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INVESTIGATION OF GAS MOVEMENT AND HEAT TRANSFER

IN ROTATING ROTORS

V. V. Mal'tsev

(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 am 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 especially

constructed. The basic part of the device for investigating radial

channels is a tube with an instrument head (Fig. i) which is screwed

into the cylinder on the shaft of the electric motor f3]. The air

travels along the tube toward the axis of rotation or away from it.

Heat probe 6 (Fig. i) is a snWl tube of fine glass cloth ribbon

mounted in measuring cylinder 7 made of asbestos-cement material; to

the inner surface of the small tube is attached a copper wire running

zigzag coil to coil. The exposed part of the conductors is abraded

and forms a continuous cylindrical copper surface divided by fine
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insulation filaments. This surface is washed by a cooling flow.

The measuring cylinder was inserted and baked into an ebonite

sleeve 2 which was then heat-insulated by asbestos linen with inter-

mediate layers of aluminum foil 5.

The experiment was conducted

in the following manner. The

.. > . -• examined channel received the

prescribed rotational speed and

Fig. i. Measuring head, specific air flow. Then a certain

i) conductors; 2) ebonite sleeve; constant current I was passed
3) cap; I 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 air 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 ambient medium

e for various rotational speeds

When processing the test data on the power fed to the probe

Pp W U1 = 12R we calculated the power removed by the air P = Pp - P 1

and then the heat-transfer coefficient:

where F is the area of cooling of tie probe, At is 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 is more massive and the instrument head is placed axially

in it.

Figure 2 shows a probe for determining the heat-transfer coeffi-

cient in the examined channel. The probe has an internal coil I onto

which is wound a basic heating coil. Into the internal coil is placed

insulation cylinder 2 with series-connected thermocouples for measuring

the temperature drops between the inner and outer walls of the insula-

tion cylinder.

Compensation coil 3 is used to prevent transfer of heat. By

changing the current in the coil we can determine that state of the

probe for which leakage of heat from the inner coil 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 is recorded by

thermocouple 4 placed in it. The temperature of the cooling air is

determined by thermocouple 5.

In order to determine the heat-transfer coefficient tests were

made on a stationary cylinder with rotational speeds of 200, 400, and

600 rpm.

Figure 3 shows the results of investigating the coefficients 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 rotation.
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As is evident from the derived depelndences, during laminar flow

with an increase in rotational speeds the heat-transfer coefficient

decreases. To explain this phenomenon it is necessary to return to

an examination of friction flow [3] obtained during an investigation

of the movement of air in rotating radial channels (Fig. 7).

c 
e o air

i)o2,3), 'F) hnis eqa toO
50,70, and : 100 rpm respctiely

Sd uoo ~ileJ,' 2

Fig. 2. Sensor for measur- Fig. 3. Heat-transfer coefficients
ing the heat-transfer in radial channels of a rotor during
coefficient. centrifugal movement of air.

1), 2), 3), 4) when n_ is equal toO0,
500, 750, and 1000 rpm, respectively.

With an increase in rotational speed the coefficient of flow

friction increases and the conversion to turbulent flow occurs at

- rnc~ds number-s; centrifugal forces damp the vorticity in the

flow.

We will examine a particle of moving gas in a field of centrifugal

forces; this particle, having received a disturbance from the wall or

some other disturbed particle, should move in a radial direction toward

;,h axio of rotation. Such a particle should change from a large

radius of rotation to a small one, i.e., it should perform work,

overcoming centrifugal forces which can be many times greater than,



the forces disturbing the particle. Therefore, radial movement of

a particle is rapidly stopped; pulsations in the direction opposite

that of the centrifugal forces are damped under their action. The

Coriolis forces exert a similar influence in a 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),

i.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 Increase in centrifugal forces.

Free convection also decreases on account of the difference of

specific weights of hot and cold particles in the field of centrifugal

forces on the walls of radially-oriented channels.

The smoothing out of vorticity 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 coeffi-

cients 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 if the curves corresponding to

transfer with movement away from the axis of rotation shift to the

right then they will coincide. 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.
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2 ld 1I 2 3 I0 15 20 1M 4n.Ii I f I : : :I

1.9 1.7 1.44 1,.29 ,11 1,13 1..5 1.02 1.0

AV- It is known that the local

- , - coefficients of heat transfer aA+. .. loc

decrease with distance from the

channel inlet. If we take the ratio
Fig. 4. Heat-transfer coeffi- aloc
cients in radial channels with sz = - it will change with
centripetal movement of the
air. 1, 2, 3, 4) same as Fig. distance from the inlet as is shown
3.

in the table [1].

