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The results are presented of computer calculations of the flow of a
viscous fluid between a cooled rotating disk and a fixed screen for
two methods of supplying the cooling medium—radial and frontal.

A number of methods exist for cooling the disks of
gas turbines, including radial blowing of the cooling
medium into the gap between disk and screen, frontal
ventilation of the disk with medium supplied through
the screen, a combination of these methods with
water cooling of the screen, etc. The results of these
investigations have been described by a number of
authors [1-9].
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Fig. 1. Diagram of the problem.

We shall make a comparison of these methods of
cooling on the basis of solution of the Navier-Stokes
and energy equations for small relative values of the
gap, s/ry, between disk and screen (Fig. 1). To com-
pavreheat transfer conditions, we shall choose the
case where the disk and screen surfaces are isother-
mal, this being optimal from the viewpoint of thermal
stress,

At small s/ry, which corresponds to actual situa-
tions, the dominant viscous terms in the flow and
energy edquations will be those derivatives with re-
spect to z, and the equations may be put in the form

[9]
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where the pressure in the gap is constant, i.e.,
ooy = 0. Here
X =rltg, Y =25, 0V =0y/rp0, w=0,8/v, u="0/{rye Re),
7l = plp(rew)?, 6 = (T —TH)(T;—Ty),

Re =s?a/v, Pr=pc,/h. (5)

Dissipation is not included in the energy equation.

Thus the initial system of nonlinear equations
Navier-Stokes) of elliptic type is transformed into
the system (1), (2) of parabolic equations; it is there-
fore necessary to exclude cases of reverse flow in
the gap, The calculations of [9] show good agreement
between solutions of (1)—(4) and those of the full equa-
tions in the absence of reverse flow.

The boundary conditions of the problem are:
at the initial radius x=1

w=u(y), v="1(y), O =0%y), (6)

on the rotating disk y = 0
u=w=0v=x, @=1, (7)

on the fixed screeny =1
u=v=0=0, w=uw,. (8)

The method of numerical solution of the boundary
problem is based on the fact that each equation of the
second order system (1)—(4) has the form
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where a, b, ¢ depend on the unknown functions, and
may be approximated with the aid of the two-layer
implicit six-point difference scheme:
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where the values of the desired mesh functions f 11;1
were determined on the rectangular net

x=xy-+nAx, y=mAy

(n=0,1,2,...: m=0,1,..., M
and coefficients a, b, and c—at the "half-integral”
points

x=xy+nAx, y=(m+1/2)Ay,
Y=xo+(n-+1/2)Ax, y=mAp
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o being the averaging parameter, 1/2 = ¢ = 1, x,= 1.
At each layer n we obtain a difference equation of
second order

~
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which is solved by a run at the assigned boundary
values of f;" and f1 . The coefficients «, 8, v, 6
depend not only on the values of the unknown functions
in the preceding layer, but also on the values in the
current layer, and so the calculation proceeds layer
by layer, starting with n = 0 and iterating. The values
of the functions at the "half-integral™ points are deter-
mined from their values on the main net according

to the formula
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The pressure gradient t = dr’/dx is determined
from the conditions specified at the boundaries y = 0
and y = 1 for the transverse velocity component w,
and bringing in the continuity equation (3) in the dif-
ference form

n—1

n n n—I1
Um — U U — U,
Re? [ LSRR R Mo LY

2Ax 20 x

. 1 n—~1/2 .
+ e |

n—1/2 _on—1/2
Wpii — W

+ 3y

=0, 11)

where
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The solution ull of the corresponding difference
equation
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is put in the form
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where uﬁ is the solution of (12) with t" =0, and

! the solution with 6% = 0, £*7/% = 1. Then the

desired P determined from w.

