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Numerical simulation on a filnr cooled rotating model
with 30° injection holes
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Abstract: The flow and heat transfer characteristics were numerically investigated on a film cooling model
under different rotating operating conditions. T he computational model was originated from the mid span sec
tion of a typical turbine rotor with two rows of 14 staggered injection holes angled 30° both on the suction sur
face and pressure surface, and the flow through the coolant plenum and all the hole pipes were resolved as a
part of the computational domain by specifying the coolant mass flux in the plenum. The computations primarr
ly focus on under standing the rotational effect on film cooling performance in mechanism research approach. In
the present study, the Reynolds number (Re) based on mainstream velocity and injection hole'diameter varied
from 1835.5 to 5507. 4, and the averaged blowing ratio (M) ranges o£0.5'to 1.5. Results show that'the cook
ant will move on to the higlr radius locations near the suction-and pressuresurfaces due to the strong centrifu
gal effect, which leads to the decrease in adiabatic effectiyeness’accordingly. T he discharge coefficients ( Cy) ,
on the pressure surface, are much higher than that on the suction surface under a'given operating condition. In
addition, the critical values of angular-speed which represent the equilibrium of centrifugal force and Coriolis
force near the pressure surface are-also presented.
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Nomenclature T. T urbulence intensity
B Space betw een two rows u Velocity
Cq Discharge coefficient u” Shear velocity
D Film cooling hole diamet er X, ¥,z Cartesian coordinate system with
Ec Eckert number z coordinate along the span
he Heat transfer coefficient X Dimensionless coordinates
L Length of the hole pipe y* Distance in wall coordinates (y* = yu' /v)
m Mass flow rate Thermal diffusivity
M Averaged blowing ratio (M= (P.uc)/ (Piwy)) Greek symbols
Nu Nusselt number ( Nu= hiD/A,) P Density
p Pressure v Kinematic viscosity
Pr Prandt] number ( Pr= v/ a) Q Angle speed
q H eat flux ¢ Inclination angle to wall surface
R Gas constant n Film cooling effectiveness
Re Reynolds number( Re= u,D/v) (M= (Ty— Ta) /I (Te—-T.))
R, Rotation number(R,= QD/ u,) Subs cripts
Distance between holes in a row aw diabatic wall
T T em perat ure w wall
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Introduction

From the thermodynamic analysis, it is re-
vealed that the performance of gas turbine en-
gines can be enhanced by increasing the turbine
inlet temperature. Since the inlet temperatures
of modern gas turbines are much higher than the
melting temperatures of the materials used to
make the turbine blades, cooling of the blades
becomes a critical issue in turbine design. Film
cooling which is widely used is probably the
most effective cooling technique for protecting
the high temperature turbine blades in aero en-
gines up to now. Inthis technique, the cooler air
is injected into the high temperature mainstream
boundary layer on the blade surface and gener
ates a thin coolant film acting as a buffer to iso
late the thermal loads. With the aid of film cool
ing, a higher gas temperature at the turbine inlet
is permitted, which in turn, improves the ther
mal efficiency of the turbine engines-greatly:

Various fluid dynamics, and {geometric pa-
rameters cancalfect the performance of film cool
ing, such as the mainstream Reynolds number,
blowing ratio, coolant to mainstream density ra-
tio, turbulence intensity, the film hole shape,
size and location, et¢c. Therefore, to achieve a
comprehensive understanding of the film cooling
technique as well as efficient design of the film
cooling modes has become a very important is
sue.

Many studies have been conducted on the
performance of film cooling over the past four
decades, and a large amount of the valuable re-
sults is available in the open literature. An ex-
cellent review of the film cooling work up to
1971 was provided by Goldstein'" . Many efforts
have been devoted afterwards to this research ar
ea, and a comprehensive compilation of the a
chievements has been summarized by Han et
al'’”. From a view of experimental and numerical
approaches, the development of film cooling for

the most recent years is discussed here.

