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Full-coverage film cooling. Part 1. 
Three-dimensional measurements of turbulence structure 
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Hydrodynamic measurements were made with a triaxial hot wire in the full-coverage 
region and the recovery region following an array of injection holes inclined down- 
stream, at 30" to the surface. The data were taken under isothermal conditions a t  
ambient temperature and pressure for two blowing ratios: M = 0.9 and M = 0.4. 
(The ratio M = PjetUjet/Pm Urn, where U is the mean velocity and p is the density. 
Subscripts jet and 00 stand for injectant and free stream, respectively.) Profiles of 
the three mean-velocity components and the six Reynolds stresses were obtained a t  
several spanwise positions a t  each of five locations down the test plate. 

In  the full-coverage region, high levek of turbulence kinetic energy (TKE) were 
found for low blowing and low TKE levels for high blowing. This observation is 
especially significant when coupled with the fact that the heat transfer coefficient is 
high for high blowing, and low for low blowing. This apparent paradox can be resolved 
by the hypothesis that entrainment of the mainstream fluid must be more important 
than turbulent mixing in determining the heat transfer behaviour a t  high blowing 
ratios (close to unity). 

In the recovery region, the flow can be described in terms of a two-layer model: an 
outer boundary layer and a two-dimensional inner boundary layer. The inner layer 
governs the heat transfer. 

1. Introduction 
There have been many studies of heat transfer with film cooling. One general review 

is given by Goldstein (1971), and another by Choe, Kays & Moffat (1975). Most of 
the early experimental research on full-coverage film cooling concentrated on meas- 
urement of film-cooling effectiveness, assuming the heat-transfer coefficients to be 
known. The hydrodynamics was treated as secondary in importance. A review of the 
experimental work on this topic is also given by Crawford, Kays & Moffat (1976). 

Le Brocq, Launder & Priddin (1971) studied the effects on film-cooling effectiveness, 
7, of hole-pattern arrangement, injection angle, ratio of densities of the coolant and 
mainstream, and blowing ratio. Some profiles of mean velocity were taken near the 
holes, with a Pitot probe. The staggered hole pattern was found to be more effective 
than the in-line pattern and slant-angle injection was found to be more effective than 
the normal injection. An optimum blowing ratio was found which gave maximum 
effectiveness; above the optimum blowing ratio, effectiveness decreased again. 
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Launder & York (1974) studied the effects of mainstream acceleration and turbu- 
lence level on film-cooling effectiveness, using a staggered 45" slant-hole test section. 
Acceleration seemed to increase effectiveness, but the free-stream turbulence did not 
have a significant effect. A small number of mean velocity profiles were taken. 

Metzger, Tskeuchi & Kuenstler (1973) studied both effectiveness and heat transfer 
on a full-coverage surface with normal holes spaced 4.8 diameters apart, arranged in 
both in-line and staggered patterns. They confirmed that a staggered pattern was 
more effective. No hydrodynamic measurements were made. 

Mayle & Camarata (1975) examined the effects of hole spacing P and blowing ratio 
on heat transfer and film effectiveness for a staggered-hole array with compound- 
angle injection. 1% was found that for P / D  = 10 and 8 (where D is the hole diameter 
of the injection tube) higher effectiveness was obtained then with P/D = 14. No 
measurements were made of the hydrodynamics of the flow field. 

Very little of the literature mentioned above gives any information about flow-field 
measurements and, in particular, measurements of turbulence quantities. In  the 
following papers, however, some attempts were made to make measurements of 
hydrodynamics. 

Choe et aE. (1 975) studied the effects on hydrodynamics and heat transfer of hole 
spacing, blowing ratio, mainstream velocity and conditions upstream of the discrete- 
hole array. Normal injection was used with a staggered array of holes spread 5 and 
10 diameters apart. Mean velocity profiles were taken with Pitot probe and used to 
obtain spanwise-averaged values. From the spanwise-averaged profile, a mixing-length 
distribution was obtained and later used in predictions of heat-transfer data with a 
one-equation model of turbulence. 