m

. n-i/2 n-1/2
boundary conditions wj , W in accordance

with (11), Detailed calculations are given in [9]. The
calculation was performed on the "Ural-2" computer.
Let us examine the results of the calculations.
They were performed with Ax = 0,005, Ay = 0,025,
and an iteration accuracy of € = 10-%-10"", As the
Reynolds number is increased with fixed radial blow-
ing (¢, = 4.64), the pressure gradient increases

ni
s Uy and the
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(see table), while the friction stress at the walls and
the heat transfer coefficient at the screen decrease,
The nature of the flow and heat transfer in the gap is
illustrated in Fig. 2. In this the distribution of cir-
cumferential velocities at the initial radius was chosen
close to linear, while the radial velocities were con-
stant in the gap vy = vyq, except for the wall regions,
and the temperature equalled that of the cold screen
@' — 0, except for the regions near the disk, where
@' — 1 when y —~ 0.

At large Re numbers reverse flow appears at the
fixed screen (Trlg < 0): for Re = 50 (@y = 4.64)
with x ~ 1,67 (but the computer continued the calcu-
lation), and for Re = 100 with x ~ 1. 27 (here the com-
puter stopped, as soon as Ty d < 0 at the disk with
x = 1.37).

Heat transfer on the rotating disk increases with
increase of Re, but if the air is heated uniformly at
the initial radius, i.e., the temperature distribution
is linear (® = 1 — y), there is no increase, and, on
the contrary, the heat transfer even decreases with
increase of Re.

With increase of mass flow rate ¢, the {riction
stress Ty at the screen increases, as it does at the
disk, i.e., the reverse flows are suppressed. Radial
blowing is therefore used in gas turbines to avoid
indraft of hot gas from the inter-crown gap into the
gap between disk and screen., As ¢y increases, so
also do the pressure gradient, friction stress, and
heat transfer (see the table), but, as was the case
above, when there is uniform heating at the initial
radius (@' = 1 — y), the cooling effect decreases
sharply and diminishes with increase of ¢y.

Let us compare the heat transfer intensity for
radial blowing and for uniform frontal blowing (wy; =
= const < 0), with the same amount of cooling air and
the same temperature conditions at the initial radius.
The calculation for Re = 25 and ¢ =QT = 4, i.e.,
(wZ)M/st =1, indicates the advantage of frontal
blowing over radial blowing (Fig. 3).

The mean heat transfer coefficient betweenx =1
and x = 2 near the rotating disk for radial blowing
( (Nu)y, = 2, 86) is considerably less than the corre-
sponding coefficient ¢,. = 4, 64 for frontal blowing.

Frontal blowing is accomplished in practice not
by uniform supply of the medium, but by means of a
concentrated jet through an annular orifice (or an
annular system of individual jets) in conjunction with
radial blowing; calculations were therefore performed
for these cases (Fig. 4). The intensity of cooling in-
creased more rapidly when annular blowing was intro-
duced than at the same flow rate of cooling air in
radial blowing (see the table); the addition of annular
blowing with ¢ = 3.12 to ¢ = 4.64 gives a mean heat
transfer coefficient increment A(Nu)m = 1.11, greater
than for a large increase of radial blowing Ay = 4.64,
when A(Nu)p, = 0.73. We note that the blowing velocity
distribution wp(x) for @7 = 3.12 was determined by
interpolation between the values

yo-1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.8 1.9
—wy =0 6,25 25 566.25 100 100 56,25 25 6.25 O
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Fig. 2. Nature of flow and heat transfer for air (Pr =

= 0.7) with radial blowing; Re = 10, ¢ = 4,64, u’=

const, v = 1 -y, © =~ 0: a) variation of circum-

ferential velocity distribution along the radius; b) vari-

ation of radial velocity distribution along the radius;

c) stream lines ¢ = const in the gap between the rotat-

ing disk (z = 0) and the fixed screen (z = s); d) iso-

therms ® = const in the gap between the disk and the

screen (local values of Nu are shown on the disk sur-
face z = 0).
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Fig. 3. Comparison of heat transfer conditions

under radial blowing and uniform frontal biowing

at the same flow rate of cooling air (Pr = 0.7)