The results of the w/C. 'c

investigations of heat

transfer in axial channels

of a rotating rotor, given 1

in Fig. 5, show that with _

an increase of the rota- 3

tional speed durintg lami-

nar flow the heat-transfer
coefficients increase. 0,0 1 6 181 V10. 3 4 8 8 -03-

At first glance it Fig. 5. Heat transfer coefficients in
axial channels of a rotor. 1,2,3,4)

seems paradoxical that when n = 0, 200, 400, and 600 rpm,
respectively.

in radial channels the

heat-tr-ansfer coefficient 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 1_F;.y..r
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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 air 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 air restrains vorticity, impairing heat transfer. Since

the upper half of the channel is on the large radius with higher

centrifugal forces, the effect of improving heat transfer in the

channel prevails.

Besides this, the expelled heated layers move along the walls

creating transverse cirqulation in the boundary'layer which spreads

to the lower half of the channel, improving heat-transfer conditions.

Thus, the total effect during laminar flow in an axial channel is

characterized by the increased heat-transfer coefficient with increased

rotational speed.

In all cases of developing turbulent flow the heat-transfer

coefficients for rotating channels correspond to fixed channels and

can be determined by the usual formulas.

Heat transfer in the channel of a rotor is expressed by the

following function:
Px= Ft. (a)

where Fk is the heat removal surface;

At is the average excess of temperature of the copper rotor over

the temperature of the gas in the channel;

d NU, (2)

a is the heat-transfer coefficient;

X' is the heat conduction of the cooling gas;

d is the hydraulic diameter of the channel;
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Nu is the Nusselt number.

For laminar movement in fixed channels

Nu = 0.17 Re#.3, Pr"' 43 0r. p / ." (3)
4- 'rO .f ] 3

where Prw and Prf are the Prandtl numbers in the boundary layer and

middle of the flow respectively;

Or = gdspi, is the Grashof number;
v is the kinematic viscosity;

g is the acceleration of gravity;

1 is the coefficient of cubical thermal expansion of gas;

At' is the temperature excess of the wall over the tempera-
ture of the gas in the channel.

For turbulent movement

Nu- 0,021 Re . PO 4. (Pr, (4.")

or for diatomic gases

Nu=0,018.Re0 '.. (5)

As is shown by calculations and comparisons of the coefficients

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:

=J/'- 1Re (6)

where w is the angular rotational speed of the channel;
vk is the relative gas velocity in the channel.

Then the heat-transfer coefficient for a rotating radial channel

with laminar movement of a fluid (gas) is

apr = epra, (7)

where a is defined byr Formula (2):

a_=_0:1'7rs" 1L Re.,a rO.,Pro.. (Pr,., y26 (8)
d .Pr.,

The heat-transfer coefficient in rotating axial channels durin-

laminar flow is
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apa -"paa' (9)

where

In order to refine and generalize Expressions (6) and (±0)

into a single calculation formula it is 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

determine the peculiarities of heat transfer in rotating channels:

i) During laminar flow in the channels of a rotating rotor the

coefficients of heat transfer depend on the rotational speed.

2) The coefficients of heat transfer in rotating radial channels

during laminar flow decrease when the rotational speed increases.

3) The coefficient of heat transfer in axial channels during

laminar flow increases with increasing rotational speed.

4) With developed turbulent flow the coefficients of heat trans-

fer in the rotating channels do not depend on the rotational speed.

Let us examine the movement of a gas flow in the air gap of an

electrical machine when the rotor rotates with a periphal velocity

u and the gas moves along the gap with velocity va.

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

where Fz is the cross-sectional area of the air gap;

AH is the pressure drop between the inlet to the gap and the
outlet from it.

The gas flow in the gap moves helically with an absolute velocity

c which with respect to the surface of the stator will be expressed

as c. and relative to the rotor 0 r .

(here va is the axial velocity component; v and w
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are the tangential components relative to the stator and rotor,

respectively).

