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Swirling Flow Effect on Film Cooling Performance
Downstream of a Sudden Expansion

C. Gau,* K. A. Yih,f and S. S. Changt
National Cheng Kung University, Tainan, Taiwan, Republic of China

Experiments are performed to study and obtain the film cooling effectiveness in a film cooled circular pipe
downstream of an abrupt 2.4:1 expansion with the presence of weak swirling flow in the mainstream. The
swirling flow is generated by a flat-vaned swirler situated upstream before expansion. The radial temperature
measurements are used to infer the flow structure and the rate of mixing of film jet with swirling flow.
Experiments demonstrate that the size of the recirculation zone and the location of the reattachment point are
significantly affected by the swirl and the film jet velocity. The recirculation zone has a very slow rate of mixing
with film jet and results in a higher film cooling effectiveness. However, the reattachment of flow can impinge
and destroy severely the film jet structure and results in a significant reduction in film cooling effectiveness. The
system of governing equations and boundary conditions are used to derive the dimensionless parameters that
affect the film cooling performance. In the experiments, the blowing parameter ranged from 0.5 to 2.0, and the
swirl number from 0 to 0.6. Correlations for film cooling effectiveness are presented.

Nomenclature

= diameter of swirl hub

=inside diameter of swirler

= function

= conductivity

= blowing parameter, = u;/u,,

= dimensionless pressure, = p/pu’

r = Prandtl number

=pressure

=dimensionless heat flux, = q/[k(T; —T,»)/R,}
=heat flux

=dimensionless distance, = r/J.

»  =pipe radius after expansion

e; =slot Reynolds number, = pu,y./p

=radial coordinate

=swirl hub radius

= pipe radius before expansion

=swirler radius, = r,

= swirl number

=temperature

= dimensionless velocity in the x direction, =u/u,,
=fluid velocity in the x direction

=average velocity of the mainstream in the x direction
=dimensionless velcoity in the r direction, = v/u,,
= fluid velocity in the r direction

= fluid velocity in the ¥ direction

=dimensionless distance, = x/y,.

=axial distance from slot

=radial distance from pipe wall

=slot height

= film cooling effectiveness, = (T,w = T)/(T; —T,)
= dimensionless temperature, = (T —T,,)/(T; — T,,)
=kinematic viscosity

=vane angle of swirler

= circumferential coordinate
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Subscripts
aw =adiabatic wall
J ={film jet at slot exit

m  =mainstream
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Introduction

ILM cooling heat transfer has been studied extensively in

the past due to its wide applications in cooling high-tem-
perature systems such as combustors, turbines blades, after-
burners, and nozzles. Extensive review articles on both analyt-
ical and experimental studies on film cooling heat transfer are
available.!? The film cooling effectiveness has been well-cor-
related with the blowing parameter and the downstream dis-
tance. However, the results obtained in the past are used only
for the case in which the hot flow over a film cooled flat
surface is uniform and both the mainstream and the film jet
have a very low-turbulence intensity. Recent studies have indi-
cated that different flow configurations, such as a favorable
or an adverse pressure gradient in the mainstream,>* the tur-
bulence intensity in either the mainstream or the film jet,% the
surface roughness,” and the surface curvature® of the wall,
which may be frequently encountered in a practical applica-
tion, can have a significant effect on the film cooling perfor-
mance and the heat-transfer process under the film. These
effects should be carefully examined. For a swirling flow
through a film cooled pipe without expansion, Gau and
Hwang® found that the swirl number, which increases with
turbulence intensity and swirl velocity in the mainstream,101
can significantly increase the mixing rate of the film jet with
swirl flow and decrease the film cooling effectiveness. The
film cooling effectiveness has been correlated in terms of the
swirl number, the blowing parameter, and the downstream
distance. ‘