Ramsey & Goldstein (1  97 1)  measured the mean velocity and turbulence intensity 
profiles (not the turbulent kinetic energy) downstream of a heated jet at blowing 
ratios of 1.0 and 2.0 for normal injection. Metzger, Carper & Warren (1972) measured 
the mean velocity profiles both upstream and downstream of a two-dimensional 
injection slot. Hartnett, Birkebak & Eckert (1 961) measured boundary-layer velocity 
profiles for a number of positions downstream of injection through a single slot. Foster 
& Haji-Sheikh (1974) measured mean velocities downstream of flush, normal-injection 
slots. 

The heat-transfer studies reported in the preceding paragraphs have pointed out 
some important characteristics of discrete-hole injection which can only be explained 
by hydrodynamic measurements: the existence of an optimum blowing ratio, the 
effect of acceleration on surface effectiveness, the effect of free-stream turbulence on 
surface effectiveness, and the effect of pitch-to-diameter ratio. It seems likely that the 
key to  the understanding of these phenomena lies in the detailed turbulence structure 
of the flow in the full-coverage and in the recovery regions. 

In  the present work, measurements were made of the turbulence strucfure and mean 
velocity field in the turbulent boundary layer in the full-coverage film-cooled region 
and in the recovery region. The objective was to obtain sufficient data to permit 
development of adequate models for the spanwise-averaged (i.e. quasi-two-dimen- 
sional) behaviour of the turbulent boundary layer with full-coverage film cooling. 
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2. Experimental apparatus and instrumentation 
The full-coverage film-cooling test rig is a closed-loop wind tunnel using air a t  

ambient pressure and temperature, previously used by Choe et al. (1975) and Crawford 
et al. (1976). It is described in detail in their work. Only those aspects relevant to the 
present research are given here. 

2.1. The test surface 

The test surface has three parts: a preplate, a full-coverage region, and an afterplate. 
The preplate is made of 24 individual copper plates, each about 2-6 cm long in the 

flow direction and 46 cm wide, assembled to form a smooth surface. 
The full-coverage section is composed of 12 copper plates, each 0.6 cm thick, 

46 cm wide, and 5 ern long in the flow direction. The first plate does not have any 
holes, but the remaining 11 have alternately nine and eight holes in each. The holes 
are 1.03 ern in diameter and are spaced on five-diameter centres to form a staggered- 
hole array. A photograph of the full-coverage section can be seen in figure 1 (plate 1). 
Each plate segment is individually instrumented to allow measurement of the spanwise- 
averaged heat transfer and the injection flow rate. Delivery tubes for secondary air 
extend beneath the surface at  a 30" angle to the plate surface. 

The afterplate is identical with the preplate. This is the recovery region for the flow, 
downstream of the blown part of the test section. Crawford et al. (1976) give detailed 
information~about the test surface. 

The main instrumentation for the present experiments was the hot-wire system 
used in the measurements of the turbulent flow field. It consists of a DISA claw-type 
triaxial hot-wire probe, three constant-temperature anemometers (TSI 1050), three 
polynomial linearizers (TSI 1052), and an analog device for real-time data reduction 
(3-D Turbulent Flow Analyzer). Detailed information about the hot-wire instrumen- 
tation, calibration, and the qualification of the measurement technique is given in 
Yevuzkurt, Moffat & Crawford (19773). 

Tabular data listings and details of the measurement techniques and instrumenta- 
tion are given by Yavuzkurt, Moffat & Kays ( 1 9 7 7 ~ ) .  

2.2. The experimental conditions 

The experiments were made under isothermal conditions, with air temperatures 
around 22-25 "C. The pressure levels were ab0u.t atmospheric ( N 760 mm of mercury), 
and the experiments were made a t  a uniform free-stream velocity of approximately 
16 m s-1, The velocity of the free stream was kept uniform along the test section by 
adjusting the top wall (as explained in Crawford et al. 1976), so that the static pressure 
change along the tunnel was less than f 0-8 % of free-stream dynamic head ( f 0.13 mm 
of water). The free-stream and jet turbulence levels ((q2)*/Um) were 0.008 and 0.050, 
respectively. The turbulent kinetic energy q 2  = uf2 + vf2 + wf2, where u7 is the Reynolds 
normal stress in the x direction, etc. 

