W

-9-



are the tangentlal components relative to the stator and rotor,
respectively).

The total force of the reaction of the surfaces of the rotor and
stator P 1s proportional to 02.

When calculating electrical machines we are usually lnterested
not in this force but in two components: the tangential component Pr
on the rotor, since 1t determines the moment of resistamce to rotation
of the rotor and the assoclates energy loss to friction aéainst the
gas, and the axlal component Pa which determines the pressure losses
of the fan which ensures gas flow along the gap.

In the given case an axlal force 1s examined which is equal to

the sum of the axial components on the surface of the stator Pas and

on the surface of the rotor Par:

Va Va Va, Va
P@ = Pas + Par; Pas =P E;-— Ts Fs E;y Par =P E; TrFr S 3
2
2 pc v c.V pc.v
s P g Ya,o Prg Ya, Pos'a r's
P, = Cg _gg Fg o + Cp F, . Cy Fg —3 + CL.F,
(12)

2 2 .
pc pc
where TS = CS —55- and Tp = Cr —55 are the tangent stresses on the

surface of the stator and rotor, respectively.

Having substituted P, from (11) into (12) and assuming that

Fa==(R} —R));

Fy =2xR,1;

Fr=21‘R|I;
¢=R,—R,

we obtain:

M =Cy —L oo 1 1
o T , (12)

Whencsscr=0and6<<R

10~



having substituted in (13)

’ AH
C==, .
3 PCua
If we express C by means of the dynamlc head of velocity ./cva

and assume A = 2C then similarly with normal channels
a= 20 (14)

l_ pcva
¢ 2

In order to experimentally determine the coefficlent of resistance

of an air gap a device was constructed whose basic part 1s a rotating
rotor inserted into an interchangeable cylinder.

At one end the gap between the cylinder and the rotor communicates
with the chamber; the other end of the gap communicates with the
laboratory. Attached to the chamber 1s a fan which ensures the admis-
slon and feed of alr into the tube in which a multipller measures the
‘,air flow through the device. The rotational speed of the rotor 1s
varied from O to 4000 rpm.

’The velocity field between the rotor and cylinder in planes along
the rotor is measured by a microtube and an electrothermoanemometer,
The devlce includes four interchangeable cylinders having various
diameters of internal bare.

In order to determine the effect of roughness of the stator and
rotor on the coefficients of friction C, and Cg the surfaces of the
latter were covered with emery cloth of various grit, smooth surfaces
(tracing paper), and also corrugations in the form of a wound spiral

with different pitch and with. different magnitudes of the projection.



Figure 6 shows the results of the experimental investigations
processed using Formula (14).

As 1s evident from Fig. 6, if for the determining speed we assu
/GV; and for the determining dimension R, - Ry = & (see line P anu
the experimental points near i1t), the magnitude A in the area of
laminar flow coincldes with Polseullle's law. But the transition from
Jaminar to turbulent flow occurs wlth Reynolds numbers whiqh are lower
than in fixed stralght channels.

The conducted investigations and an analysis of the data [5,8]
allow us to establish the following:

1) The values of tre critical Reynold's numbers Recr depend on
the rotational speed of the rotor, gas flows through the gap, geometrl
dimensions of the rotor and the gap, and the roughness of the surfaces
of the rotor and stator, and 1s found within the limits

Reor o0 < Reer < Regp n=oe. (15)

where Re 0 1s the critical Reynold's number for a rotating rotor

and in axlial flow through the gap;

Recr ne=0 1s the critical Reynold's number for a fixed rotor
B and axial flow through the gap.

cr Q =

2 The greater the ratlo of axlal veloclty to peripheral veloclty
the larger the value of Recr.

3 With identlcally smooth surfaces of the rotor and stator and
no axial flow, according to [5],

3
Re,, 0 =413)/ K. (16)

In straight smooth channels Re 0= 2200,

cr n =
Investigations, the results of which are given in [7-9], show
that with axlial flow the values of Recr do not exceed the limits set

by Expression (15).