In a dump combustor of gas turbine engine or a solid fuel
ramjet combustor, air is usually swirled to enhance its rate of
mixing with fuel droplets and increase the combustion effi-
ciency and, at the same time, is expanded suddenly to create a
recirculation region for flame holding. The structure of
swirling flow has been studied extensively due to its complex
phenomenon and its effect on the combustion efficiency.!%-12
However, only a relatively few works!?!* deal with the effect
of suddenly expanded swirling flow on the heat transfer rate
along the wall. The heat transfer rate on the wall was found to
increase with the swirl. In the meantime, as swirl increases, a
sharply peaked behavior of maximum heat transfer appears,
and the location of peak heat transfer rate shifts upstream due
to the upstream movement of the reattachment point. There-
fore, it is expected that the suddenly expanded swirling flow
can have a significant effect on the film cooling performance
on the wall. However, an extensive review of the literature
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indicates that these effects have been overlooked in the past
and should be examined carefully. Therefore, the objective of
this work is to study and obtain film cooling data downstream
of an abrupt expansion of a swirling flow. The radial temper-
ature distributions at several locations are measured and used
to infer the flow structure and the rate of mixing of the film jet
with the mainstream. Before the experiments, a nondimen-
sional analysis is used to derive the dimensionless parameters
that affect the film cooling effectiveness. Correlations for film
cooling effectiveness that account for the effect of a suddenly
expanded swirl flow are presented.

Experimental Apparatus

Experiments are performed in an open-type wind tunnel.
The test section, as shown in Fig. 1, is a circular Plexiglas pipe
and is 90 cm in length, 30 cm in inside diameter, and 1 cm in
wall thickness. The velocity of uniform airflow is maintained
at desirable values, and the maximum turbulence intensity is
kept within 0.4%. The turbulance intensity was measured with
a hot-wire anemometer at the outlet of the contraction and
upstream of the swirler. A single, flat-vaned swirler, having
both vane aspect ratio and space-chord ratio of approximately
unity, is located at the outlet of the circular contraction to
generate swirling flow. After passing through the swirler, the
airflow is suddenly expanded into a large pipe, having an
expansion of diameter ratio of 2.4. The secondary heated air
is injected axially from an annular slot formed by the pipe wall
and a cover plate. The slot height at exit is 4 mm.

All of the swirlers used are actually the same as those
described in the previous work.? The swirler is made of stain-
less steel and has 10 pieces of 1-mm-thick flat vanes. A total of
seven different swirlers, having inside diameter of 12.4 cm and
hub diameter of 5 cm, were made. The vane angles of these
swirlers are 0, 7.7, 15, 22, 28, 34, and 39 deg, respectively.
However, the generated swirling flow is usually characterized
by the swirl number S, which is a nondimensional parameter
representing the axial flux of swirl momentum divided by the
product of axial flux of axial momentum and swirl radius. It
has been obtained!? that the swirl vane angle and the swirl
number are related by

S = % tan®[1 — (D,/D;)*)/[1 — (Dy/D;)A 1

Accordingly, the swirl number of the swirling flow made by
each of these swirlers is 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6,
respectively. To avoid flow recirculation and generation of
turbulence before the air enters the swirler, a guide cone is
placed in front of the hub, as shows in Fig. 1.

The secondary air is filtered and pumped by a centrifugal
blower with its blade rotation speed controlled by a frequency
transistor. After passing through the heater and a flow
straightener, the heated air is distributed into 25 small insu-
lated tubes, that are made equal in length and are connected to
a plenum chamber of annular shape. The plenum chamber is
used to reduce the turbulence intensity and enables the air to
leave the slot uniformly so that a film jet of uniform injection
velocity can be obtained. The temperature of the film jet at the
exit of the slot is maintained 20°C higher than that of the
mainstream. To reduce the heat loss, the entire test section is
well insulated with a 25-mm-thick porous material of low
conductivity (k = 0.049 W/m-K).