Experiments were made at two different blowing ratios, M = 0-4 and M = 0.9. 
The M = 0-4 ratio was chosen because Crawford et al. (1976) showed it to result in 
minimum Stanton number, while M = 0.9 displayed definitely different behaviour. 

- - -  
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FIGURE 2. Measurement locations. 

2.3. The measurement locations 
The measurement locations can be seen in figure 2. Five streamwise positions were 
selected for measurements to observe the development of the flow field on the full- 
coverage surface and its relaxation in the recovery region. The first was located a t  the 
centre of the 5th plate of the full-coverage region (at x = 148 cm) after three rows of 
blowing. The second was at the centre of the 9th plate (x = 168 cm) after seven rows 
of blowing in the full-coverage region. The third one was a t  the centre of the first plate 
in the recovery region (x = 188 cm) after 11 rows of blowing. The last two are a t  the 
centres of the 1 l th  (x = 214 cm) and 27th plates (x = 256 cm) in the recovery region 
and are, respectively, 27 and 67 hole diameters downstream from the last row of 
injection holes. Several measurements were made at each streamwise position in order 
to see spanwise variations in the flow. At  the first and third stations, five spanwise 
locations were used, + 0.5, + 0-3,0,0, - 0.3 and - 0.5. The flow field was periodic and 
repeated itself after ZIP = + 0.5 and - 0.5. At the second streamwise location three 
spanwise locations were selected at ZIP = + 0.5, 0 and - 0.5. In  the recovery region 
for M = 0.9, a t  each streamwise location, three spanwise locations were used. After 
the experiments a t  M = 0.9, it  was seen that the profiles in the recovery region were 
the same in all three spanwise locations, as illustrated by figures 5 and 10. So for 
M = 0.4 these spanwise locations were eliminated in the recovery region. The profiles 
were used to obtain the necessary spanwise-averaged input to the two-dimensional 
boundary-layer program STAN5 (Crawford & Kays 1975). Measurements were made 
at each location of the three mean velocities and the six Reynolds stresses. 
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FIGURE 3. Profiles of the streamwise mean velocity component, 0, for 
Jf = 0.4; r/, = 16.5 IT. s-l. - - -, spanwise average; -, $ profile. 

3. Results and discussion 
I n  this section attention will be given to the streamwise component of the mean 

velocity, u, rather than discussing the three-dimensionality of the flow around the 
holes. (Throughout, the overbar denotes the time-averaged value.) Two sets of 
profiles for different blowing ratios will be discussed and compared with each other. 

3.1. Mean velocity projiles for M = 0.4 

Figure 3 shows the mean velocity profiles a t  each spanwise location, at each of the five 
streamwise stations, for the blowing ratio M = 0.4. The location of each of the tra- 
versing stations is marked on each figure with respect to the injection locations. 

The first observation on this figure is the remarkable symmetry of the profiles with 
respect to the centre-line. There is a definite periodicity in the spanwise direction, and 
the coalescing of the upstream jets is regular. 

I n  the full-coverage section, two distinct regions appear in each profile. In  the outer 
region all spanwise profiles are the same; in the inner region, differences are observed 
related to the injection. The same observation was made by Le Brocq et al. (1971) for 
a 45" injection. The spanwise profiles have other systematic characteristics as well. 
The central profiles just downstream of a jet show the greatest velocity defect, because 
they are affected directly by injection. The profiles a t  the outer edges of a hole show 
less defect than the central profile but more defect than the intermediate positions, 
which are between two holes. The outer profiles are affected by the injection one row 
upstream and are still recovering from the effect of that  injection, while the profiles 
between two holes have no injection in line with them and are affected only by the 
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lateral spreading of jets. This is clearly seen in figure 3, where, after three rows of 
blowing, the intermediate profiles show almost no defect, thus indicating that the 
effect of lateral spreading has not reached them with its full force yet. After 11 rows 
of blowing, however, the momentum defect in the intermediate profiles can easily 
be observed. 

