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Abstract: The rotating disk surface temperature rise due to windage heating effect by numerically model-
ing the turbulent flow within a rotor-stator cavity which is available with a peripheral shroud and imposed
through airflow was dealt with. The windage heating may be defined as viscous friction heating caused.by rela-
tive velocity differences across the boundary layers between the fluid and the rotating"disk surface. The kinetic
energy dissipation process could transform the rotating shaft power into thermal heating. Commercial finite
volume based solver, ANSYS/CFX was employed to numerically-simulate this physical proce§s by Gsing the
shear stress transport (SST) turbulence model. CFD results includethe rotating disk\surface\temperature axial
distribution and tangential velocity distribution of the fluid/domain. The-velocity diffetence between the result
obtained by particle image velocimetry (PIV)~experiments‘and CFD simulation are within 5%.*> The adiabatic

disk temperature rise can be calculated by the tangential-velocity of disk and fluid in large gap ratio and turbulent

parameter. CFD temperaturetdistribution results and those estimated-via-velocity differences are within 10 %5.
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Nomenclature

Re, Rotating Reynolds number G Gap ratio
T, Flow temperatare, K G. Shroud clearance ratio
Cy Non-dimensional flow rate Trev Temperature recovery coefficient
Trev Recovery temperature, K B Swirl ratio
Pr Prandtl number V. Tangential velocity of flow core, m/s
T Inlet temperature, K r Radius, m
A Turbulent parameter cp Specific heat at constant pressure. J/(kg/K)
AT Temperature rise, K

As to shrouded rotor-stator cavity systems,
the fluid flow and heat transfer have been the
subject of a great number of studies for the gas
turbine applications. The windage loss caused by
the friction between the cooling air and the rota-

ting disk become quite serious as the rotating
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speed of the disk becomes high. Frictional heat-
ing on the rotor surface due to windage losses
are particularly important for the life span of the
disk and downstream coolant parameter. But the
designer knows that too little coolant will result

in hotter disk temperatures and reduce parts life
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while too much flow may harm engine overall
performances. A balance should be achieved be-
tween engine performance and parts life by run-
ning an analytical model with varying amounts of
cooling flow rates and estimating disk temperatures.

Daily and Nece' established empirical cor-
relations about the frictional torque characteris-
tics for rotor-stator cavity system without radial
outflow, the magnitude of rotating Reynolds
numbers Re, is up to 10". Bayley and Owen et
al®® had systematically researched the torque
coefficient of rotor-stator cavity system, and
found the influence discipline to heat transfer
caused by windage heating with different disk
surface temperature types. Coren and Child et
al™¥ presented experimental data and an associ-
ated correlation for the windage rise resulting
from a disk rotating in air. A test rig had been
developed that used an electric motor to drive a
smooth bladeless rotor inside an enclosed pres-

1" made a prediction of

surized housing. Liu et a
windage losses of an enclosed high speed com-=
posite rotor in low air-pressure environment. Da

11" made an analysis ‘of gas turbine-ro-

Soghe et a
tating cavities by a one-dimensional model:

For shrouded rotor-stator cavity system.,
the flow structure has a popular belief as the
1950s,

Batchelor et al'™ '} proposed a model which as-

Batchelor-Stewartson ~modelt ',  In

sumes that there is a rotating core of fluid be-
tween the rotating disk and the stator, with a
relatively stable angular velocity value less than
the disk. In this model, the boundary layer on
the rotor has a velocity gradient which could be
considered from the rotational speed of rotor to
core with the no-slip condition.

The study of this paper tries to testify and
introduce a method which could be used to esti-
mate the windage heating characteristics of a
shrouded rotor-stator cavity system. It shows
that the windage heating on the rotor surface is
affected by the tangential velocity difference be-
tween the rotating disk and the rotating fluid
core. For simplification of analysis, the flow

speed of the core may be considered the tangential

velocity of the fluid which at axial middle section
in the cavity. With the influencing discipline of
the rotating Reynolds number, gap ratio and
non-dimensional flow rate, the variation of tur-
bulent parameter within the cavity will exert a
direct influence upon the flow structure and then
the velocity gradient of the boundary layers be-
tween the fluid and the rotor surface. Since the
windage heating intensity depends upon the
strength of viscous friction inside the boundary
layer, the tangential velocity distribution of the
fluid of the middle axial cross-section becomes a
significant parameter. This velocity difference
could be used to calculate the recovery tempera-
ture of the fluid near the rotating disk using the
heat transfer theory of high speed air.| It can be
extended to the rotor-stator cavities in the real
gas turbine machines to estimate the temperature