A total of 45 thermocouples are embeded into the pipe wall
to measure the adiabatic temperature distribution of the wall
in the axial direction. The junctions of the thermocouples are
kept at the wall surface. The pitch between adjacent thermo-
couples is 4 mm except that the first thermocouple is located 8
mm from the slot exit. A total of another 24 thermocouples,
having a wire diameter of 0.05 in., are made into a rake, which
can be inserted into the pipe wall, to measure the radial
temperature distributions. The rake has an outside diameter of
4 mm, which is relatively small as comparéed with the pipe with
expansion. It is expected that the insertion of the small rake
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does not have a significant effect on the flowfield. A closer
spacing is made of thermocouples near the wall where the
temperature may have larger variations. The pitch between
adjacent thermocouples near the wall is 2 mm. Further away
from the wall, the pitches are 4, 6, and 8 mm, respectively,
increasing in the direction toward the pipe center. The temper-
atures of the injected and the mainstream air are also mea-
sured. All the thermocouples used in the experiment are K-
type, which have been calibrated with a constant temperature
bath and have a measurement accuracy of =0.1°C.

Nondimensional Analysis

To find the proper nondimensional parameters in such a
complicated system that affect the film cooling performance,
one has to start from the governing equations and boundary
conditions of the system and perform a nondimensional anal-
ysis. The analysis can be simplified greatly by the assumption
that the flow is laminar and all the thermophysical properties
are constant. Further 51mphf1cat10n can be made by the appli-
cation of the boundary-layer approximation.!® With the fol-
lowing nondimensional parameters

X=x/yc: R =r/yc’ u/um

V=v/u,, W =w/w,, P=p/oul

O=T-Tn)/(T; = Tyw), Q=q/lk(T;—Tpn)/R,]

the nondimensional boundary-layer equations and boundary
conditions can be written as

Continuity:

W 1aRYV) 10w _
X R AR R oY @

Momentum:

wu U  Wwow P 1

+ o — = e —
ax VR TR - " ax TRe
10/ aU\ 1 pU
x|=2(r%
[RR( aR)+R2 a¢2] ®
w2 _op
R "R @

=
I

IRERRREE

0 . x

<

Fig. 1 Schematic diagram of test section: 1) contraction, 2) flat-
vaned swirler, 3) film flow inlet, 4) adiabatic wall, 5) insulation, 6)
thermocouple, 7) thermocouple rack, 8) pitot tube.
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ow BW w aW yw 1 9P of the film jet with the swirling flow at different swirl num-
Ua_"X 3R Y R a,/, = T"Rov W bers, as shown in Figs. 2 and 3, and at different blowing
parameters, as shown in Figs. 4. The slot Reynolds number
1 1 a ; 0 (W studied is at 3.93 x 103. Close to the slot region (x/y. = 6), the
+ Re. R 3R R 3R\R ' &) film jet structure is preserved, as shown in Figs. 2a-4a; how-
¢ ever, it does not resemble that for the case of the swirling flow
Energy: in a film cooled pipe without expansion, which has a higher
‘ dimensionless temperature gradient near the wall.!> This is
a0 O WaIe 1 19 20 attributed to the recirculation zone, which has a higher tem-
UE}E Va_R R 3 RePrROR\ 8R ©) perature due to the mixing with the film jet. As the recircula-
tion zone has a direct contact with the film jet, the structure of
Boundary conditions: the recirculation flow has a significant effect on the rate of
mixing of the film jet with the mainstream. It is desirable to

X =0,0<R<r/y;:U=V=W=0,0=0 (7a) describe the structure of recirculation flow.

X=0,r/y.<R<r/y.:U =1V =0,W =wy/u,,0 =0 (7b)

X=0,r/y.<R<Ry, =y )/y.:U=V=W=00=0 (T¢)

X =0,R, =y )<XR<R,/y.:U=M,V=W=00=1 (7d)

R=R,/y.:U=V=W=06=00=0 (7e)

Since gy = (Taw — T}/ (T; = Tpn) = Olr—r sy, g =0, ONE has

w =J(Re, X, M, Pr, Wn///um:rh/yc:rs/yc’Ro/yc) ®)

To reduce the number of parameters that affect the film
cooling effectiveness, the last three parameters are divided by
rs/yc. Therefore, 14, = f(Rew X, M,Pr,wy/tl,,ry/rs,Ro/Ts).

