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EFFECT OF RADIAL FLOW BETWEEN THE ROTATING DISC AND HOUSING ON THEIR
RESISTANCE AND HEAT TRANSFER

L. A, Dorfman

The problem under consideratlion was set up in connectlon
with a study of alr cooling of gas turblne rotors by a radial
flow and also of thelr 1iquid cooling by means of shields
placed on the ends [-4]. It 1s necessary to investigate the
effect of a flow on the hydrodynamics of a stream close to a
disc rotating in the housing when studying the operation of
centrifugal pumps, compressors, turbines, etc. [5].

Certain results of the theoretical investigation of these

problems are clted below and a comparison is made with known
experimental data.

1. Solution of the basic egquation. Let us examine the equation

of momentumfor a stream close to a disc rotating in the housing (Fig. 1)

in the presence of a radial flow

ar e omads} = b=l (1.1)
0
Here Vi vcp denote respectively the radial and peripheral compon-
ents of velocity. The magnitudes of the friction on the disc To |o

and on the housing wall can be presented in the form

Tols = Pyt Tolo = proe? ( 1. 2)
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Let us introduce the average discharge peripheral wveloclty in the
gap v, , 80 that
Po

[ ] L]
ZnSv,vgdy=vw2n&v,dy=vqo—?— (1.3)

0 A

where Q 1s the per second volume discharge of the fluld in the gap.

Then Eq. (1.1) will have the form
Q4 (row) = 227 (1% — o) (1.4

The known experimental data [2, 4] show that for sufficilently
small relatlve gaps s:r; and for discharges through the gap the

values of v¢° are close to the magnitude of the peripheral veloclty

vcp in the middle of the gap

Poo = Volmer (1.5

(>

It 18 necessary to note that
the approximate solution of Eq. (1.1)

3
—_ for a turbulent regime was first de-
y rived by A. A, Lomakin [5]. However,

S
N
l in this case the values of the co-

efflcients of the local resistance

—
—

Fig. 1. Diliagram of the of the disc and housing were taken
problem.
as constant along the radius regard-

less of the number R = rzq/v; their numerical values were taken from
the appropriate experimantal data for a disc in the absence of a dis-
charge flow.

In order to obtain a more accurate solution we will use the known
regularities of a turbulent flow which were obtained whlle studying
streams in tubes and along a flat wall. As 1s known the use of these

regularities for calculating flows around rotating bodies ylelds re-
sults which agree well with experimental data [6].
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Experiments with rotating discs in the presence of a radial flow
in the gap show [2] that there 1s no distinctly outlined flow core and
we cannot speak about the existence of separated houndary layers with
an intermediate potential core. Therefore, we will assume that start-
ing with an initial radius Ty the boundary layer at a fixed wall
closes wlith the boundary layer on the disc.

Taking into consideration the comments made above we can represent

the velocity profiles in the form of an exponential law: close to the

rotating disc

,m—v°=A(i~£)“ (1.6)
close to the housing wall

(1.7)

Here, as is known [7],

ros

A =87, m=-wbem R=3-<I0°

Starting from the assumption (1.5) we will find the relation be-

teeen v¢o, Vox and Vg

) 2 \m
ro — vy =4 ( 22/ ) Dee, vw=A(”"i"‘")’"v.. (1.8
hence, we obtailn

o[ e[ @TT

We introduce the designation: :z=1y9,/ro, z=r/r ; after substitution
of (1.9) into (1.4) we obtain
-;;(zx’) = leT‘ (11— z)%—z%]' vhen m = 3+ A=8.74 (1.10)
The magnitude

3 « 0.0268 K, R;‘h(-l)"'(ﬂ’-)"" (K= ‘:A =2nrys 5, Ry = 5’?) (1.11)

s s,
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. 18 denoted in terms of B.

Here Ty is the starting radius and r, is the final radius.