Sinha et al.'” investigated two rows of 35°
holes with a pitclrto diameter ratio of 3 and a
row spacing-to diameter ratio of 40 film cooling
performance. T hey found that the upstream row
thickened the boundary layer between the two
rows, reduced the momentum of the crossflow
and the velocity gradients in the shear layers,
and lowered the turbulence level for the second
row. Baldauf et al.'” employed a higlr resolution
thermography system to study the local adiabatic
film cooling effectiveness on a flat plate surface
downstream a row of cylindrical injection holes.
It was found that the optimum conditions are
confined to a small band of blowing ratios &«
round M= 0.85to 1. 0 and momentum ratios of /
= 0.4 to 0. 5. Saumweber and Schulz” conduc
ted a comprehensive set-of generic experiments
to investigate the mteraction’ of film cooling
rows. Theyconsidered five different film cooling
configurations on_a large scale basis each consis
ting of two rows of| injection‘\holes in staggered
arrangement and found ‘that the decay of film
cooling_effectiveniess with streamwise distance
was-much-Tless pronounced downstream of the
second row primarily duo to precooling of the
boundary layer by the first row of holes. Kim et
al.'” investigated the detailed local heat transfer
and film cooling effectiveness distributions from
a trailing-edge model of a gas turbine airfoil in a
low speed wind tunnel. They found that both lo-
cal heat transfer coefficients and film cooling ef
fectiveness displayed a strong dependency on
blowing ratio and the mainstream acceleration.
However, the discharge coefficients showed lit-
tle dependency on the mainstream acceleration.
studied the film

cooling effectiveness and heat transfer coefficient

. 8
Yuen and Martinez Botas

distributions on rows of cylindrical holes with
streamwise angles of 30°, 60° and 90° in a flat
plate test facility with zero pressure gradient.
They concluded that the optimum value of blo
wing ratio was about 0.5 for most configura
tions.

Besides the experimental film cooling stud

ies outlined above, many efforts in computatiorr
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al approach have also been devoted to the film
cooling characteristics. A number of parametric
studies were provided by Garg et al”™

Leylek and Zerkle'™ studied the discrete
hole film cooling on a flat plate using the stand
ard ¥-€ turbulence model with wall functions for
Ra= 2, and L/d of 1.75 and 3. 5. Following the
coolant from the plenum into the hole pipe, they
presented the coolant velocity and temperature
profiles at the hole exit. By using the same tur-
bulence model, Lakehal et al.'" investigated the
film cooling effectiveness of a flat plate by a row
of laterally injected jets using a Navier Stokes e
quation solver. Compared to the results obtained
with wall functions, they found that the resolu
tion of the viscosity-affected near-wall region
with a oneequation turbulence model yielded a
noticeable improvement in the prediction of film
cooling effectiveness. Azzi and Lakehal ™ simu-
lated the streamwise injection of film coolant o
ver a flat plate for density ratio of two and mass
flux ratios of 0.5 and 1. 0. Results showed that
the isotropic two-layer ¥&model was found-to
underpredict the lateral\spreading‘of-the temper=
ature field, together with an exaggerated size-of

16
19" sed. a

the kidney vortices.\ Garg\and\Rigby
multiblock, three dimensional'| Navier Stokes code
with K-© turbulence model to study the withimr
hole and near-hole-behayiors in relation to heat
transfer on a filmcooled blade. It was found
that the coolant velocity and temperature distri-
butions at the hole exit on the blade side did not
follow the 1/7th powerlaw profile, and were
highly skewed by mainstream for the holes close
to the leading edge. T o obtain more accurate re-
sults, Muldoon and Ac:halrya[17J computed the
film cooling performance of an inclined injection
hole by using the direct numerical simulation
(DNS). Finally, they concluded that the great
weakness in the standard K-€& model was the
choice of eddy viscosity.

All studies described so far have shown lots
of significant results in static film cooling alread

y. In the open literature, however, few academ-

ic researches have been reported to investigate

the film cooling performance under rotating en-
gine conditions.