The swirl number increases with the turbulence intensity
and swirl velocity produced in the mainstream. In the experi-
ments, it is convenient to use the swirl number to account for
these effects. Besides, from Eq. (1), the swirl number can also
account for the effect of the radius ratio r,/r;. Therefore,
both the parameters wy/u,, and r,/r, in the previous equations
are replaced by the swirl number that is used as one of the
dimensionless parameters for presentation and correlation of
results. This leads to 4,,, = f(Re, X,M,Pr,S,R /rs) Since both
Pr and the expansion ratio R,/r, remain constant in the exper-
iments, one can write

aw = Jf(Rey, X, M, S) )

Results and Discussion

Temperature Distribution Measurements

The radial temperature measurements at several axial loca-
tions are used to infer the flow structure and the rate of mixing
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Fig. 2 Effect of swirl on the dimensionless temperature distribution
for M =1.0: a) x/y. =6; b) x/y. =24; ¢) x/y. =36; and d) x/y. =60.

It has been realized that for the flow passing through the
backward facing step, the flow expands, recirculates, and
reattaches to the wall. A recirculation zone usually forms in
the corner of the sudden expansion.'$!” The recirculation zone
usually has relatively low velocity and turbulence intensity.
However, the flow structure, turbulence intensity, and size of
the recirculation zone can be significantly affected by both the
swirl in the mainstream and the film jet velocity along the
wall. The recirculation zone and the film jet structure can be
identified from the dimensionless temperature distribution up-
stream, where the film jet still maintains its structure and does
not mix well with the outside flow. The size of the recircula-
tion zone for the case of § < 0.2 can be inferred, as shown in

(T-Ty) /T T?

Fig. 3 Effect of swirl on the dimensionless temperatul:e distribution
for M =2.0: a) x/y. =6; b) x/y. =24; ¢) x/y. =36; and @) x/y. =60.

(T-Tyh/ T~ T)

Fig. 4 Effect of blowing parameter on the dimensionless tempera-
ture distribution for §'=0.2: a) x/y. =6; b) x/y. =24; ¢) x/y. =36;
and d) x/y. =6.0.
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Fig. 2a for the case of M =1, in the region approximately
from y/y. =4 to 16, where the variation of temperature is
small. The shear layer, which can be identified in the region
where the dimensionless temperature gradient is -slightly
higher, forms in the region from y/y. = 16 to 20 (the step
height is at y/y. = 20) outside of the recirculation zone, and
the region from y/y. =1 to 4 between the film jet and the
recirculation zone. However, the inflection point of the di-
mensionless temperature profile, which is identified as the
edge of the shear layer, moves toward the wall when the flow
moves downstream. At x/y. = 60, the inflection point moves
upward, which indicates the redevelopment of flow after the
reattachment. Therefore, the size of the recirculation zone can
be inferred and the length of the recirculation is less than
x/y. = 60. It is worth noting, from Figs. 2a and 3a, that the
height of the shear layer outside of the recirculation decreases
with an increase in the swirl number. This suggests that the
recirculation zone shrinks as the swirl of flow increases. For
example, in Fig. 2a, the edge of the recirculation zone is
approximately at y/y. = 15 for both S =0, 0.2, at y/y, =13
for § = 0.4, and at y/y. = 8 for S = 0.6. The shrinking of the
recirculation zone with increasing swirl number was also con-
cluded by others.!!8 On the other hand, the effect of the
blowing parameter on the recirculation flow is not significant
for § = 0 until downstream where the film jet structure may
have been significantly destroyed!® and becomes significant
when the mainstream is swirled, as shown in Fig. 4. The size of
the recirculation zone decreases as the blowing parameter
increases, which can be clearly inferred from Fig. 4. It appears
that an increase in the film jet velocity can change the entire
flow structure and causes the reduction of the recirculation
zone only when the mainstream is swirled.

