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ABSTRACT 
Results of an experimental study of the effects of blowing' 

Velocity Ratio (VR = 0.5 and 1.0) and Free-Stream Turbulence 
Intensity (FSTI = 0.5% and 12%) on turbulent transport over a 
film-cooling test surface are presented. The surface has a single 
lateral row of streamwise-oriented holes angled 35' from the 
surface and separated from one another by three hole diameters. 
The film cooling flow and mainstream flow are at the same 
temperature and the film cooling is supplied through long 
delivery tubes. Velocity, turbulence intensity and'eddy transport 
profiles are presented. The ratios of lateral eddy diffusivity to 
wall-normal eddy diffusivity values measured in this program 
(4-15) provide documentation of strong anisotropy of eddy 
transport in the flow. 

Nomenclature: 
D 

FSTl freestream turbulence intensity ( g / U o )  
L 
TI% 

diameter of the film cooling holes 

length of the film cooling delivery tube 
local turbulence intensity normalized with local mean 

streamwise velocity ( F/ u' U )  
U time average streamwise velocity 
U, time average freestream velocity 

ut v' and 

v' w' Reynolds shear stresses 

- 
u' W', - 
- 

v 
VR 

W time average lateral vclocity 
X 

Y 
z 
Greek 
e momentum thickness 

E eddy diffusivity (i.e. = U' W' /(dU/dZ)) 
Subscripts: . 
0 reference location at the centerline of the middlc hole 
M momentum 
Superscripts: 
u', v', w' instantaneous values of streamwise, wall-normal and 

time average velocity normal to the wall 
ratio of film cooling mean velocity to approach velocity 
at nozzle exit or external to thc boundary layer 

streamwise distance from centcr of the hole 

distance normal to the test wall 
lateral distance from center of the middle hole 

6 boundary layer thickness 7 

lateral velocity fluctuations 

time-averaged 

INTRODUCTION 

Film cooling is used to protect a solid wall which is exposed 
to a high-temperature fluid flow. The technique involves 
injecting a coolant flow through arrays of holes or slits in the 
wall into the boundary layer of the high-temperature fluid 
flowing over the surface. The coolant forms a film along the 
surface which isolates it from the hot fluid flow. Film cooling is 
most efficient if the coolant is ejected as a wall jet through'a 
continuous slot (Goldstein, 1971). For practical reasons, a more 
common geometry is a series of discrete holes. Efficiency of 
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'film cooling depends on the way in which the secondary coolant 
distributes itself over the surface. The situation is complex due 
to the interaction between the coolant flow and the mainstream. 
The major factors that govern this interaction are hole and 
supply plenum geometry, spacing, injection angle, blowing 
velocity ratio, pressure ratio, free-stream turbulence intensity 
and coolant-to-free-stream density ratio. Such a technique is 
frequently used to cool gas turbine blades. In the present study, 
measurements within the film cooling flow (as opposed to 
surface measurements) for cases with in-line injection are 
presented. In the following, papers from the literature which 
present results of similar measurements are reviewed. 

Cho and Goldstein(l995a,b) present several representative 
experiments on film cooling related to geometry and spacing of 
the holes. Kohli and Bogard (1995) investigated the effects of a 
large angle of. injection on the surface effectiveness and 
measured thermal and velocity fields over the surface. They used 
a 55' injection angle and compared the results with the 
traditional 35' case. They found that with the large angle of 
injection, there was little change in the effectiveness for a low 
velocity ratio case but a significant decrease in effectiveness 
with large angle of injection was observed for high velocity ratio 
cases. Schmidt and Bogard (1995) studied the effect of 
streamwise pressure gradient on film cooling. They concluded 
that favorable pressure gradient improved lateral spreading of 
the jets immediately downstream of the film cooling holes and 
increased the decay rate of the laterally-averaged effectiveness 
values when the cooling jets did not completely detach. 