The velocity defect region, with respect to a two-dimensional profile, extends 
nearly twice as far from the wall after 11 rows of blowing as after three rows, as shown 
in figure 3. This indicates the cumulative effect of upstream jets which keep rising as 
they spread downstream. The jets penetrate only about 2 cm immediately after 
injection, as can be seen from the abrupt change in the slope of the profiles, about two 
jet diameters for this blowing ratio. The mass shed into the boundary layer by each 
injection row penetrates to an almost constant distance, for a certain blowing ratio, 
before the jets are knocked down by the mainstream. The immediate penetration 
distance increases slightly as one goes downstream, since the boundary layer loses 
momentum due to the effect of previous injections. This constant penetrat,ion distance 
was also observed by Le Brocq et al. (1971), Crawford et al. (1976), Colladay & Russell 
(1975) and Ramsey & Goldstein (1971). 

There is no indication of reverse flow or of separation of the jets from the surface, 
but this might be because the profiles were measured a t  locations where the jets have 
already reattached. The measurement locations were 2-5 hole diameters downstream 
from the edge of the closest hole. Separation of the jets from the surface was observed 
by Bergeles, Gosman & Launder (1975) for normal blowing at a blowing ratio of 
M = 0.24, but extended only to 1.5 diameters downstream of the hole. It is generally 
agreed in the literature (Le Brocq et al. 1971; Colladay & Russell 1975) that slant- 
injection jets stay attached to the surface to much higher blowing ratios than for 
normal injection. Launder & York (1974) state that for a 45" in-line injection with 
P / D  = 8, the jets attach to the surface at 3-4 hole diameters downstream of the last 
injection for M = 0.6. These observations help one arrive a t  the conclusion that the 
jets for the 30" slant injection for M = 0.4 may reattach to the surface in a very short 
distance downstream, or perhaps don't separate a t  aJ1. 

The points which are closest to the wall in all the mean velocity profiles have 
almost the same value of o / U w  for the same spanwise locations a t  all streamwise 
stations. For the central profiles the value is O l U  = 0.35-0-4. This is close to the 
value of the blowing ratio (ujet/Uw = 0.4) multiplied by the cosine of the injection 
angle (30"), a definite indication of the importance of the average jet velocity in the 
near-wall region. It was observed by Bergeles et al. (1975) that the velocity in the 
exit plane of jets is not uniform, but even so the effect seems governed by the average 
jet velocity, given by M x Urn. 

In  figure 3, curves representing +-power profiles are shown as reference lines to 
make comparisons easier. It was expected that, finally, in the recovery region, the 
boundary layer would return to a normal two-dimensional, flat-plate boundary layer. 
A spanwise-averaged profile is also shown for the profiles a t  the start of the recovery 
region. When compared to the +-power profiles, it  can be seen that the momentum 
defect decreases as the boundary layer recovers from the blowing. However, there is 
a considerable momentum deficit even at  the last recovery-region station, due to the 
large initial deficit. The reason for the long recovery distance is the ' momentum-sink ' 
action of the wall. Diffusion of momentum from the free stream is the only way for 
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FIGURE 4. Spanwise-averaged profiles of the streamwise mean velocity component, 8, for 
M = 0.4; U, = 16.5ms-l. 0, x = 148; A, x = 168; 0, z = 188; V, x = 214; 0, x = 256. 

these profiles to recover to two-dimensional flat-plate profiles, and diffusion is a slow 
process. The long recovery distance indicates that the effects of jets near the wall 
prevail over long distances for low blowing. 