boundafy conditions of\ heat transfer of the tur-

bine disk:
1 Description of research approach

I.1_Geometrical configurations

The sketch of the rotor-stator cavity system
considered in the present study is illustrated in
Fig. 1. Four different gap sizes are designed to
simulate four different gap ratios of the rotor-
stator cavity system. All cavities are composed
of a smooth surface rotating disk and a smooth
stationary disk. The superimposed fluid to simu-
late the centrifugal cooling air in the turbine ma-
chine, enters the cavity axially through the cen-
tral pipeline on the stator, then flows along the
radius and exits this cavity through the rotor-
stator gap at the high radius.

These geometrical dimensions of all three
configurations are showed in Table 1: b is the
radius of the rotating disk; r is the radius of the
central inlet for the inflow; sis the axial distance
between the rotor and stator s. is the axial dis-
tance between the shroud and rotor. The gap ra-
tio of the cavity G, shroud clearance ratio G.,
rotating Reynolds number Re, and the non-di-
mensional flow rate C, which mainly control the

flow structure are defined as follows:
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where wis the angular rotational speed of the ro-
tor, pis the dynamic viscosity of the fluid and m

is the superimposed inflow rate.
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Fig. 1 Sketch of the rotor-stator cavity system

considered in the present study

Table 1 Geometric dimensions of the shrouded

rotor-stator cavity

b/m n/mm s/mm s/ mm
45
138.5
0. 225 20 1
27.0
40. 5

1.2 Numerical method

Three-dimensional”models have been simu-
lated by using commercial software of CFD
(Fig. 2), ANSYS/CFX in this paper for predic-
ting the steady flow in the cavity of shrouded ro-
tor-stator cavity system. Flow structures and
rotor surface temperature distributions have
been obtained under different testing conditions.
The turbulence model is SST model for a com-
pressible perfect flow. The size of the first floor
grid near the wall is set as 10~ ° m to improve the
calculation precision in boundary layers. It
should be noted that the viscous work term in
energy equation must be checked before calcula-
tion; otherwise the windage heating effect can’t
be reflected in truth.

The boundary conditions are set as follows:
the rotational speeds of the rotor are 8000 r/min

and 12000 r/min. At the inlet, the mass flow is

set between 100 kg/h to 500 kg/h. Calculated
from the variables above, rotating Reynolds
number and non-dimensional flow rate are dis-
played in Table 2. In the outflow section, the
pressure is constant as 10° Pa. The fluid temper-
ature at the inlet is set as 300 K. All surfaces in
the model (rotor, stator, inlet and shroud) are
heat insulation and hydraulically smooth, to
simulate a disk which has an adiabatic heat

boundary condition without axial heat transfer.

(a) Overwall grids

(b) Boundary layer

Fig. 2 Three-dimensional CFD model and

structured grids

Table 2" Non-dimensional parameters in CFD model

G Re,/10° C. /10"
0.02
0. 682
0. 06 2.82
2. 040
0.12 4.23
3.410
0.18

1.3 Experimental techniques

Particle image velocimetry (PIV) experi-
ments have been performed to examine the accu-
racy of the acquired tangential velocity distribu-
tion by CFD. It can obtain the information of the
flow field structure within the cavity of rotor-stator
cavity systems, especially the tangential velocity dis-
tribution of the rotating fluid core between the rotor
and stator. The major experimental apparatus
(Fig. 3) comprises a titanium-alloy-made rota-
ting disk driven by an adjustable-speed electric
motor, which has a maximum rotational speed of
15000 r/min. The stator and shroud is made of
transparency organic glass to allow the laser go
through. The sizes of the rotating disk, station-
ary disk and axial gap are the same as these in
the CFD. The location of the sheet laser has the
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same distances to rotor and stator to ensure that
the rotating core can be captured by the high
speed CCD (charge coupled device) camera. The
core is assumed to be located at the middle axial
position. And current numerical studies support
this assumption. The CCD camera lens is per-
pendicular to the stator surface with a visible
range which could cover the whole radius from
the inlet pipe to the disk rim. With trace particle
mixed in the superposed flow, the PIV system
can measure the tangential velocity of fluid core
distribution of the fluid along the radius (Fig.
4). The experimental results will be used to ex-

amine the accuracy of CFD results.