The value of B shows on what parameters depends the solution of
the problem (it also depends on the condition at the starting radius
x = 1): when the medium 1s sent to the disc, as shown in the diagram
in Fig. 1, z = 0 when x = 1; 1f the medlum 1s sent to the gas along
the rotating shaft, z is close to unity.

From Eq. (1.10) we directly obtain the solutions for the limiting
cases:

1)° 1in the absence of a discharge B = o, so that

(A — g% = g%, z=05
'V2) at very large discharges K, — 0, then
22! = const, 2=0 yhen |xm;=0

The result of numerical integration of Eq. (1.10) when
Zo = Zy _ = 0 1s shown 1n Flg. 2.

The approximate solution of Eq. (1.10) can also be obtained if
we note that o )

(=2 —zh=1—-2: for <05
then the solution of the equation for an arbitrary starting condition

z = zo (when x = 1) will have the form
. . g ' _8_ 1 - zu/,).‘.
z2(x) =2 () + zo—rexp [,,“ B( | ( 1. 12)

where z° (x) 1s the solution for the starting condition zo = 0,

. " ¢ " 8- My e ‘
(2 = —E—,:eXp [%(1 — ,.)]S /s exp [-H-B (x" 1)]d:c (1.13)
1
Calculation by this equation ylelds a result close to the calcula-
tion by Eq. (1.10) (Fig. 2).
Using Fig. 2 and Formula (1.12) we can find the values of z (x)

for any zo.



Formula (1.12) shows that the effect of the initial twis% abruptly
decreases with distance from the starting radius; this effect also

decreases with an increase of B.

o5 oo , 2. Resistant moment. Com-
d‘. ?)B::’r” /’J ::: parlison of the calculatlions with
‘.,/ // Pt

b1/ (”'/QT;L//’i:”//L’_ experimental data. Having deter-
) . - | :

» ﬂ////i:::?%% — ] mined the values of z (x), We

- 0
0 = G| | |- lculate the fricti d
; o = = 77 y can calculate the friction an

resistant moment M of the disc
Fig. 2. The dependence of the rela-
tive twist of flow z° = v ¢°/rw in surface being blown over
the middle of the gap on x = r/rg

Ty

for different values of the para- M=2nl el g

meter B at different relative dis- = S Tolodr

tances from the axis of rotation e '
(calculation by Formula (1.10));

the twist at the starting radius By means of Formulas (1.2)
Xy =118 0 (zg = 0, o 1s calculated

by Formula (1.5). and (1.9) whenm = 1/7 we will

obtain for the coefficient of

the reslistant moment

€ == M Q.33711—"/.R1—'/. -:_‘)'/‘S (1 — z)"dz ( 2, 1)

1 orrwt ;

The result of the calculations of Cm when zo = 0 1s shown in
Fig. 3. ILet us compare the results obtained above with the experimental
data. The calculated velocity distributions on the gap derived from
Formulas (1.6) and (1.7) are compared in Fig. 4 with the experimental
[2]. As we see, as the discharge increases the agreement between the
calculations and the experiment deteriorates. The agreement also
deteriorates when the relative gap increases. In addition to the
causes indicated in sectlion 1, the nonuniformity of the air distribution
throughout the section at the starting radius can also have a substan-
tial effect.

K+ e i RSN S o e

S Mt A s e




Figure 5 shows the calculated and experimental [4] values of the
relative magnitude of the peripheral velocities in the middle of the
gap. |

It is necessary to note that the iInitial twist was not measured;
the estimate based on measurements of two relative radii x = 1.3 and
1.915 ylelds a magnitude zo = 0.25.

When B = », 1.e., 1n the absence of a discharge flow, the experi-
mental values are close to 0.37 instead of 0.5 as calculated,which is
due to the effect of the cylindrical rim of the housing and rim of
the disc (see [6] ).