Schmidt et al. (1994) evaluated the effect of compound 
angle injection. At high momentum flux ratios, compound angle 
injection gave higher effectiveness values than did cooling with 
sueamwise-directed holes. However, the overall performance of 
the film cooling became poor further downstream. The effect of 
high freestream turbulence on film cooling effectiveness was 
documented by Bons, et al. (1994). The high freestream 
turbulence and resultant enhanced mixing reduced film cooling 
effectiveness by up to 70% in the region directly downstream of 
the injection hole. At the same time, high free-stream turbulence 
also produced a 50.100% increase in film cooling effectiveness 
in tha neat-hole regions between injection holes. 

Since film cooling is strongly dependent upon the free- 
stream turbulence level, it is desirable to reproduce in the 
experiment the highly-turbulent free-stream conditions found at 
the exit of a combustor. Documentation of combustor exit flows 
is sparce. However, the measurements of Goebel et al. (1993) 
indicate that FSTI levels of 8-12% are reasonable for combustor 
exit flow. 'The choice taken herein is to match the high end of 
this FSTI range in a facility that is geometrically similar to a 
combustor/blade combination with the hope that length scales in 
the facility will be representative of engine conditions. 

Most of the existing computational work on heat and mass 
transfer in the turbulent mixing zone of a film cooling situation 
is formulated using isotropic diffusion of turbulence. Here, 
turbulence closure models developed from 2-D boundary layer 
flows are used to compute the wall-normal eddy diffusivity of 

momentum, & M , ~  (Patankar et al. 1973). Emerging evidence is 

showing that the isotropic assumption is not accurate when the 

flows are three-dimensional. Thus, solution of discrete-hole film 
cooling flows requires knowledge of the eddy diffusivity in the 
wall-normal direction as well as in the lateral direction 
(Sathyamurthy and Patankar, 1990). Some documentation of the 
magnitude of the lateral diffusivity can be found in the literature. 
Quarmby and QuirK(1972) measured both circumferential eddy 
diffusivity and radial diffusivity for flow in a circular tube. They 
expressed their results as the ratio of circumferential eddy 
diffusivity to radial eddy diffusivity,'finding the ratio to be a 
single function of non-dimensional radius which rises to values 
of several hundred as the wall is approached. 

Computation plays an important role in modeling film 
cooling. Leylek'and Zerkle (1994) made a comparison between 
the experimental results and their computational analyses for 
crossflow of discrete-jet film cooling. Another paper, by 
Demuren et al. (1986), described their 3-D calculation of film 
cooling. Three-dimensional computations by Patankar and 
Spalding (1972) were used by Patankar et al. (1973) to predict 
slot film cooling effectiveness values. Bergeles et al. (1976 and 
1978) used the partially-parabolic, three-dimensional procedure 
of Pratap and Spalding (1976) to predict discrete hole cooling 
performance. Demuren and Rodi (1983) applied the locally- 
elliptic procedure of Rodi and Srivatsa (1980) to alleviate the 
blowing rate restriction. Demuren et al. (1986) extended the 
study, using the same procedure, to. a variety of cases and 
obtained reasonable agreement with experimental data. All the 
above computational efforts were performed using the k-e, two- 
equation turbulence model to estimate the Reynolds stress terms 
in the time-averaged momentum equations. As noted above, film 
cooling performance computation has been with a finite volume 
technique and with k-E turbulence closure. A k-E formulation 
with isotropic turbulent eddy viscosity was found to be 
unsatisfactory for the prediction of the discrete hole film cooling 
performance, however, as discussed by Sathyamurthy and 
Patankar (1990). They adopted a modification to this 
formulation which was proposed by Bergeles et al. (1978) to 
show an improvement of the accuracy of computation of the 
spreading of the film cooling jets and the distribution of 
effectiveness in the lateral direction just downstream of the 
holes. This anisotropic model gave a distribution of eddy 

diffusivity ratio as / &M,Y = 1+ (3.5(1- y/6)) where 6 k 
the boundary layer thickness. The anisotropic model was 
developed from data taken in a fully-developed, turbulent tube 
flow. This relationship was applied to the entire flow field and to 
all cases. The present study verifies the anisotropy of the film 
cooling flow by direct mmurement and offers an opportunity to 
modify this model for more direct application to film cooling 
calculations. , 

In this paper, the results of an experimental study of the 
effect of the film cooling flow on the fluid mixing zone 
downstream of film cooling injection are presented. This mixing 
zone is where .the film cooling flow and the external flow 
interact and exchange momentum. AIong with mean velocity 
and turbulence intensity profiles are profiles of eddy diffusivity 
ratio. The focus of the current experimental research is to 
provide support for computational development and to document 
the mixing region flow. 