Fig. 3 Generalview of the experimental apparatus

V. (m/s)
75

Al e A A e s T T, W W, W T
e — e e S

Fig. 4 Tangential velocity of flow core distribution
obtained by PIV system in case of G=0. 18,
Re,=4.23X 10°, Cy=2.040X10"

2 Results and discussion

2.1 Fluid flow

With the experimental method introduced

above, the tangential velocity of flow core distri-
bution map (Fig. 4) of the f{luid has been ac-
quired. These maps are the actually time average
of 100 high speed double-patterning photos from
the CCD camera. It should be noted that the
map does not cover the whole rotor surface and
the velocity contour is not circumferentially
symmetrical. The reason is that the tracer parti-
cle near the uppermost or lowermost edges in the
visible range can’t be captured by two high speed
CCD cameras at the same time. It has a negative
influence for the calculation of velocity distribu-
tion so that the tangential velocity of flow core
in the middle rectangular frame of the map
(white outlined area in Fig. 4)-1S Teasonable and
more precise. A nafrow _rectangular region
which covers the whole radial range of the two-
dimensional velocity map is'set'to extract the ra-
didl digtribution function curve of the tangential
velocity-of flow core This curve would be com-
pared with-the~results from~the CFD results.
Note that the range” of dimensionless radius of
experimental results is from 0. 19 to 0. 89.
Figure 5 shows the experimental and nu-
merical tangential velocity of flow core distribu-
tions in a shrouded rotor-stator cavity system.
Two kinds of results are well fitted, with equal
curve extreme value or tendency. For the re-
strictions in experimental conditions, the situa-
tion of gap ratio less than 0. 18 can’t be opera-
ted, or else the disk surface near laser plane

would results in great errors. Because of this,

100
—=— C =0.682x10" (CFD)

g0l —* C,=2.040x10" (CFD)
—a— C,=3.410x10* (CFD)
60 o C,=0.682x10° (Exp.)
2 —o— C,=2.040%10* (Exp.)

rib

Fig.5 Tangential velocity of flow core distribution
obtained by CFD and experiments in case

of G=0.18, Re,=4.23%10°
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gap decreases. In general, the CFD results are in 45} —o- Re =2.82x10° (Cal) ‘f‘
! , - 6 (CF A
acceptable agreement with the PIV experimental 35 4~ Re =4.23x10° (CFD) Na
. [ & Re~4.23x10°(Cal) &

results. That means the CFD results are precise v -

. . . = 251
enough in calculating the flow field and hence < !
the other parameters. 5p
2.2 Temperature distribution St

The CFD results also contain the rotor sur-
face temperature distributions. Besides, the ve-
locity differences between the rotor surface and
the rotating core can be used to estimate the re-
covery temperature rise. As it is supposed that
the surfaces in this model are heat insulation,
the temperature of the air near the wall is con-
sidered to be equal to the adiabatic wall tempera-
ture. The recovery temperature distribution can
be calculated using heat transfer theory of high
speed airflow. Since the CFD could predict the
velocity values pretty well, the CFD temperature
values are considered as comparison criteria.
Then the estimated recovery temperature rises
will be compared with the CED results.

The recovery -temperature distribution is
calculated by ‘the tangential velocity, difference
between the rotating core and thé rotating disk:
Then the calculated temperature rise is-derived

with the equation as follows:

AT()= T (DS Ty (V= 1 [“”_2—‘;(”]2

(2
where T, (r) is the local radius flow tempera-
ture; T., (r) is the recovery temperature near
the rotating disk. The 7., is calculated with

Prandtl number Pr by equation as follows:

pri — [&fir (3

Trev

where ¢, is the specific heat at constant pressure
of the air, and A is the thermal conductivity.
The temperature rise AT distributions com-
parison along the radius between the theoretical
calculation and CFD is listed in Fig. 6. The gap
ratio G here is 0.18, and the flow conditions
(Re,s C,) are varied. T,, which is the inlet
temperature is used to calculate the temperature

rise because T, (r) is unknown. In Fig. 6 (a),

S 1 L 1 L 1 L 1 1
01 02 03 04 05 06 0.7 08 09 1.0
rib
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(c) C =3.410x10"