Dring et al.'"™ studied the adiabatic film
cooling effectiveness on therotor blade of a large
scale (low speed) model for a high pressure tur
bine first stage. Their results showed that the
film coolant had only a small radial displace
ment, similar to flat plate results, on the suction
surface. But on the pressure surface, the coolant
trace had a large radial displacement toward the
blade tip due to rotation, and a much faster decay
of the effectiveness was observed. Takeishi et
al.'"” measured the adiabatic effectiveness on a
low-speed stationary cascade and a rotating blade
by using the heatmass transfer analogy. They
reported that the adiabatic effectiveness on the
suction surface of-the rotating blade agreed well
with that-enthe stationary blade, but alow level
of effectiveness appeared on the pressure surface
of the rotating blade. Abhari and Epstein'™
studied the timeresolved heat transfer charac
teristics Tor cooled and uncooled rotors by thin
heat-flux gages, and Ahn et al. *"" measured the
film _cooling™ effectiveness distributions on the
leading edge region of a rotating blade using a
pressure sensitive paint ( PSP) technique. As a
further study, Ahnet al. '* reported that differ
ent rotating speeds can change the film cooling
traces distinctly with the averaged film cooling
effectiveness on the leading edge region increas
ing with blowing ratio. Yang et al.'” employed
a Reynolds stress turbulence model together
with a nor equilibrium wall function to calculate
the film cooling effectiveness and the associated
heat transfer coefficients on the leading edge of a
rotating blade in a particular turbine stage. Re-
sults showed that the heat transfer coefficients
increased, but film cooling effectiveness de-
creased with increasing rotating speed. Further
more, a series of computational studies on the
heat transfer characteristics for a film-cooled ro-
tating blade by using different turbulence models
were also conducted by Garg and his co
works!***

In order to better understand the mecha
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nism of film cooling phenomenon under rotating
operating conditions, both the studies concerning
the performance on entire turbine blade and fea
tures on physical model are extremely impor
tant. Therefore, from the view of mechanism
research, the general purpose of the present
work aims to investigate the rotational effect on
the film cooling performance. By means of the
computational fluid dynamics ( CFD) approach,
the flow and cooling effectiveness on a simplified
rotating film cooling model with two rows of 14
staggered injection holes are investigated, and
the discharge coefficient distributions for all the
hole pipes are also obtained. The computed re-
sults will be greatly helpful to explore the film

cooling mechanism in gas turbine engines.

1 Methodology theoretical analysis

1) The cooling performance of a film-cooled
surface is most commonly described by the adia-
batic film cooling effectiveness T, which is de
fined as a norr dimensional tem perature:

N= (Te— Ta)(Te— T%) 1)
where T, is the mainstream temperature, 7 :is
the coolant temperature, ‘\and T a is\the adiabatic
wall temperature.

2) For design purposes,, it is often-required
to know the relation between the heat fluxes to a
wall and the temperature” of the wall surface.
With film cooling,~the heat transfer coefficient
htis customarily defined by

ht = q/(Taw— Tv) (2)
where ¢, Tav and T« denote the wall heat flux
with film cooling, adiabatic wall temperature
and the wall temperature, respectively. The he
considers influence of the air interaction near the
blade surface, and usually is obtained from a se
ries of computations. Another way of defining
the heat transfer coefficient hy is given by

he= ¢/ (Te= Tv) (3)
Dividing both sides of Eq. (3) by both sides of
Eq.(2), and rearranging, if follows that:

he/ hi = 1= Y (Te—Tec)/(Te— Tw)] (4)
When T, is equal to T¢, Eq. (4) can be

written as:

hg = hr (5)

T he selection of constant wall heat flux ¢ is
independent of its value if the air is incompressi-
ble, and finally the values of At can be obtained
from he when T, is equal to Te. This method is
firstly analyzed by Eckert'”" and applied exten-
sively in experimental researches for static film
cooling characteristics. The present study will
also employ the classical method to calculate the
heat transfer coefficient and inspect its feasibility
for rotating film cooling investigation.

3) After processing to the flow and heat
transfer governing equations and boundary con-
ditions in rotating reference frame on a film-
cooled blade, the dominating normalized param-
eters to Nusselt number Nu and adiabatic effec
tiveness Il can be summarized as follows:

Nu = fifRe, R, Pr,M, pe/pe, R/R, € X" )
(6
W= fa(Re, R, ProM, p/pe, A/Q, € X )

(7)

whereRe is the Reynoldsnumber based on injec
tion—hole diameter, R: is the rotation number,
Pris-thePrandtl number, M is the blowing rati-
o,7pe and py are the coolant pressure and main-
stream pressure, [ and  are the coolant density
and mainstream density, ®is the inclination an-
gle, and X is the dimensionless coordinates.
The present work aims to concentrate on the imr
fluence of leading parameters, Re, R\, and M on

the performance of film cooling.