Velocity gradients a t  the wall are smaller than for a two-dimensional flat-plate 
profile; this will give lower friction factors. There is also no indication of boundary- 
layer separation except locally a t  the injection points. Thus, the aerodynamic be- 
haviour of the 30" slant-hole in-line injection with M = 0.4 is quite good. Since this 
blowing also gives the lowest heat-transfer coefficients (Crawford et al. 1976), it  is a 
very important blowing ratio in full-coverage film-cooling applications. Le Brocq 
et aE. (1971) agree with this conclusion. 

Figure 4 shows the spanwise-averaged mean velocity for M = 0-4 in y/S and a / U ,  
co-ordinates; 6 is the boundary-layer thickness. The profile at  x = 168 cm is not to be 
trusted quantitatively near the wall. Only three spanwise profiles were taken a t  this 
location, and the spanwise averaging of three profiles does not represent a physically 
correct average. It is plotted here, however, for comparisons in the outer layers, 
where the spanwise profiles are not very different from each other, and the resulting 
average is correct. The profile after three rows of blowing (x = 148 cm) has the 
largest momentum defect, but the difference from the others is not great. The region 
near the wall is governed by the latest injection and stays almost at  the same level 
of ~/Um. The effects of previous rows can be seen in the outer layers. For example, in 
the outer regions, the profile a t  x = 148 cm is very close to the profile a t  the last 
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FIGURE 5. Profiles of the streamwise mean velocity component, 8, for 

M = 0.9; Urn = 16-7 m s-l. - - - , spanwise average; -, + profile. 

recovery station (z = 256 cm). The jets cannot strongly affect the outer layerp a t  this 
distance. The outer region profiles are very similar after 7 and 11 rows of blowing 
(z = 168, 188 cm, respectively) and in the recovery region profile at 27 hole diameters 
downstream of the last row of injection (z = 214 cm). The result of these observations 
can be summarized as follows: after four or five rows of blowing it appears that the 
boundary layer reaches a state of equilibrium over a, large part of the layer (almost 
above y /6  2 0.1) for low blowing. This may be very helpful in the modelling of the 
injection process in the full-coverage region. 

3.2. Mean velocity projiles for M = 0.9 

Figure 5 shows the spanwise mean velocity profiles at five streamwise locations for 
the blowing ratio of M = 0.9. Spanwise symmetry can be observed, as in M = 0.4. 
This indicates uniform lateral jet spread. Nina & Whitelaw (1971) cautioned against 
non-uniform coalescing of jets in full-coverage film-cooling applications; such a 
phenomenon was not observed here. 

Again, two distinct regions can be observed in the profiles: outer and inner. In  the 
outer region all the spanwise profiles are the same a t  each streamwise station. In the 
inner region, however, there are differences in the profiles which depend on the span- 
wise location. The size of the inner region is very large compared to the M = 0.4 case 
because of the higher rate of blowing and deeper penetration of the jets. The jets 
penetrate to approximately three hole diameters ( -  3 cm) a t  M = 0.9, for all the 
stations. 

Another difference between the cases is the excess momentum near the wall in 
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M = 0.9 because of the high blowing ratio. This can be observed by comparing the 
spanwise-averaged profile to the +-power reference curve a t  the third stream wise 
location. 

In  the central profiles just downstream of a jet, a local maximum in velocity 
occurs around y = 1 cm with O/U, = 0.85-0-9 (this was not observed for M = 0.4). 
This point is the centre-line of the recently injected jet, about one hole diameter 
above the surface. This can be observed a t  the same location in every station of the 
full-coverage region. This maximum in the streamwise mean velocity was also ob- 
served by LeBrocq et al. (1971) for M = 0.5 and P / D  = 8 for 45' injection. This is 
another indication of the fact that the depth of immediate penetration is constant. 