Re = 25, ¢y = ¢ = 4: a) isotherms © = const with

radial blowing; b) isotherms ® = const with uni-

form frontal blowing {local Nu numbers on the
disk surface are shown),
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Fig. 4. The influence of frontal annular blowing with Re = 10,

@r=4.64, Pr=0,7, V"~ 1 -y, u’~ const, ® ~ 0, ¢ =

=3.12 (a, b) and 31.2 (c, d): a, c) ¢ = const lines in the gap

between rotating disk and fixed screen; b, d) isotherms @ =

const in the gap between disk and screen (local Nu values at
the disk surface z = 0 are shown).
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Values of the Flow and Heat Transfer Parameters with r/r, = 2(Pr = 0,7)

‘ ) dro _ _ - (Tep)e % (Nu)d (N"cp)d (Nu)S (Nu)d (Nu)s
Re | o | = ("f)d (T)s (:()“c}v ;Pl)g
at 8° ~ 0 At ©° ml—y
Influence of Reynolds number
1] 4.64 —23.2 113.6 113.3 1331 J11.6 }1.05 | 1.55 [0.949] 1.00 {1.00
10 1 4.64 0 1.871 0.9971 0.799] 6 66| 0.408| 2.34 1 3.72 |0.026| 0.815/0.835
50 | 4.64 1.92 0.214]—0.059 2.42] 0.042] 4.47 | 5.91 0 0.76¢€J0.459
Influence of radial blowing
1010928 | 0 |~0.146] 0.438] 0.192] 4.57 | 0.725] 1.37 | 2.20 [0.683 |1.08 [0.942
10 12.32 0 ]—0.065} 0.715f 0.492) 5.74 } 0.486) 1.92 | 3.02 [0.212 |]1.02 }0.963
10 19.28 0 8991 1.271 1.20]8.45]0.3182.77{4.45] 0 10.739 10.753
Influence of additional frontal blowing
10 |4.64 3.12]  2.64) 3.8 0.710] 10.4 0 3.72) 4.83 0 — —
10]4.64 [31.2) 27.7143.6| 1.21] 26.0 0 9.55 ] 8.95 0 — —
10 10.928 | 31.2 ] 23.8136.9| 1.95] 27.0 0 9.47 | 8.27 0 — —
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(for 1 =x=1,45, 1.9=x= 2.0, wy = 0), and for
@ = 31.2 all these values were increased by a factor
of 10,

Concentrated annular blowing also increases the
pressure gradient and the friction siresses at the
walls.

Finally, the results of calculations are presented .
to determine the influence of Pr number on heat trans-
fer character in the radial blowing case. With r/r, =
= 2 for Re = 10, ¢, = 4,64 and @’ ~ 2 we have

Pr (Nu)g (Nu)g
0.3 1.73 0.292
0.7 2,34 0,026
3 3.73 0
10 5.20 0
50 7.03 4]

The author is indebted to A. Z. Serazetdinov and
L. N. Ponomareva for programming the problem for
the computer.,

NOTATION

Vr, Vg, Vz—radial, circumferential, and wansverse velocity
vector components, respectively; p—pressure; T —temperature; p-—
density; v—kinematic viscosity; p = pv; w—angular velocity; ry—
initial radius; s—gap width; ¢ = Gp/2=p rg s, @y = G/ 2= rg sw, G, =

] ; - , du — o
= 2np rg'v,o dz;, Gy=2rp S 7 luggl dr, = p==1p/5 res 0f=zems; Tp= e /fro St ==
5 g %

L %y Ty —To) = =2 4 _stream function; q~s
e Ny =g (Tg—T) = —; b — ; q~spe~
Re oy g5t (Ta—Ts) =3, q~sp

cific heat flux. Subscripts: s—on the screen; d—on the disk.
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