Fig. 6 Comparison results of temperature rise
distribution by CFD and theoretical calculation
on the surface of rotating disk, in case of

G=0.18, G.=0.002 and three

non-dimensional flow rates

there is a great gap at high radius location
(r/b>0.4) when the non-dimensional flow rate
C, is 0.682 X 10",
flow rate increasing to 2. 040X 10*, the differ-

With the non-dimensional

ence between CFD result and theoretical calcula-
tion result decrease obviously. Once the non-di-

mensional flow rate reaches 3.410 X 10*, two
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curves get closer in high radial position with a
gap of several degrees.

From the streamline chart in r-z section ex-
ported from CFD results (Fig. 7), the flow
structure is clearly displayed which can explain
the reason that the difference appears between
two function curves. Re,, C, and A for these

situations are listed in Table 3. The A is defined as

A = ngs )
| v i)
200
150
100
50
0

Fig. 7 Effects of the C, and Re, in case of G=0:18

Table 3 Flow parameters

Flow structure

Parameter

(a) (@) (o) (d (o> (D

Re,/10°  4.23  2.82 \4.23 \ 2.82 4.23 2:82
C./10"  0.682 0.682 2.04 /2.0473.41 3.41
A 0.034 0.047 0.102° 0.141 0.170 0. 236

From streamline charts with different pa-
rameters, it could be seen that there are strong
vortices at higher radius when A,<C0. 10. The in-
flow rate has a serious shortage to supply the ra-
dial outward flow rate caused by pumping effect.
On one hand, the backflow which has already
been heated due to the viscous friction may re-
heat the rotor surface. This is showed up as the
mutational slope where #/6>>0.4 in Fig. 6 (a).
So the T,(#) is inaccurate when it is replaced by
T... On the other hand, the tangential velocity
of the backflow shouldn’t be considered as the
mainstream speed of the boundary near the rotor
because the angular momentum of the fluid is
kept in the cavity by shroud. It leads to a high

tangential velocity of flow core that causes a low

theoretical calculated temperature rise. The situ-
ation discussed above is quite extreme because
the real turbine machine cooling air system used
to prevent the phenomena of hot ingestion has A,
larger than 0. 06. So the situations depicted in
Fig. 6 (b) and Fig. 6 (c) are most significant.
The temperature rise difference in low radial po-
sition is caused by the windage heating effect of
high radial velocity, especially in high non-di-
mensional flow rate in Fig. 6 (b) and Fig. 6 (c).
But the absolute value of temperature rise in
these situations which is much less than the one
in high radial position can be ignored approxi-
mately in practical applications.

Fig. 8 shows the flow structure-in different
gap ratios with a turbtulent parameter 'as 0. 141,
which is considered ‘to be a suitable value for cal-
culating the —temperature ‘rise, more correctly
when G=0. 18.

V. /(mfs)
200

150

100

= =
G=0.02  G=0.06

Fig. 8 Flow structure in different gap ratios of
G=0.02, 0.06, 0.12 and 0. 18
in case of A, =0. 141

With the decreasing gap ratio, the flow
structure is qualitatively similar when G=>0. 06.
When the gap ratio is further reduced to 0. 02, a
Stewartson flow structure appears in mid and
high radius area. It is obviously reflected in the
difference showed in Fig. 9 where r/0>>0. 8.

With a summarization of data, the sphere of
application of the temperature distribution calcu-
lated by flow structure is showed in Table 4. If

the adiabatic wall temperature distribution of the
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rotor in real turbine machines which can be the

o G=0.06, A=0.141 o G=0.12, 1=0.236

temperature boundary conditions to analyze con-

vection heat transfer can’t be obtained.

—o— G=0.02 (CFD)
AT~ G=0.02 (Cal.)
—— G=0.06 (CFD)
1ok —— G=0.06 (Cal)

—— G=0.12 (CFD)
—a— G=0.12 (Cal.)
e #— (G=0.18 (CFD)
—— G=0.18 (Cal.)