12~



The majority of electrical machines with axial air flow tnrough
the gas have Re > 3000 i1.e., the gas flow in their air gap is turbulent.
In the region of turbulent flow the coefficlents of frictional

resistance in an air gap wlth a rotating rotor correspond to the
coefficients in an annular gap with a fixed rotor [see line B, Fig.
6 and its surrounding points as well as line 2 calculated by the
Altschul formula ;.-o.l( .+£—°)°’“5.

If the surfaces of the stator and rotor have unequal roughnesses,
the pressure drops are determined by Formula (13). The coefficients

of resistance Cs and Cr are found from the expressions

G =005(s, +gr)" (17)
Cp=0,05 (., 4 )o.rs’ (18)
r
where
ks, kr
"'-“T' r=‘3"
Ry =Y2; Re,.=—@.
Figure 7 shows the results
U : of .the investigation of the flow
o0
p R B ?‘ﬂ-‘_*b‘z-— friction of a gap with a corru-
u” o LJ x et
3&; Pt i i - gated rotor. The surface of the
a
o.00 p , ) &E rotor has annular roughness with
0,03 v P
\ » projections commensurate with
Re
003 5 T 3 v & & e’ 2 the value of the gap, for which

: e> 0.2 and € € 0.2,
Fig. 6. Flow friction of an air > <

gap with a rotating rotor, As 1s evident from Fig. 7,
smooth, stator rough
t)_"g‘fggs P) from P°1seu11‘{§.; the calculated and experimental

law; B) from the Blasius law;
©) n=20; X) n=500; A) n=
= 1000; 0O) n = 2000; O) n =
3000, and A) n = 3500 rpm.

values colincide.



.:¢ vhe rotor 1s corrugated with an annular roughness commen-
«wrate with the magnitude of the alr gap g > 0.2, the coefficient of
resistance 1s analogous with labryrinth sealing [2i; the determining
dimensions (width of the projections, depressions, etc.) are assumed
to be the same as are obtained along the trajectory of moving flow,
taking into account twistling of the gas Jjet,
Of slgnificant interest for quantitative and qualitative evalua-
tlion of heat and mass transfer 1n an alr gap are the investigatlons

of the temperature field of the air gap carried out on a special

model.
w./fcacd-?
B (1
JrF RN a
° L
3 {'
) —— .D ‘ ‘3 w, 1_4
' 2 3 ¢ & 8 w2} 2008 Z
]
Fig. 7. Coefficlents of resis- - 0,008 |—
tance of an air gap with annular z 4
roughness of the rotor. woor i
——————— ) by calculation; O), ) A('
' X), A) experimental points for 0,003 4
D, = 310; D1 = 300; € = 0.6 and L7 |v=w
n“= 1000, 2000, and 3000 rpm, 20 s Re
respectively; O),A), N\), experi- 0* Z 3 ¥ 56

mental points for D, = 305; Fig. 8. Dependence of the the
D, = 300; ¢ = 0.4 and n = 1000, coefficient of heat transfer from

the surface of a rotor on the
2000 and 3000 rpm respectively. rotational speed with turbulent

flow. ) eﬁperimint (when
n=var and Q = 0); ---) calcula-
It has been established tion for equivalent velocities in g
that the temperature field of a straight channel (Nu = 0,018 Re®- ).

the alr gap along the length of

the machine depends on the distribution of the flow of cooling gas
over the gap and the quantity of heat carriéd off by the gas flow,
The point sources of heat or heated gases exert no noticeable local
influence on the temperature field of the alr gap, but they influence

it only as components in the general heat balance.
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Between the sections of the air gap (compartments) in which are .
located the sources of heated and cold gas there exists active heat
and mass transfer which increases with an increase in the rotational
speed and decreases with an increase of gas flow along the main channe;.

The results of the investigations of heat transfer from the sur-
face of a rotating rotor are shown in Figs. 8, 9, and 10. Figure 8
shows the experimental values of a for the surface of the rotating
rotor and for a stralght channel whose walls are washed at the same
relative veloclity as the surface of the rotor. As is evident from
Fig. 8 the values of a for the surface of the rotor are approximately
* two times greater than 1n a fixed channel.