The reattachment of flow plays a very important role to
affect the film cooling performance. It is expected that the
reattachment of flow, which may accompany high-swirl veloc-
ity and high-turbulence intensity, can severely destroy the film
jet structure and enhance the rate of mixing of the film jet with
the mainstream. However, the shrinking of the reinculation
zone can move the reattachment point upstream. Therefore,
the increase in either the swirl number or the blowing parame-
ter can reduce the length of reattachment and, hence, can
cause an earlier destruction of the film jet structure.

The rapid mixing of the film jet with the swirling flow also
can be inferred from the rate of diffusion of temperature from
the wall, as shown in Figs. 2-4. The rate of diffusion of
temperature from the wall increases with the swirl number. A
uniform temperature distribution in the region near the wall
can be observed, e.g., for M = 1.0 at x/y. = 36 in Fig. 2,
which suggests that the film jet structure has been completely
destroyed at this stage. However, the increase in the blowing
parameter can make the complete destruction of the film jet
occur at a later stage. The complete destruction of the film jet
structure has also been found for the case of the swirling flow
in a film cooled pipe without expansion® and was attributed to
the swirl velocity and turbulence intensity in the swirling flow,
which can rapidly destroy the film jet structure.

For a high degree of swirling flow (S = 0.6), the dimension-
less temperature near the entrance in the central region from
y/y. = 20 to the pipe center (y/y. = 37.5) is slightly higher, as
shown in Figs. 2a and 3a. This phenomenon can be attributed
to the presence of the so-called central toroidal recirculation
zone (CTRZ).!16:1920 The thermal energy in the downstream is
carried backward by the recirculated flow in a CTRZ, which
causes a higher temperature in the entrance. A CTRZ is
formed when the so-called vortex breakdown occurs!'®!® and
the axial momentum of the swirling flow is unable to over-
come the adverse axial pressure gradient (when the swirl in-
creases, the axial momentum decreases and the adverse axial
pressure gradient increases). When the blowing parameters
increase, as shown in Fig. 3a, a CTRZ is formed at a lower
swirl number, i.e., S =0.4. It appears that the high axial
momentum of the film jet plays an important role in increas-
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ing the adverse axial pressure gradient downstream and causes
the vortex breakdown to occur.

Film Cooling Effectiveness

The film cooling effectiveness measured at various blowing
parameters in the absence of the swirling flow is compared
with the empirical equations of Ko and Liu?! for the case of
the film cooling over a flat plate, and the data of Gau and
Hwang?® for a film cooled pipe without expansion, as shown in
Figs. 5a and 5b. Significant difference in film cooling effec-
tiveness can be observed. The effectiveness for the present
data is significantly higher in the near slot region and lower in
the downstream region than that of Ko and Liu.?! This higher
film cooling effectiveness in the near slot region can be at-
tributed to the occurrence of relatively weak recirculation
flow, that the effective blowing ratio of the film jet velocity to
the recirculation velocity is relatively high and the mixing
process between the film jet and the mainstream is weak. The
lower film cooling effectiveness in the downstream region is
attributed to the reattachment of flow, which can impinge and
severely destroy the film jet structure. When the blowing
parameter is high, the film jet has a higher velocity and its
structure is strong; therefore, the reattachment of flow cannot
effectively destroy its structure. In addition, due to the high
axial momentum of the film jet, the reattachment point is
expected to move downstream. This downstream movement
of the reattachment point slows down the impinging velocity
of flow and results in a higher film cooling effectiveness.
Figure 5b shows that the film cooling effectiveness increases
monotonically with the blowing parameter and reaches a con-
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Fig. 5a Comparison of film cooling effectiveness with that of previ-
ous results for y vs x/y..
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Fig. 5b Comparison of film cooling effectiveness with that of previ-
ous results for n vs M.
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Fig. 6 Comparison of film cooling effectiveness between the case
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Fig. 7 Effect of swirl on the film cooling effectiveness along the wall
at M =2.0.

stant value at a very high blowing parameter. The occurrence
of local maximum in film cooling effectiveness in the pipe
without expansion does not appear in the pipe downstream of
an expansion. The maximum in film cooling effectiveness
occurs when the mixing rate between the film jet and the
mainstream is the least, i.e., when the blowing parameter is
close to unity and the velocity difference between the film jet
and the mainstream is almost zero.! In the present experiment,
a recirculation zone forms between the film jet and the main-
stream and the least mixing rate of the film jet with the
mainstream is not found. In the present experiment, the max-
imum uncertainty of the film cooling effectiveness is =+ 8.3%,
which is calculated by the method reported by Kline and
McClintock.? It is also found that with the insertion of the
thermocouple rake, the film cooling effectiveness remains es-
sentially the same.