It is important to observe that, at the point closest to the wall in the central profiles, 
there is a sharp decrease in the velocity. This indicates that the jet has separated 
from the surface and has not yet reattached a t  the measurement location (about 2-5 
diameters downstream of the hole). This phenomenon is not observed in the side 
profiles, which are 7.5 hole diameters away from the last injection location. Therefore, 
it  can be concluded that, for the case of M = 0.9, fhe jets reattach to the surface 
somewhere between 2.5 and 7.5 hole diameters downstream of their injection location. 
This was also observed by Colladay & Russell (1975) and by Launder & York (1974). 
The separation of the protective jet from the surface helps explain the high heat 
transfer coefficients of the M = 0.9 case reported by Crawford et al. (1976). The 
spanwise-averaged mean velocity profile has a region of negative slope which gives 
rise to a locally negative shear stress. 

There is a rapid relaxation back to  the two-dimensional state in the recovery region, 
as can be seen from the comparison of the profiles in this region with +-power 
profiles. In  fact, the profile at  the last recovery region station is almost the same as 
the 3 profiles, except for a small momentum deficit in the outer layer. Relaxation 
back to the two-dimensional state is much faster for M = 0.9 than for M = 0.4 
because there is excess momentum near the wall. The wall, acting as a momentum 
sink, facilitates the relaxation process. In the outer layer, where there is some momen- 
tum deficit, the relaxation process is very slow. The momentum supplied by the free- 
stream entrainment and by diffusive transport does not permit rapid relaxation. 

Higher velocity gradients near the wall (when compared with the + profile and 
the M = 0.4 profiles) lead to larger skin-friction coefficients, thus increasing the aero- 
dynamic drag. Increase in the skin-friction coefficient with blowing was observed by 
Kacker & Whitelaw (1970) for a two-dimensional wall jet. 

One observes generally the lack of velocity gradient all over the M = 0.9 mean 
profiles except at the wall. This yields low shear stresses and low turbulent kinetic 
energy (TKE) throughout a large part of the boundary layer. Samuel & Joubert 
(1965) observed that, the closer the M is to unity, the lower the turbulent mixing is 
for a two-dimensional injection. Seban & Back (1962) made the same observation in 
the case of a two-dimensional tangential injection. 

In figure 6, spanwise-averaged profiles for five streamwise locations are plotted on 
y/6 and a / U ,  co-ordinates for M = 0.9. A very clearouter-layer similarityisobserved 
in these co-ordinates; the profiles lie much closer to each other than for M = 0.4. 
The similarity is not observable below y / B  = 0-25, perhaps because the high rate of 
blowing causes non-equilibrium in that region. Another indication of non-equilibrium 
can be seen in figure 5. The intermediate profiles in each streamwise location continue 
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FIGURE 8. Turbulent kinetic energy profiles for M = 0.4; U, = 16.5 m s-1. 
_ _ _  , spanwise average; __ , two-dimensional flat-plate TKE. 

to get fuller with each downstream location; they do not reach an equilibrium even 
after 11 rows of blowing. 

Figure 7 shows the spanwise-averaged mean velocity components in semi-logarith- 
mic co-ordinates ( g / U m  us. In y )  for M = 0.4 and M = 0.9. No logarithmic region can 
be seen in the profiles for either case, in the full-coverage region. The signs of the 
curvatures of the profiles in the full-coverage region are oppositce for different blowing 
ratios; this is an indication of the momentum deficit in one case and of the momentum 
excess in the other. I n  the recovery region, however, there is a definite indication of 
a logarithmic region near the wall. The two profiles a t  x = 214 ern and x = 256 ern 
exhibit linear regions for both blowing ratios; this proves that, as soon as the blowing 
steps, wall effects are dominant and the ‘law of the wall’ seems to apply. 

3.3.  Turbulent kinetic energy projiles for M = 0.4 

Figure 8 shows the TKE profiles at several spanwise locations a t  each of five stream- 
wise stations for M = 0-4. Spanwise symmetry can be observed in these profiles, 
indicating an orderly behaviour of the turbulent flow field. 