We see from the graphs in Fig. 5 that the effect of the rims of
the housing and disc decreases with an increase in discharge. Figure
5 also illustrates the fact that the effect of the initial twist

decreases with an Increase in f and with distance from the starting

radio.
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Fig. 3. Dependents of the coefficlent of the resistant
moment c* =c,R/M¢s/n)* of the rotating disc on r;:rg;
calculated by Formula (21)
The increase in the resistant moment of a rotating disc with an
increase of the discharge of the medium through the gap was first
investigated by V. S. Sedach [2]. Figure 6 shows the increase in

the resistant moment of a disc rotating in air; the calculated

values are plotted in the same place. 1In spite of the large magnitude
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of the relative gap there is a satisfactory agreement between the
calculation and experiment. The increase in divergence with an
increase of discharge can be explained by the fact that, due to the
large gap during the feed of air through the central tube the picture

of flow approaches the case of an alr stream feed to the center of

the rotating disc.
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Fig 4, Distrubution of peripheral velocities
vO = / r w in the gap between the rotating
disc gnd housing; the circles are the experi-
mental data of V. S. Sedach [2], the curves
are the calculated; in this case R 108 ,
s/r1 - 0.055; a) K, = 13(8 = 0.0083); b)
= 9(B = 0.00645") .

The data of V. S. Sedach and A. N. Nespela [8] obtalned for water
differ substantially from the calculated and experimental valuesobtained

for air. According to thelr opinion there 1s an effect of the mass

forces which are characterized by the Galilel number G = gr%/v2.
3. Heat transfer of the disc. To calculate the radiagl cooling

of a gas turblne disc rotating i1n a narrow chamber we must find the
effect of the discharge on the heat=transfer coefficient of the disc.
At a Prandtl number value of P = 1 and a quadratic distribution
of the mean temperature differences between the disc and the housing,
as shown by the author [6], there occurs a similarity of the tempera-
ture distribution in the gap to the distribution of the peripheral

velocities



(T° — 1) [ (T — T = 3 (3.1)

Here Ts is the temperature at a fixed wall, To is the temperature

of the disc, T° is the temperature in the middle of the gap.
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Fig. 5. Magnitude of the angle of the relative twist
of flow z0 = v, /rw 1in the middle of the gap on two
. radii; 1) cal®Qlation at Zo = 0.25; 2) calcuation at
Zo = 0; experimental circles are based on the data of
B. P. Mironov [4] (ro = 117 mm)

The heat flux q from a unit of disc surface equals

g=Ccp% o (To—T,) / ro (5,2)

By means of these formulas we can calculate the dimensionless

coefficient of local heat transfer at radius r (Nusselt number)
N=qr/(To‘—T°))\ (3.3)
Having substituted T, | o from (1.2) into (3.2), we obtain

] | N = 0.0268 (1 — 2)“R" (r/ 9" - (3.8)

- For the average (index ‘g:) dimensilonless coefficlent of heat

transfer Nm we derive



Imht

Nm == To— To)m
Here , : ’
r ) ’ 2n o o
22 PO = <\ (Ty—T°)rdr
%=:ﬁ:ﬁﬂwwy (To—=T)m nM“”Q(° !

Taking into consideration that (To-T°) ~ r2, we obtain finally

_”_m_(_s_)‘/- - 0.0268<S'.(1 — zyha®h dr) / 2t i( L) x; i

Rx'/a n

! o (3.5)
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Fig. 6. Increase in the resistant moment AM kg cm
of a rotating disc at different discharges Q kg/hr
of alr through the gap between the disc and the
housing; 1) calculation by Formula (2.1); 2) from
the experiment of V. S. Sedach [2] (R; = 108, s8/r;=
= 0.1, r; =0.2m, ry/ro = 4
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Fig. 7. Heat transfer of disc N* = N'mR--}/‘+ (&/rx)l/u’

rotating in the housing at P = 1 and a quadratic distri-
bution of the mean temperature differences (calculation

by Formula (3.5))
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Figure 7 shows the result of rough calcuation by this formula,