EXPERIMENTAL TEST FACILITY. TEST INJECTANT NOZZLE SECONDARY 

Hlgh-turbulence faclllty 
The high turbulence test facility is a small, open-loop wind 

tunnel (Fig. 1 ) which consists of four fans, a jet-interaction 
zone, a nozzle, and a film codling test section. The main air 
flow,.supplied by two fans through a settling chamber, is 
separated into two nearly equal parts (Fig. 2). One part is 
distributed across the back Dane1 and the other is conducted into 
the fast row of jets in the side panels. These two flows combine 
to create a recirculation zone inside the turbulence generator. 
This flow interacts with flow through downstream air jets in the 
side panels. A contraction with 2.621 area ratio (dimensions of 
the exit arca are 68.6 cm x 12.7 cm) is then used to improve the . 
uniformity of the flow to the film cooling test section. A 
comparison of the measured power spectra of the three 
components of the velocity (u', v', w'), shows that the flow 
approaching the film cooling test section is isotropic. The 
integral length scale calculated from the u' power spectrum is 
approximately 3.3 cm. The turbulence intensity generated from . 
this wind tunnel for the flow approaching the film cooling test 
section was measured to be approximately 12%. The essential 
features of this facility were taken from the works of Ames 
(1994). 

TEST NOZZLETURBULENCE SETLINCI PRIMARY 

SECONDARY PLENUM STAND 
FAN 

Figure 1 High' turbulence facility 

Low-turbulence faclllty 
The low turbulence facility is also a open-loop wind tunnel. 

This is a standard configuration with a fan, screens, a setting 
chamber, a 6.41 area reduction nozzle of exit area 68.6 cm x 
12.7 cm, and the film cooling test section. The film cooling test 
section is the same one used in the high turbulence facility. 
Turbulence intensity generated from this wind tunnel for the 

SECONDAR- 
FAN FLOW 

Figure 2 How interaction in the high-turbulence facility 

flow approaching he film cooling test section was measured to 
be approximately 0.5%. 

Test sectlon 

The test section (Fig 3) consists of an upstream plate (25.4 
cm x 68.58 cm), the test plate (15.24 cm x 68.58 cm), a 
downstream plate ( 91 cm x 68.58 cm ), and the film cooling 
supply system. There is a single column of eleven film cooling 
holes distributed uniformly on the test plate. The film cooling 
flow is injected at an angle of 35 degrees in the streamwise 
direction and 0 degrees in the lateral direction with the film 
cooling holes machined to a diameter of 1.9 cm (0.75 inch) and 
positioned three diameters apart, center to center. The film 
cooling delivery tubes have a length to diameter ratio of 7. This 
is a sufficient length to establish fully-developed flow wilhin the 
delivery tube and matches the length to diameter ratio used by 
Goldstein, Eckert, andBurggarf (1974). Film cooling flow is 
supplied by a fan through a metering section and a supply 
plenum which was designed for uniform distribution of flow to 
the holes. 

Flow from turbulence 
generator or 
Low-turbulence tunnel 

<- 

Figure 3 The test section (D is the hole diameter, the 
reference location, 20, is the lateral center of the plate) 
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.,istrurnentatlon 
Both triple-sensor (TSI model 1294-20) and single-sensor 

(TSI model 1218-T1.5) hot-wire probes are used to obtain the 
velocity and turbulence data. They are driven by a TSI-100 
bridge unit. The single-sensor probe was used to measure the 
mean and local turbulence intensity profiles as well as the 
gradients, dU/dy and dU/dz, whereas the triple-sensor -- probe was 

used to measure the Reynolds shear stress data, U' W' , U' V' 

and v' w'. 
- 

r / M  0 

0 r" z 

Figure 4. Configuration of the test section showing measuremcnt 
planes (x-dimension not to scale) 