Effect of Guide Cone

When the swirler that has a 0-deg vane angle is situated
upstream, the mainstream can be significantly disturbed by
the swirler. The flow velocity can be accelerated by the guide
cone and significantly distorted by the swirl vane and the hub.
A wake region can be generated behind the hub. By calculat-
ing the area blocked by the swirl hub, the guide cone can
accelerate the inlet flow velocity by 20%. After passing
through the swirler, the flow decelerates. It is expected that the
significant disturbance of inlet flow velocity by the swirler can
have a profound influence on the film cooling effectiveness.
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Fig. 8 Effect of swirl on the film cooling effectiveness along the wall
at M =1.0.

The film cooling effectiveness for the case of flow where the
swirler is absent and the case where a swirler that has a 0-deg
vane angle is situated upstream is compared in Fig. 6. It
appears that the effect of flow disturbance, due to the pres-
ence of a swirler, on the film cooling effectiveness is not
significant in the near slot region and becomes significant in
the downstream region for moderate blowing parameters
(1.0=M =1.7). However, for the case of film cooling without
pipe expansion, the presence of the same swirler in the main-
stream does not have a significant effect on the film cooling
effectiveness.® It appears that for the present case the reduc-
tion of the film cooling effectiveness is attributed to the dis-
turbed flow, which reduces the size of the recirculation zone,
moves the point of reattachment upstream, and causes an
earlier destruction of the film jet structure.

At low blowing parameters, the film jet has been destroyed
severely in the downstream region, therefore, the reattach-
ment of flow does not have a significant effect on the film
cooling effectiveness. At high blowing parameters, the high
axial momentum of the film jet can move the reattachment
point further downstream and at the same time protect the
film jet from the detrimental entrainment of the mainstream.
Therefore, a moderate reduction of the film cooling effective-
ness is found only in the downstream region and in the moder-
ate blowing parameter range.

Effect of Swirl Number and Blowing Parameter

With the presence of swirl, the film cooling effectiveness
decreases inversely in proportion to the swirl number, as
shown in Figs. 7 and 8, at different blowing parameters. The
experiment confirms the previous analysis that the swirl num-
ber can be used as a parameter to correlate the film cooling
effectiveness. The reduction in the film cooling effectiveness is
attributed to the swirl flow, which can reduce the size of the
recirculation zone, can move the reattachment point up-
stream, and can cause an earlier destruction of the film jet
structure. The higher the swirl number, the easier the film jet
structure is destroyed and the lower the film cooling effective-
ness. A complete destruction of the film jet structure at a high
swirl can be concluded when the film cooling effectiveness
reaches a constant value. In general, it is found that the higher
the swirl, the lower the blowing parameter, and the earlier
(lower) the film cooling effectiveness reaches a constant value.
The complete destruction of film jet structure is also con-
cluded from the temperature distribution measurements. The
constant value of film cooling effectiveness in the downstream
region has never been found for the case of uniform flow over
a film cooled surface.! Similar results for the case of the
swirling flow without expansion were obtained. However, the
reduction in the film cooling effectiveness is attributed to the
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strong turbulence intensity and swirl velocity generated by the
swirl vane, which can rapidly increase the mixing rate of the
film jet with the mainstream.

Figure 9 indicates that film cooling effectiveness increases
significantly at a certain range of blowing parameters and
reaches a constant value thereafter. No maximum in the film
cooling effectiveness is found due to the formation of the
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Fig. 9 Effect of swirl on the film cooling effectiveness as a function
of blowing parameter: a) x/y. =20; b) x/y. =40; and ¢) x/y. = 60.
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Fig. 10 Effect of sudden expansion: a) M =0.9; b) M =1.7.
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" recirculation zone, which precludes the occurrence of the least

mixing rate of the film jet with the mainstream when the
blowing parameter is close to unity.