I n  the full-coverage region, there is a strong convergence in the TKE profiles above 
y = 2 em a t  all spanwise locations, but large differences exist between the profiles 
below y = 2 cm. This relates to the 2 cm penetration distance and indicates that 
only the region near the wall is locally affected by the jets. 

Near the wall, the highest TKE is observed in the central profiles; the second highest 
in the side profiles. The intermediate profiles have the lowest TKE, as expected (no 
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FIGURE 9. Spanwise-averaged turbulent kinetic energy profiles for M = 0.4; 
urn = 16.5 ma-'. 0, z =148; A, z = 168; 0, z = 188; .V, z = 214; 0, z = 256. 

jets are in line with them). There is a dip in the centre profiles around y = 1 cm, 
which can be explained as follows. There is a high-velocity gradient near the wall 
which causes high shear, resulting in higher TKEs in that vicinity. However, there 
exists a region of very low velocity gradient (see figure 3) just above it, because of 
injection. In  this region, the local TKE production is decreased buti local dissipation 
is high, leading to low TKE values. The low-velocity gradient region ends at  about 
y = 2 cm (penetration distance). Above this level, higher-velocity gradients lead to 
higher TKE. As a result, a double maximum is observed in the central TKE profiles. 
The side TKE profiles have only one maximum. At some distance from the injection 
location, the TKE near the wall dissipates and the maximum near the wall vanishes. 
TKE diffuses from the second maximum towards the wall, resulting in a smooth 
profile with one maximum. 

In figure 8, profiles of turbulence kinetic energy typical of two-dimensional, flat- 
plate layers are also shown, as references for comparison. The flat-plate TKE profiles 
were obtained with the STAN5 computer program (Crawford & Kays 1975) for the 
same free-stream turbulence level as the experimental profiles. A spanwise-averaged 
TKE profile is shown a t  the start of the recovery region. Comparisons with the two- 
dimensional profile show that there is excess TKE throughout the region, but that 
most of the excess energy lies in the middle section of the boundary layer. Even though 
the jets do not penetrate very far into the boundary layer, the TKE diffuses towards 
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the free stream, causing large TKE values far from the wall. In  the recovery region, 
there is still high TKE compared to the two-dimensional value. 

The high TKE (turbulent mixing) levels in the recovery region are felt to be the 
reason for the slowly rising Stanton numbers here for M = 0.4. Crawford et al. (1976) 
observed that Stanton numbers for M = 0.4 decrease in the full-coverage region and 
rise slowly in the recovery region. This process can be explained in terms of the TKE 
levels, as follows. The TKE levels are higher than the two-dimensional boundary- 
layer values, which should cause high Stanton numbers; however, a t  the same time, 
an energy sink has been created in the full-coverage region by the cold injection. The 
combination of these two opposing phenomena results in the low and decreasing 
Stanton numbers in the full-coverage region. There is no injection in the recovery 
region (i.e. the energy sink is not being replenished), but the turbulence level (turbulent 
mixing) is still high. The mixing process, unopposed, increases the Stanton numbers, 
and they rise gradually in the recovery region. 

In figure 9, spanwise-averaged TKE profiles are plotted in y/S and (q2)4/U, co- 
ordinates for each streamwise station. There is no definite similarity in any region, 
even though all the profiles seem very similar (again, for the x = 168 cm profile, the 
points near the wall are to be neglected). There is an indication of invariance in the 
TKE profiles in the full-coverage region after four or five rows of blowing (over 
y/S = O . l ) ,  as was true of the streamwise mean velocity profiles. 

3.4. Turbulent kinetic energy pro$tes for M = 0.9 

Figure 10 shows the TKE profiles for several spanwise locations at  each of five stream- 
wise stations for M = 0.9. 

Spanwise symmetry can be observed in the profiles, within the experimental un- 
certainty limits. 

The behaviour of the TKE is qualitatively similar to the M = 0.4 case - as opposed 
to the mean velocity profiles, which exhibited different behaviour. Once more, the 
highest TKE lies in the central profiles, the next highest in the side profiles, and the 
lowest in the intermediate profiles. However, quantitatively, there are large differences 
between the TKE profiles for the M = 0.4 case and the M = 0.9 case. 