2 Rotating film cooling model

A schematic illustration of the rotating film
cooling model, which is originated from the mid
span section of a typical turbine rotor and sim plr-
fied properly, with two rows of staggered injec
tion holes located both on pressure and suction
surfaces is shown in Fig. 1. The coordinate sys
tem used is such that x axis is along the stream-
wise direction of mainstream, y-axis is along the
direction of injection holes and z-axis conforms
with the righthand law. T he entire model occur
pies a space of 0. 12m %X 0.082m X 0. 05m, and

the cutting plane normal to x-axis is a trapezoid
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with a top angle of 74. 6°. As can be seen, the
air domain consists of mainstream and coolant
which are mixed at the exit of injection holes,
and the interior part forms the solid domain.
The whole model is symmetric to the rotating
axis that is parallel but at a distance of 0. 5m un-
der the x-axis. The mainstream has a high tem-
perature and velocity when the hot air reaches
the two main inlets with a cross section of 0. 028
m X 0.05m, and the coolant has a low tempera-
ture and constant mass flux when the cooling air
enters the coolant inlet with & cross section.of 0. 02
m X 0. 01 m which-is at ‘the bottom of-inner ple
num. All the air-flow out from the two main
outlets. A total of 14 discrete'cylindrical holes
are designed on the pressureand suction"surfaces
for film cooling. To investigate the coolant ir
teraction and discharge coefficient distributions,
the injection holes are arranged in two staggered
rows. The first row of 4 holes and the second
row of 3 holes have a diameter D of 2mm, and
the holes in each row are spaced three hole diam-
eters apart (S/D= 3). The space between two
rows is B/D= 4, and the staggered distance is
1. 5D. The inclination angle ¢ to the pressure
and suction surfaces is arranged at 30°, giving
the lengthrtodiameter ratio L/D = 6. In addir
tion, this model rotates at constant angular

speeds of 1000, 2000 and 3000r/ min, respec
tively.

3 Grid generation and boundary
conditions

An excellent locally structured and bo dy-fit-

Schematic of rotating model and film hole configuration

ted grid with hexahedral cells is shown in Fig. 2.
The grid consisted of 122 x 130% 126 nodes in
the x, y and z directions, and still maintained
high quality, smoothness and near orthogonali-
ty. Normal to the wall surface is the densely vis
cous grid, with " < 1.2for the first grid point
which was strictly\kept within' the/laminar sub-
layer to-satisfy the requirementof low-Re turbu-
lence model~To-ebtain a higlr precision grid so-
lution, the O-grid technique ‘was applied in all
theinjection holes and much attention was paid
to keep-the grid aspect ratios in any direction
smaller-than 1. 3. M any tests were carried out to
the

process of grids refining, including a grid which

obtain an independent solution during
had 1. 5 times as many cells in the streamwise dr
rection as this one. The two grids yielded nearly
identical adiabatic effectiveness and pressure dis

tributions on the pressure and suction surfaces,

(a) Lateral view (b) Top view
Mainstream

15 Slip wall

Periodic
wall

No slip and constant heat flux wall

Coolant inlet Slip wall

(c) Half of three-dimensional view

Fig.2 Grid used for the com putation
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and the maximum discrepancy in wall tempera-
ture prediction was within £1% .

T he velocity boundary conditions to the ma-
instream and coolant inlet planes are sum marized
in Table 1. The mainstream had a temperature
of 363. 15K with turbulence intensity of Tu= 5%
after it reached the two main inlet planes, and
the coolant had a temperature of 333. 15K with
turbulence intensity of Tu= 1% in the plenum.
When the mixed air streamed out from the two
outlet planes, the back pressure was fixed to
101325Pa accordingly. Because the mainstream
is designed as simulating the flow between
neighboring turbine blades, the top and bottom
surfaces of mainstream were set to freeslip
walls, and two planes in the exterior of this part
were considered as periodic interfaces. The suc
tion and pressure surfaces were firstly assumed
to be adiabatic to calculate the film cooling effec
tiveness, and then changed to constant heat flux
walls when calculating the heat transfer coeffir
cient. According to the analysis of Eckert™,
the temperatures of mainstream ~and coolant
were altered to be equal, and the fluid was set-to
be incompressible in place of the ‘ideal gas.— In
addition, the adiabatic no-slip condition-was-err
forcedat all the solid ‘walls,\ including the inner

surface of the film hole and the imrer plenum.