Effect of Sudden Expansion

The film cooling effectiveness for the case of swirl flow in
the mainstream from the present data is shown in Fig. 10 and
is compared with that of a film cooled pipe without expan-
sion.? When the swirl number is small, the film cooling effec-
tiveness for the case with expansion is higher in the near slot
region and lower in the downstream than the case without
expansion. The findings are very similar to the results de-
scribed previously when the swirl is not present. When the
swirl number increases, the swirl makes the recirculation zone
shrink, moves the reattachment point upstream, and causes
the destruction of film jet structure at an earlier stage. The
upstream movement of the reattachment point can also be
inferred from the upstream movement of the intersection of
the effectiveness curves when the swirl number increases grad-
ually, as shown in Figs. 10a and 10b. It appears that the small
recirculation zone becomes intense at high blowing parameter
and can enhance the mixing with the film jet. Therefore, it
results in a lower film cooling effectiveness than the case
without expansion. However, in the downstream region, the
film cooling effectiveness for both cases approaches essen-
tially the same constant value. When the blowing parameter
increases, the reattachment point moves downstream, which
can be inferred from the downstream movement of the inter-
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section point. However, it has been concluded from the tem-
perature distribution measurements that the size of the recir-
culation zone decreases when the blowing parameter increases.
Therefore, the shrinking of the recirculation zone does not
prevent the occurrence of a high film jet velocity from moving
the reattachment point downstreami. It appears that the recir-
culation zone becomes thinner and longer when the blowing
parameter increases and the swirl is present in the mainstream.

Correlation Results

In the previous nondimensional analysis, the film cooling
effectiveness is shown to be a function of the blowing param-
eter M, the slot Reynolds number Re;, the downstream dis-
tance x/y., and the swirl number S. However, the experimen-
tal results'’ indicate that the slot Reynolds number in the range
from 1960 to 6550 does not affect the film cooling effective-
ness significantly. Therefore, the slot Reynolds number is
excluded and the film cooling effectiveness data are correlated
with the following parameters: the blowing parameter M, the
downstream distance x/y., and the swirl number S. The film
cooling effectiveness data are divided into two correlating
regions: the region for low blowing parameter M < 1.1 and
that for high blowing parameter M > 1.1. To obtain a better
correlation, all of the data for S = 0.5 are deleted. The results
from a least-square fit of data are given as follows:

For0.5=M =1.1,20=x/y.<60,00=<5=0.4

Naw = 10.6M101(S + 1)~ 195(x/y )~ 083 (10)
with a standard deviation of 0.0538.
For 1.1<M =<2.0,20=<x/y.<60,00=<S5S<0.4

Naw = 8.27TMO7(S + 1)~V (x/y,) 07 (11)

with a standard deviation of 0.1036.
Comparisons of the correlations with the data are shown in
Figs. 11a and 11b, respectively.

Conclusions

Weak swirling flow through a pipe with expansion has a
significant effect on the film cooling performance. The recir-
culation zone and the reattachment of flow that occurred in
the upstream region play a significant role in affecting the
mixing process of the film jet with the mainstream. The radial
temperature measurements are used to infer the flow structure
and the rate of mixing of the film jet with the mainstream. The
swirl can reduce the recirculation zone and increase the mixing
rate of the film jet with the mainstream. The reattachment of
flow in the near slot region can significantly destory the film
jet structure and reduce the film cooling effectiveness. In the
downstream region, the film cooling effectiveness approaches
a constant value. A complete mixing of the film jet with swirl
flow can be concluded from the temperature distribution and
adiabatic wall temperature measurements. The nondimen-
sional parameters that affect the film cooling performance are
derived analytically and confirmed experimentally. Correla-
tions for film cooling effectiveness downstream of an abrupt
expansion, taking into account the effect of swirl, are pre-
sented.
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