1 1 L I

02 0.4 0.6 0.8 1.0
rlb

Fig. 9 Comparison results of temperature distribution

by CFD method in case of A, =0. 141

Table 4 Applicable condition of method to calculate

the temperature distribution

G 0. 06 0.12 0.18

A 0.170~0.24 0.141~0. 236 0.141~0. 236

As the temperature rise distributions which
meet the applicable condition is not-sensitive
with the influence of different gap—ratios, the
distribution calculated by tangential velocity dis=
tribution is also can ‘be derived, approximately
with the swirl ratio B of the flow core.

The swirl ratio 8 distribution along the radi-
us is showed in Fig. 10 with“a suitable condition
of A, =0. 14 and G==0:06. If the data at low ra-
dial (/b<<0.4) position can be ignored because
of a weak windage heating effect, an appropriate
constant value could substitute for the distribu-
tion curves of B to calculate the recovery tempera-
ture approximately in different situations. The ap-

proximate constant swirl ratio is listed in Table 5.

Table 5 Approximate constant swirl ratio

G 0. 06 0.12 0.18

B 0.0790 0.0793 0. 0824

With an approximate constant swirl ratio,
the temperature rise can be calculated with the
equation derived from Eq. (2)

2 2
o (1— P,
—_—r

2¢,

AT = r., (5)

o= G=0.06, A=0.170
-0~ (G=0.06, A=0.236
= G=0.12, 2=0.141
o= G=0.12, 2=0.170

- G=0.18, 1=0.141
& G=0.18, 4=0.170
- G=0.18, 1,=0.236

0.30
025F
0.20F

= 0.15f

0.10F

: ﬁ‘unl! ;ﬁ.{d“ Al

. el o
| OB C g o O oo g
o0sk B et ; é;e el

rib

Fig. 10 Comparison results of 8 radial distribution by
CFD method in case of G=0-06 and™A=0. 14

Fig. 11 shows|the temperature distribution
calculated-by Eq, (5), and\compares/it with the
CED results and theoretical calculated results

{fom Eq. (2)-inmcase.of the gap ratio G=0. 12,

—=— 2,=0.141 (CFD)
35F o ).l=0_]41 (Cal.)
| — A=00141 (Appro.)
<&~ 2=0.170 (CFD)
25 —o= A=0.170 (Cal.)

s N
2 5l A=0.170 (Appro.)
=
15}
10+
5 L
0 L i L i ] L ' ' 1 L L ' 1
0.1 02 03 04 05 06 07 08 09 1.0
rib
Fig. 11 Comparison results of temperature rise

distribution calculated by approximate constant
swirl ratios, CFD and theoretical calculation

in case of G=0. 12

Comparing the temperature rise distribution
obtained by numerical method and the one calcu-
lated approximately with a constant swirl ratio
shown in Fig. 11, error margin is within the
scope of acceptable, especially in high radial po-
sition. This approximate method may be more
widely used in a practical application because the
swirl ratio would be more easily to get than tan-
gential velocity distribution within an unfamiliar

shrouded rotor-stator cavity system.
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3 Conclusion

The rotating disk surface temperature rise
owing to viscous friction effect has been obtained
by CFD. In order to testify the accuracy of the
CFD results, PIV experiments have been con-
ducted to compare the velocity distributions. Be-
sides, the high speed airflow recovery tempera-
ture calculation method has been tested to esti-
mate the rotor surface temperature rise using the
velocity differences between the rotor surfaces
and rotating fluid core within a rotor-stator cavi-
ty system. Results from two methods have been
compared under several conditions.

When G>0.06, 0.141 <A, <<0.236, the
high speed airflow recovery temperature equa-
tion predicts the temperature rise pretty well. It
is safe to estimate the windage temperature rise
via the recovery temperature equation using the
velocity differences between the rotor surface
and the rotating flow core. The analysis of {low
structure using streamline chaft indicates the-a-
greement of two methods in solving-temperature
distribution. If-there is a lack of inflow rate;-the
flow structure in the cavity is heavily influeneced
by the shroud, which would‘lead\to a overhea-
ting of the rotating disk and low velotcity of flow
core in high radial position.

For practical application, the distribution of
temperature would be estimated with an approx-
imate constant swirl ratio within the margin of
error. It simplifies the process because the flow

velocity distribution may be not easily obtained.
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