Table 1 Velocity at inlet'planes in computation

u./(m/s)
u,/(m/s)
M=10.5 M=10 M= 1.5
20.3 2.06 4.13 6.19
40.6 4.13 8.25 12.38
60.9 6.12 12.23 18.34

In the previous studies, many investigations

have been conducted to inspect the actual effect

of turbulence models ( Azzi and Lakehal“sj,

and  Abhari'*,

[25]

Garg and Righy''", Garg

21y , the

Garg . Following the advice of Garg
K @ turbulence model was chosen because it sat-
isfies many constraints such as asymptotic con-
sistency near walls without the need for addr

tional corrections and it can also give reasonable

results for subsonic flows with adverse pressure
gradients, separation, and streamline curvature.

The numerical simulations were performed
using the commercial CFD code Star- CD, a finite
control volume based, multiblock and multigrid
solver. A high resolution scheme was employed
for the discretization of advection term, and the
standard ¥ ® model in conjunction with the scal
able wall function was used for turbulence clo-
sure. Convergence in all cases was declared only
when both of strict criteria were satisfied: (1)
reduction in all residuals of four orders of magnr
tude at least, and (2) no observable change in
surface tem perature prediction for an additional

40 iterations.

4 Results and discussion

A summary of\the leading Aluid/dynamics pa
rameters-in the present study is shown in Table 2.

Table 2—Teading parameters in computation

Parameters Values
Re 1835.5, 3671.9, 5507.4
R, 0. 0034~ 0. 0309
M 0.5 1.0, 1.5

S Flow and temperature field

Fig. 3 presents the adiabatic film cooling ef
fectiveness distributions on the suction surface
for various M and R.. The particular cases
shown here are Re= 1835.5. To deliver a better
understanding of the flow field, a horizontal line
is marked through the center of hole 6 as a refer
ence and the downstream exit of this hole is loca-
ted at x = 0. A particular phenomenon in rota-
ting film cooling performance is that the coolant
will move on to the higlrradius locations after it
streams out from the cooling holes especially at
high angular speeds. It is well known that
there are three governing forces in rotating sys
tem, i. e., the centrifugal force, the Coriolis
force and the buoyancy force. The buoyancy
force is induced through the former two forces

and temperature field, and in the current study,
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Fig.3 Contours for 1 on suction surface at Re= 1835.5

it can be negligiblefor the small differential of the effective region covered by cooling film tends

temperature between the mainstream and cool to decrease both in x and z directions (see Fig.3
ant. The centrifugal force is prone to drive the (a), (d), (g)). Because of the interaction of
air to deflect toward the highrradius locations es cooling jets from two rows of injection holes,

pecially for the highrdensity coolant, while the the thermal protection between two neighboring

Coriolis force pushes the cooling jets upwards holes of the second row along z axis direction is
and downwards along the z-axis direction near still sufficient for this blowing ratio. When the
the suction and the pressure surfaces, respec value of M increases, a discrete region with low
tively. As a result, the coolant deflection near N values but high temperatures surrounding all
the suction surface is much evident. The adia- the injection holes appears and reaches its maxi
batic effectiveness distributions in Fig. 3 can be mum area at M= 1 5. This is because the cool
very helpful to analyze the coolant deflection ant at high blowing ratios has much great mo-
phenomenon. It can be obviously seen that as R mentum so that it penetrates deeper into the ma-
increases from 0. 0103 to 0. 0309, the contour at instream easily at the hole exit and reattaches
N= 0.5 downstream of the second row of holes is the wall surface after passing an appropriate dis

deflected about 3. 5D upwards at x/D= 8, and tance along streamwise direction. Therefore,
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high values of M are not suitable for the thermal
protection to wall surfaces near the exit of injec

tion holes.