Figure 4 shows the different positions where data are taken. 
The triple-scnsor probe is positioned at z/D = -0.75 and profile 
data are taken along the y direction (normal to the wall). For 
gradient evaluation, the single-sensor probe is positioned at z/D 
= 0.167 above and below the z/D = - 0.75 plane. Differences are 
used to evaluate dU/dz and mean values are used to find dU/dy. 
Eddy diffusivity in the z direction is computed as 

&,&= - u' w' / (dU/dz) and eddy diffusivity in the y direction is 

computed as f& = - U' V' / (dU/dy). Mean velocity and single- 
component turbulence intensity profile data are taken also at z /D 

Experimental uncertainties for measurements of multiple 
hot-wire probes are difficult to assess. In preparation for the 
present study, measurements were taken in a fully-developed 
turbulent pipe flow and were compared against the data of 
Laufer (1953). As a second comparison, the probe was put in 
two positions within this flow, one a 90° rotation of the other, 

and values such as shcar stress, U' V' from both positions were 
compared. Based on these comparisons, we can say that 
Reynolds shear stresses can be measured to within a 5% 
uncertainty except near the wall (y/Oc4). This is in line with 
our previous experience with such measurements, with the 
scatter in the present shear stress data, and with the results.of a 
careful assessment of hot-wire measurement uncertainties by 
Yavuzkurt (1984). Mean velocities measured with a single wire 
are with 5 % uncertainty, except very near the wall (y/8c 0.02). 
Gradients computed from these singlewire measurements are 
assigned an uncertainty level of 15 % except where the gradients 
become excessively shallow (y/ 8 >11-12). This is consistent 
with the scatter of the gradient data. These uncertainty values 
are propagated with the technique of Kline and McCIintock 
(1953) to give an uncertainty for eddy diffusivity of 16 %. 
Assuming that all entries to the computation are independent, a 
single-sample uncertainty for the eddy diffusivity ratio of 20 % 

- 
- 

= 0 and - 1.5. 

- 

is iomputd. If a representative mean value of the ratio is 
computed for a short range of y/8 from a pool of four values, 
for instance, the uncertainty of that mean value is the reciprocal 

, of the root of four, or one-half of the single-sample uncertainty 
(10 %). 

EXPERIMENTAL RESULTS 
The operating conditions for the various cases examined in 

this study are given in Tables 1 and 2. All cases were run with a 
' free-stream velocity of 10.8 m/s. The results of these cases are 

discussed in the following section. The mean velocity and 
turbulence intensity distributions .taken directly in-line with the 
reference hole (z=zo) at different streamwise locations (upstream 
and downstream) are shown in Figs. 5 and 6. These two figures 
show first of all that though the external flow to the film cooled 
plate is a wall jet shearhg on the external flow (y/9 > 30), a 
uniform velocity and turbulence intensity core flow (which 
displays a very slow turbulence decay rate in the streamwise 
direction) can be obtained between the boundary layer and the 
shear layer, even at x/D=lO.O.' The boundary layer momentum 
thickness used for scaling the abscissa increases as x increases 
(see Table 2). Figures 5 and 6 show strongly disturbed profiles at 
x/D = 2.5 compared to the upstream profiles at x/D = - 4.0 but a 
rapid recovery thereafter. These figures are for a low blowing 
ratio where the streamwise velocity of the injection flow is 40% 
of the freestream velocity and about 50-60% of the boundary 
layer flow velocity for the region it most influences. The film 
cooling flow for this case therefore represents a blockage . 
(compare the upstream profile, x/D = - 4.0, with the first 
downstream profile, x/D = 2.5). Recovery of the mean profile to 
standard-shaped profiles requires about 10 diameters of 
streamwise distance (compare the far downstream profile, x/D = 
10 to the upstream profile, x/D = - 4.0). 