The total force of the reaction of the surfaces of the rotor and

stator P is proportional to C2 .

When calculating electrical machines we are usually interested

not in this force but in two components: the tangential component P'r

on the rotor, since it determines the moment of resistance to rotationa

of the rotor and the associates energy loss to friction against the

gas, and the axial component Pa which determines the pressure losses

of the fan which ensures gas flow along the gap.

In the given case an axial force is examined which is equal to

the sum of the axial components on the surface of the stator P as and

on the surface of the rotor Par:

Va Va Va Va
Pa Pa + Par Pa F P -s s Fs -Jcs Par = P -- r= rFr a-r

P s ar; as aP. 5 s Ca Pcr r;
2 V02 csa pC2 a+c er L F a pcaPCr Vapc

Pa = c C- = FC -.PsF + CrFr ---2

PC2 2c t12)

where vs = C5 -a--- and 'r = Cr -7- are the tangent stresses on the

surface of the stator and rotor, respectively.

Having substituted Pa from (il) into (12) and assuming that

F8 =2%R,I;
F R -2R 1,h

we obtain:
AH---c, 2tPV&+C

2b +

When C. = Cr = C and 6 «<R
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a U

having substituted in (13)

T PCV,

If we express C by means of the dynamic head of velocity c/va

and assume X - 2C then similarly with normal channels

S1 pcv.

-2

In order to experimentally determine the coefficient of resistance

of an air gap a device was constructed whose basic part is 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 is a fan which ensures the admis-

sion and feed of air into the tube in which a multiplier measures the

air flow through the device. The rotational speed of the rotor is

varied from 0 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 device includes four interchangeable cylinders having various

diameters of internal bore.

In order to determine the effect of roughness of the stator and

rotor on the coefficients of friction Cr and Cs 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.
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Figure 6 shows the results of the experimental investigations

processed using Formula (i4).

As is evident from Fig. 6, if for the determining speed we ass,

cva and for the determining dimension R2 - Ri = 6 (see line P ana

the experimental points near it), the magnitude X in the area of

laminar flow coincides with Poiseuille's law. But the transition fron

laminar to turbulent flow occurs with Reynolds numbers which are lowez

than in fixed straight channels.

The conducted investigations and an analysis of the data [5,81

allow us to establish the following:

i) The values of the 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 surfaceE

of the rotor and stator, and is found within the limits

q <o < Reor = (15)

where Re=cr 0 is the critical Reynold's number for a rotating rotox
and in axial flow through the gap;

R cr n = 0 is the critical Reynold's number for a fixed rotor
and axial flow through the gap.

2 The greater the ratio of axial velocity to peripheral velocity

the larger the value of Recr.

3 With identically smooth surfaces of the rotor and stator and

no axial flow, according to [5],

Re Q,) 41,3/~ (i6)

In straight smooth channels Recr n = 0= 2200.

Investigations, the results of which are given in [7-91, show

that with axial flow the values of Recr do not exceed the limits set

by Expression (15).
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The majority of electrical machines with axial air flow tnrough

the gas have Re > 3000 i.e., the gas flow in their air gap is turbulent.

In the region of turbulent flow the coefficients of frictional

resistance in an air gap with 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 %-0.1 ' --Re 0 "

If the surfaces of the stator and rotor have unequal roughnesses,

the pressure drops are determined by Formula (13). The coefficients

of resistance C. and Cr are found from the expressions

4 = 0,05 (% , +1.. 0.2 (47)

C, =o0.05 (do + -0'26 (1.8)SRe,
where

ks

R% --- : Re.",="'•"-

Figure 7 shows the results

X -- I - of .the investigation of the flow

,--friction of a gap with a corru-

gated rotor. The surface of the

rotor has annular roughness with

I• projections commensurate with

uUz wr-,- -. ", - # zo. # "l the value of the gap, for which

z> 0.2 and a < 0.2.
Fig. 6. Flow friction of an air
gap with a rotating rotor. As is evident from Fig. 7,

±) rotor smooth, stator rough,
a- 0.08; P) from Poiseuil.e's the calculated and experimental
law; B) from the Blasius law;
0) n = 0; X) n = 500; A) n = values coincide.
= 1000; 3) n 2000; 0) n =
3000, and A) n - 3500 rpm.