6 Film cooling effectiveness

Fig. 4 presents the laterally averaged film
cooling effectiveness results as a function of x/D
at the centerline of hole 6 on the suction and
pressure surfaces under different operating con-
ditions. Through a detailled comparison, the
tendencies of Tl are summarized as follows: (1)
The high values of M will weaken the thermal
protection to wall surfaces especially near the
exit of cooling holes, but it will increase the adi-
abatic effectiveness properly at far downstream
locations. The numerical result (Fig. 4(a)) re
veals that an abrupt decrease in the cooling ef
fectiveness Moccurs at x/D< 2, while a further
increase in Nlappears at x/D= 2~ 8. This is due
to the fact that the cooling jets detach from the
wall surfaces immediately after effusing from the
injection holes and then reattach at~the down-
stream locations after separation. Inthis region,
the highest Tl appears at M= 0. 5.~While in the
region of x/D) 214, the Nlevel of M= 1.0 and-1.5
is higher than M= 0, 5 case because ‘the high-M
values bring an enhancive momentum in-coolant,
which results in an increase in Mat far down-
stream locations,(-2) Althiough the values of 1l
next to the downstream of injection holes on suc
tion surface are higher than that on pressure sur-
face, the adiabatic effectiveness on pressure
surface is much superior to that on suction sur
face within most of regions because of the strong
deflection of coolant near the suction surface.
Both the centrifugal force and Coriolis force
point towards the highrradius locations near the
suction surface, which allows more coolant to be
deflected upwards. On the pressure surface, the
centrifugal effect will be weakened due to the
opposite effect of Coriolis force, and it leads to
the high values of Nl finally. (3) As R: increases,
the values of Nl both on suction surface and pres
sure surface decrease simultaneously for the

same reason of coolant deflection (see Fig. 4

(b)). The cooling jets from neighboring injec
tion holes can provide additional compensations
for the adiabatic effectiveness due to their ir
tense mixing, which can result in the recovery of
N in the far downstream region of x /D> 18. (4)
It appears that the augmentation of Re can lead
to a slight decrease of Nlat the downstream loca-
tions ( see Fig. 4(c)). To keep a constant value
of R, the angular speed should be elevated sim-
ultaneously as Re increases, and which is the ex
act reason for the reduction of adiabatic effec
tiveness. (5) After reaching the far downstream
locations, the tendencies of lbecome much uni-

form on the suction and pressure surfaces.
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Fig. 4 Values of l downstream of hole 6
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7 Heat transfer characteristics

Fig. 5 presents the detailed local Nusselt
number distributions on the suction surface at
various operating conditions for M= 0. 5. As
seen from the figure, the Nusselt number distri-
butions clearly indicate higher Nu appears along
the downstream of each injection holes due to
the strong interaction of mainstream and cool
ant, whilelower Nu appears in the region among
the injection holes due to the lack of coolant.
The Nu decreases along the streamline direction
locations  and  its

to far downstream

magnitude can be evaluated as Re increases from
1835.5to 5507.4. When comparing with the re-
sults illustrated in Fig. 3 at the same operating
condition of Re= 1835.5 and Ri= 0.0309, it is
interesting to note that the phenomenon of cool
ant deflection is vanished. The reason could be
the mainstream tem perature and coolant tem per
ature were assumed to be equal during the calcu-
lations by using the classical method of Eck-

27
ert[ J .

x/D
(c) Re=5507.4, R=0.0103

Fig. 5 Nu distributions for M= 0.5

8 Discharge coefficient

Knowledge of the discharge coefficient Ca is
vital in sizing film cooling holes at the design
stage to determine the requisite amount of cool
ant flow to produce the desired cooling effective
ness. The discharge coefficient Cu is the ratio of
actual mass flow rate and ideal mass flow rate
through the film cooling hole. Therefore, Cdcan

be expressed as

“= T x (a® Tz
p_g—[p__l] L

(8)