Figures 7 and 8 show mean velocity and turbulence profiles 
for x/D = 5.0 but for different lateral positions. They show that 
at this streamwise position the flow midway between holes is not 
greatly influenced by the film cooling flow, the flow directly 
behind the hole is strongly influenced, and the flow between 
these two, the lateral position near the steepest lateral gradients, 
is influenced in its unsteadiness but not so much in its mean 
velocity. The uninfluenced mean velocity profile coincident with 
the changed turbulence intensity (unsteadiness) profile may be 
an indication that at this point the film cooling jets are waving 
from side to side, thus influencing the rms fluctuation of 1 

velocity, with little effect on mean velocity. A comparison case 
for a higher blowing ratio (VR=l.O) is shown in Figs. 9 and 10. 
Film cooling flow shoots into the boundary layer first, then 
spreads to cover the te5t section surface. Contrary to Fig. 71 

Table 1 Flow parameters for upstream position and comparison 
cases (U, = 10.8 m/s) 
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which shows a blockage due to the film cooling flow, Fig. 9 
shows an acceleration of the near-wall flow. For this case with a 
velocity ratio of 1.0, the streamwise component of the film 
cooling flow is about 80% of the freestream velocity and 100- 
120% of thc boundary layer velocity in the region which it 
influences most. Thus, in this case, the film coolant tends to 
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Figure 5 Velocity distribution at VR4.5, z=%, FSTI=12% 
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Figure 6 Turbulence distribution at VR4.5, z=zo, FSTI=12% 
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Figure 7 Velocity distribution at VR=05, x/D=5, FSTI=12% for 
three z-planes (locations are in Figure 4) 
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Figure 8 Turbulence distribution at VR=O.5, x/D=5, FSTI=12% 
for three z-planes (locations are in Figure 4) 
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Figure 9 Velocity distribution at VR=1, @=5, FSTI=12% for 
thrce z-planes (locations are in Figure 4) 

accelerate the boundary layer flow. A comparison of Figs. 7 and 
9 for mean velocity and Figs. 8 and 10 for turbulencc intensity 
shows that the VR=l.O coolant jet influences the turbulence' 
level only directly behind the hole and not significantly at othcr 
lateral planes. A direct comparison of the VR=0.5 and VR=l.O 
flows under high turbulence intensity conditions can also be Seen 
in Figs. 11 and 12. Here, only the flows directly behind the holes 
are compared. The acceleration of boundary layer flow by film 
cooling flow and the deeper penetration of the VR=l.O flow are 
visible in Fig. 11 and lesser near-wall shear and deeper 
penetration of the VR=l.O flow are visible in Fig. 12. 

Figures 11 and 12 also show the effect of free-stream 
turbulence intensity on the flow which is five diameters 
downstream of the film cooling holes. Because lateral spreading 
of the jet in the low-turbulence intensity flow is reduced, its 
effect as a near-wall flow blockage is increased. Perhaps this 
blockage is the source of the far-field (5c y/0 c7) flow 
acceleration relative to that of the High-FSTI flow. Figure 12 
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Figure 10 Turbulence distribution at VR=1, x/D=5, FSfI=12% 

for three z-planes (locations arc in Figure 4) 
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Figure 11 Velocity distribution at x/D=S, z= z, 
(H=12% FSTI, L=O.5% FSTI) 

Y19 

would indicate that the near-wall flow (y/0 - 2, Fig. 12) is rathcr 
quiet but the turbulence in the region of steeper shear (y/0 - 3-4) 
is more active. Overall, it is clear that elevated free-stream 
turbulence intensity has a marked effect on the film cooling 
mixing zone. Figures 11 and 12 also show the effect of velocity 
ratio when the FSTI is high. Again, a core flow region (12 e y/0 
c 20) which is uninfluenced by the film cooling flow, the 
boundary layer, or the external free shear layer is visible for each 
case. 