• the rotor is corrugated with an annular roughness commen-

.rato with the magnitude of the air gap a > 0.2, the coefficient of

resistance is analogous with labryrinth sealing [21; 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 twisting of the gas jet.

Of significant interest for quantitative and qualitative evalua-

tion of heat and mass transfer in an air gap are the investigations

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

model.

Fig. 7. Coefficients of resis- 45 -

tance of an air gap with annular 101F
roughness of the rotor. __ 00__

x ) by calculation; 0), 0.A\ -

x), A) experimental points for oK o\- -
D2 310; D1 = 300; e = 0.6 and -- V-W
n - iO00, 2000, and 3000 rpm, 44 Re
respectively; 0),A), A), experi- Va l " 2 5 5
mental points for D2 -305; Fig. 8. Dependence of the the

D, = 300; s = 0.4 and n = iO00, coefficieit of heat transfer from
the surface of a rotor on the2000 and 3000 rpm respectively, rotational speed with turbulent

flow. , ) experiment (when

It has been established n = var and Q- 0); --- ) calcula-
tion for equivalent velocities in

that the temperature field of a straight channel (Nu = 0.018 Re0 8 ).

the air gap along the length of

the machine dependp on the distribution of the flow of cooling gas

over the gap and the quantity of heat carried off by the gas flow.

The point sources of heat or heated gases exert no noticeable local

influence on the temperature field of the air gap, but they influence

it only as components in the general heat balance.



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 channel.

The results of the investigations of heat transfer from the sur-

face of a rotating rotor are shown in Figs. 8, 9, and £0. Figure 8

shows the experimental values of a for the surface of the rotating

rotor and for a straight channel whose walls are washed at the same

relative velocity 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 in a fixed channel.

In order to explain this phenomenon let us return to an examina-

tion of the field of rotational speeds of air in the air gap of a

machine [4]. The particles located closer to the rotor rotate at

a higher peripheral velocity; 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 influence 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 is confirmed by the following

phenomenon which was discovered during the experiments.

Figure 9 shows the results of the experiments to determine the

dependence a - f (At) for various rotor rotational speeds, air flow

through the gaps, and temperatures of the surface of heat removed%

When At > 50 C the heat-transfer coefficient a is practically indepen-

dent of At. With small temperature drops between the air in the gap

and surface of the rotating rotor. the heat-transfer coefficient shaeply

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

-15-



'te air the centrifugal forces create the reverse effect.

4L 0-

Fig. 10. Dependence of the
"0"-7_coefficient of heat transfer

from the surface of a rotating
rotor a on the rotational speed
and air flow through the gap.

i) when Q - 0.0895 m3 /sec; 2)
4-9 7 Q - 0.136 m3/sec; 3) Q = 0.182

m /sec; 'f) Q =0.272 m3 /sec;
Fig. 9. Dependence of the 5) Q - 0.
coefficient of heat trans-
fer from the surface of a
rotating rotor on the tem- The gas particles in the
perature drop Q - 0.0908

m3 /sec. 0) n = 1500 rpm; boundary layer on the surface of
X) n - 1250 rpm; O) n-
- 1000 rpm; 0) 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 their 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 partially neutralized.

If the axial air flow a is gradually increased in the air gap

with a rotating rotor, then at first with low flow rates the coeffi-

cient of heat trans fer for the rotor is decreased as compared to the

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



regime when Qa= 0; it then increases as i6 increases. For a high

flow-rate increase, a becomes larger than when Q - 0 (Fig. iO).

This phenomenon is observed both with laminar and turbulent flow.

It is associated with a change in the curvature of the flow trajectory.

When Q.- 0 the air particles in the gap travel in a circle, when

Qa j 0 they travel in a spiral. With an increase of Qa a Va 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 i);

therefore at small Vas when the velocity of air relative to the rotor

cw - /w2 += practically independent of the value of va a reduc-

tion of a is observed with an increase of va.

With a further increase of va, there will be an increase in

cw and, naturally, the heat transfer coefficient.

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

TVP-iOO, TW-165, TVV-200, TW-300, TVO-30, and TGV-200 and then

made thermal and ventilating 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 machines, specialized machines, and direct-current

machines good agreement between experiment and calculation is observed.
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