Fig. 6 shows the distributions of Cd for all
the injection holes-under-different operating con-
ditions. As-can be seen in Fig/ 6, the Ca values
for“each-injection hole are quite different, and
this denotes that the M is only a qualitative pa-
rameter for the distribution of total coolant mass
flux—in—this study./All the Ca groups decrease
both-on_suction surface and pressure surface as
Riis_increased for a constant Re, and the Cua al
ways increases with increasing M. T his is due to
the fact that when the M increases, the coolant
can break away from the repression of main-
stream and flow out easily along y direction.
T he rotation can always cause the pressure in-
crease along the radial direction in the plenum,
and this brings to the accretion of pi, leading to
an increscent difference between p. and p,. Frr
nally, the Ca shows adecrease as the R: increases
from 0.0103 to 0. 0309. It can be seen that the
Re shows no effect on Cu at a fixed value of M
and R (see Fig. 6(¢c)), and this result also corre-
sponds with the conclusion by Kim et al’®. The
reason could be attributed to the synchronous
variation of angular speed to keep the constant
value of Rt when Re varies. In this figure, it is
also demonstrated that the Ci on pressure sur
face is much higher than that on suction surface
under each operating condition. The Coriolis
force drives a majority of coolant to deviate from

the suction surface in the plenum, causing more
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coolant discharge from the hole pipes on the
pressure surface. Considering that there has no
obvious difference in p. near the two flat sur
faces, as a consequence, the Cd values on the
pressure surface are much higher. In addition,
the Ca shows only a moderate variation along the

radial direction, and the values in cooling holes

(5)~ (7) are slightly higher than others.

08 M=0.5
0.7¢ < M=1.0
0.6} aM=15

0.5} Pressure surface
: A A A A A A A

& 0.4F Suction surface
03-000-0.. A A A A A A A
02k 5 w & » . L.
0.1}

-8 6 4 -2 0 2 4 6 8
Number of cooling holes
(a) Re=1835.5, R=0.0103

il R=0.0103
0.7} « R=0.0206
0.6r 4 R=0.0309
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< 041 Suctio_n surface
0'3 I e o o © o o o
0.2} A A A A A A A : ; : ; ; ; ;
0.1F

0

8§ 6 42 0.2 4.6 8
Number of cooling holes
(b) Re=1835.5, M=1.5

08 Re=1835.5
- &= <
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-8 -6 4 2 0 2 4 6 8
Number of cooling holes
(c) R=0.0103, M=1.0

Fig.6 Discharge cefficients C, for all the hole pipes

9 Conclusions

Numerical simulations were performed to
investigate the effect of rotation on the film cool
ing mechanism over a simplified rotating m odel.
The computational model is origir nated from
the mid-span section of a typical turbine rotor
with two rows of 14 staggered injection holes on

the suction surface and pressure surface, and the

inclination angle to suction and pressure surfaces
is fixed at ?= 30°. The operating conditions in-
clude various values of Reynolds number Re, ro-
tation number R:, and the averaged blowing ra-
tio M. The key findings of present study can be
summarized as follows:

1) The rotational effect has a significant ir
fluence on the flow field. The centrifugal force
and Coriolis force have the same direction near
the suction surface to point towards the highrra-
dius locations, but the Coriolis force can weaken
the centrifugal effect due to its opposite direction
near the pressure surface.

2) Although the high values of M will
weaken the thermal protection to wall surfaces
near the exit of cooling heles, it can increase the
adiabatic effectiveness properly at downstream
locations. -As\R: increases, the values of Tl both
on_suction-surface and pressure surface decrease
simultaneously. In addition, the augmentation
of Re can lead to a slight decrease in I

3)-For discharge coefficient distributions, in
allcases an-incredase in R leads to a decrease of
Cufor a constant Re. The augmentation of M
will always aid to elevate the Ca values. When R:
and M are fixed, the Ci values are independent
on the variation of Re under a given operating
condition. Furthermore, the Ca values on the
pressure surface are much higher than that on
the suction surface under the same operating
condition.

4) Although the method which assumes the
mainstream tem perature and coolant temperature
are equal to obtain the heat transfer coefficient in
film cooling has been proved rather correctly in
static study both in theoretical and experimental
approaches, it is not suitable for the rotating
film cooling investigation due to the inaccurate

prediction of coolant deflection phenomenon.
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