Figures 13 and 14 show the velocity gradients and &/ 
ratio profiles for VR=O.S and FSTI = 12% at different x/D 
positions. - The eddy diffusivity values - are computed as 

&Ma - - - u' w' / (dU/dz), & = - u' v' / (dU/dy), thus large 
variations exist whenever the gradients become weak (see Fig. 
13). Values of &, & 1 and their ratio are given only where 
the gradients are sufficiently steep for accurate evaluation. The 
eddy diffusivity ratio - -  data (Fig. 14) show a mild drop from 12- 

. 
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Figure 12 Turbulence distribution at x W . 5 ,  z=zo for two 
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Figure 13 Velocity gradients at different x/D ratio 
(VR4.5, FSTI=I2%) 
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Figure 14 Eddy diffusivity ratio at different x/D ratio 
(VR4.5, FSTI=l2%) 
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Figure 15 Velocity gradients at different VR (z/D=3/4) 
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Figure 16 Eddy diffusivity ratio at different VR (z/D=3/4) 

13 at x/D = 2.5 to 6.0 at x/D = 5 and then a rise to 8-9 at x/D = 
10. Considering the singlesample uncertainty for these values of 
20%. the slight rise between x/D = 5.0 and x/D = 10.0 may not 
be significant. The data do show that, generally, eddy transport 
in the lateral direction is approximately 5-15 times as effective 
as eddy transport normal to the wall. 

&-/ EMy ratio profdes for the two velocity ratios where x/D = 
5.0 and FSTI = 12%. Figure.15 shows that values of dU/dy 
increase from the VR=O.5 case to the VR=1.0 case. This is 
mainly due to the increase in streamwise momentum of the air 
flow from the film-cooling holes for the VR=l case. The near- 
wall values of dU/dz become negative as a result of the strong 
blowing in the VR=1 case. Also, the streamwise velocity of the 
film cooling flow is actually larger than the main flow velocity 
at this point. For the VR=0.5 case, the air from the filmcooling 
holes blocks the main air flow and dU/dz is positive. In Fig. 16, 
one can see that the eddy diffusivity ratios of these two cases are 
nearly the same. It appears, therefore, that the eddy diffusivity 
ratio does not depend strongly on velocity ratio. 

Figures 17 and 18 show the velocity gradient and &/ & 

Figures i5 and 16 show the velocity gradients and the 
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Figure 17 Velocity gradients at different turbulence intensity 
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Figure 18 Eddy diffusivity ratio at different turbulence intensity 

ratio profiles at different free-stream turbulence intensity values 
for x/D = 5.0 and VR = 0.5. The velocity gradients, dU/dz, are 
similar and dU/dy are stronger for the higher FSTI. The effect on 
eddy diffusivity ratio is shown in Fig. 18. The values appear to 
be generally larger in the FSTI = 12% case than in the FSTI = 
0.5% case. However,’ the difference is small and of nearly the 
same size as the magnitudeof the data scatter. 

CONCLUSIONS 

The effects of turbulence intensity and blowing velocity 
ratio on the turbulence transport over the film-cooled test surface 
are investigated. The measurements were carried out utilizing 
two wind tunnels, one with a 12% FSTI and the other with a 
0.5% FSTI. Velocity, local turbulence intensity, and eddy 
diffusivity ratio profiles are presented at different streamwise 
and lateral positions and with different blowing ratios for 
comparison. The following conclusions are drawn. 

=The film cooling flow with VR4.5 acts like an obstacle to the 
main flow. The effect is diminished after 10 diameters of 
streamwise distance in a high FSTI mainstream flow. Due to the 
addition of the film cooling flow, the velocity is decreased and 

the turbulence intensity is increased in the region where the film 
cooling flow and mainstream flow mix. 
*The situation changes Considerably with increased VR in that 
the boundary layer flow is actually accelerated by the film 
cooling flow when VR=I.O. 
*Eddy transport is considerably larger in the lateral direction 
than in the wall-normal direction for all the locations and 

conditions investigated. The eddy diffusivity ratio EMz; / is 
in the range 4-15.. 
.The eddy diffusivity ratio decreases with streamwise distance in 
the near vicinity of the injection holes and tends to approach an 
asymptotic value with streamwise distance at -5.0. 
*Theeddy diffusivity ratio seems to not depend significantly on 
velocity ratio. 
*The eddy diffusivity ratio appears’ to depend weakly on 
turbulence intensity of the main flow. It increases slightly with 
an increase in turbulence intensity from 0.5% to 12%. 
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