In order to explain this phenomenon let us return to an examina-
tion of the fleld of rotational speeds of air in the air gap of a
machine [4]. The particles located closer to the rotor rotate at
a higher perlpheral veloclty; hence centrifugal forces which are larger
in magnitude than those acting on particles in the middle of the flow,
forcing them back from the rotor, _

Under the 1nf1ueﬁce of centrifugal forces the mass transfer is
intensified in the boundary layer and between the middle of the flow
and the boundary layer. This same rule 1s confirmed by the following
phenomenon which was discovered during the experiments.

Figure 9 shows the results of the experiments to determine the
dependence a = £ (At) for various rotor rot_ational speeds, air flow
through the gaps, and temperatures of the surface of heat removed.

When At > 5o°c the heat-transfer coefficient a 1s practically indepen-
dent of At. With small tepperature drops between the air in the gap
and surface of the rotating rotor. the heat-transfer coefficient shaﬁply

increases when At decreases, l.e,, with heat transfer from the rotor

~15=



» the alr the centrifugal forces create the reverse effect.

0

=
=<7

. wrr A/
W /If'-rfc:"c [V Jeat (1
% oL

2,02

w1
\

\ :

000 © rpm

Fig. 10. Dependence of the
coefficlent of heat transfer
from the surface of a rotating
rotor a on the rotational speed

;7;§:
(AR

iy and air flow through the gap.
1) when Q = 0.0895 m3/sec; 2)
A - Q = 0.136 m’/sec; 3) Q = 0,182
3 ) 3 .
Fig, 9. Dependence of the ?)/3e3,04) Q = 0.272 m"/sec;
coefficient of heat trans- *

fer from the surface of a
rotating rotor on the tem-

perature drop Q = 0.0908 The gas particles in the
mj/sec. ©) n = 1500 rpm; boundary layer on the surface of
X)n=1250 rpm; O) n =

= 1000 rpm; O) n = 750 rpm; the rotor are heated more than

A) n = 500 rpm.
those in the center of the flow,

and hence are lighter. The rotating rotor centrifuges the cold
particles, hampering theilr access to the surface of the rotor and
impairing heat transfer.

The phenomenon of intensifying the heat and mass transfer between
the boundary layer and middle of the flow, caused by the velocity
gradient in the boundary layer of the rotor, is partlally neutralized.

If the axial air flow Qa i1s gradually increased in the air gap
with a rotating rotor, then at first with low flow rates the coeffi-

clent of heat trars fer for the rotor 1s decreased as compared to the

FID-TT-63-366/1+2+4 -16-



regime when Qa = 0; it then increases as Qa increases, For a high
flow-rate increase, o becomes larger than when Q, = 0 (Fig. 10).

This phenomenon is observed both with lamingr and turbulent flow.
It is assoclated with a change in the curvature of the flow trajectory.
When Qa = O the alr particles in the gap travel in a circle, when
Qa O they travel in a spiral. With an increase of Qa v, the
step of the rotation trajectory becomes larger and its curvature
decreases, in connection with which the angular rotational speed of
the air decreases and hence the magnitude of the centrifugal forces
which intensify heat exchange decreases compare curves 5 and 1);

. therefore at small Vgo when the veloclty of alr relative to the rotor
ey = JT;E':f;;E' practically independent of the value of v, a reduc-
tion of a 1s observed with an increase of Vge

With a further increase of Vqs» there will be an increase in
Cy and, naturally, the heat transfer coefficlent.

When Va > W the effect of rotation on the value of a is imper-
ceptible.

The results of the physical investigations on models were compared
with the results of investigations on full-scale installations.

The VNIIEM [All-Union Scientific-Research Institute of the
Electrical Industry] together with plants tested turbogenerators
TVF-100, TVV-165, TVV-200, TVV-300, TVO-30, and TGV-200 and then
made thermal an¢ ventlilating calculations.

In all cases the results of the measurements on the full-scale
installations were in good agreement with the calculations for which
the described results of the investigations were used as a basis.

In asynchronous machihes, specialized machines, and direct-current

machines good agreement between experiment and calculation is observed.
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