Heat transfer of dilscsof gas turbines with radial cooling was
investigated by V. M. Kapinos [3]. Although he measured the heat
transfer of the dilsc not by calorimetry and the heat transfer coeffi-
clent found are in a certain sense conditional, it is nevertheless
advantages to compare them with the calculation. In the experiments
the distribution of the mean temperature differences had a quadratic
character, therefore we can use directly Fig. 7 if we still take into
account the effect of P number. This effect can be determined approxi-
mately from the data for a free disc [6] with the help of the multiplier
po-e,

For the A series of experiments a good agreement with the calcu-
lated value 1s obtained (Fig. 8). On doubling the axlal gap (Ad series
with a thin disc) the experimental values substantially exceed those
calculated which, in addition to making the air distribution worse,
1s assoclated mainly with the conditlonality of the experimental

coefficlent Nm'

38PNm'1°q l/’/, The experiments confirmed the
y calculated character of dependence
r 1
"_ ) Nh on x; = ry/ro and on X,. For
, /7 log #. example a change of x; from 2 to
7 42 %6 7 4 (for B = 0.2) ylelds, according
Fig. 8. Comparison of the to Fig. 7, a drop by 24.5%, and

heat coefflcient of a rotating
disc; 1]) based on the experi-
ments of V.M. Kapinos (series
A); 2) based on formula (3.5)
(ry = 0.32m, 8 = 10mm,

K, =2, x4 = 3.8)

according to the experiments

Nm(~ x; ©°%) decreases by 23%.

-10-



Further When R; = 10%, ry/s = 32, x, = 3.8, a fourfold increase in K,
(from 2to 8) yields, according to the calculation,a decrease of Nm
(by 8%) and a decrease (by 14%) 1s also obtained from the experiments.
Therefore, the calculated values are in complete agreement with
the experimental. For a more accurate determination or the agreement
between them, we must measure carefully the heat transfer coefficient

of the disc by direct calorimetry.
4. Heat reception and Shields.

1200

¥ wsthout dischhrge -
___53;?’-__ 7 1 The heat flux qg at the housing
800 PR : z? wall when P = 1 and a quadratic
i 25510
Ko 4Rl distribution of the mean tempera-
2510%
400 %2 ) ture differences along the radius
| A5with discharge
AN 1s determined in the same manner
/ | .
0% " 700 as that done to the disc:

Fig. 9. A compaprison of the
calculated N and the experimental
N°® of the local heat transfer coef-
ficlent; calculation 1s based on
formula (4.20) and the experiments
are based on the data of B. P.
Mironoy for two radii r = 0.206 m
and r = 0.243 m (ro =117 m )

9o = %o}, (To—T,)/ re (4.1)

Then taking into account (3.1) and by means of (1.2) and (1.9)

we obtain

N, = 0.0268 2R (r [ 5)" -

The extensive data on the heat reception of shields 1n the presence
of a discharge flux were obtained by B. P. Mirono [4]. A comparison
of the experimental and acalculated values of local coefficients N

is made in Fig. 9. For this purpose the calculation was performed

FTD-TT-62-1038/1+2+4 -11-



by Formula (4.2) without consideration of the effect of the P rumber

and the radiation exchange was not excluded from the experimental
value. Because the effect of the P mumber can be taken into account
approximately by the multiplier P°°® = 0.7°°'® = 0.806 and the radiant
heat based on the experiments was about 10%, we can consider that there
is a satisfactory agreement between the experimental and calculated
data. On an increase of the gap, as 1s apparent, the calculated values
begin to lag behind the experimental. The same result is obtalned
wlth an increase of the discharge, particularily when Kv <20.

In conclusion we wlll cite another formula for the average coef-
ficlent of the heat reception of the shield; 1t has a form similar
to Formula (3.5)

Xy ES

’% (—:;), — 0.0268 (S e d) / (x;/.§ 2* dz) (4.3)

We note that analogous calculations can be performed 1n the presence
of a discharge flow in the gap between the rotating disc and housing

from the peripheral radius toward the center of the disc.
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