The double maximum observed in the M = 0.4 TKE profiles is not found here. 
The highest TKE occurs next to the wall rather than in the outer region, owing to 
the high velocity gradient there. Above y = 2.0 cm, there is a sharp drop in TKE. 
Also, the TKE levels for M = 0.9 are much lower than in the case of M = 0.4 within 
a large region of the boundary layer outboard of y/S 0.15 (compare the spanwise- 
averaged profile at the start of the recovery region with the two-dimensional TKE 
profile). This is clear evidence of a decrease in turbulence level as the blowing ratio 
approaches 1.  The TKE levels are lower because of the low velocity gradients in the 
M = 0.9 case. This behaviour may be due primarily to the dependence of the TKE 
production on the mean velocity gradient - the larger the mean velocity gradient, 
the larger the TKE production and the TKE itself. 

The lower TKE levels for the higher blowing case seem, at  first glance, to be incon- 
sistent with the heat-transfer data obtained by Crawford et al. (1976), but when 
examined closely it can be seen that there may be an explanation: the governing 
process for the heat transfer may be different. Crawford et al. (1976) observed that the 
Stanton number for the M = 0.9 case is below the two-dimensional flat-plate value 
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FIQURE 10. Turbulent kinetic energy pro6les for M = 0.9; U, = 16.7 m 5-1. 
- - _  , spanwise average; - , two-dimensional flat-plate TKE. 

FIGURE 11. Schematic diagram of the entrainment process for high blowing ratios. 

but above the value for the M = 0.4 case, when the injected fluid is a t  the same 
temperature as the plate. The Stanton-number values decreased in the downstream 
direction in the full-coverage region and also in the recovery region. If turbulent 
mixing were the governing process in the heat transfer, one would expect the Stanton 
numbers for the M = 0.9 case to be lower than for the M = 0.4 case, for two reasons: 
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first, more cold fluid is injected into the boundary layer for high blowing and, secondly, 
there is less turbulent mixing. Instead, higher Stanton numbers were observed. The 
main reason could be that, for high blowing, the jets separate from the wall and 
penetrate deeply into the boundary layer, entraining hot free-stream fluid towards 
the wall in the middle lanes. This process is schematically explained in figure 11. 
This figure was also used by Le Brocq et al. (1971) to describe the in-line blowing 
process. The present results suggest that this same process occurs in a staggered array, 
at  high blowing. This hypothesis is also supported by the 7 component of the mean 
velocity, as can be seen in figures 17 and 18. 

In  addition to the entrainment process, another mechanism is at work - the cold 
fluid (energy sink) is being deposited in the outer layer, due to the separation of the 
jets from the surface. 

In  summary, two different pairs of opposing processes seem to control the heat 
transfer: (i) high turbulent mixing with an energy sink near the wall, for low blowing; 
and (ii) outer-layer fluid entrainment with an energy sink in the outer layer, for high 
blowing. 

In the recovery region, the Stanton numbers continue to decrease because the en- 
trainment of the outer-layer fluid stops immediately, but the energy sink is still there. 

In  figure 10, the recovery region TKE profiles are compared with two-dimensional 
flat-plate TKE profiles. The behaviour of the TKE is very interesting. At the start 
of the recovery region, the spanwise-averaged TKE is higher than the two-dimensional 
value; however, by 27 hole diameters into the recovery region, the TKE values are 
lower than the two-dimensional value below y N 3 cm. The derivation from the two- 
dimensional value increases in the downstream direction, although one would expect 
it to  decrease. This can be explained as follows. Figure 5 shows that the spanwise- 
averaged mean-velocity profile a t  the start of the recovery region has negative velocity 
gradients close to the wall. There are also negative shear stresses in the same area, as 
seen in figure 14. In  fact, since the flow is three-dimensional, there are y locations 
where the mean velocity gradient is positive and the shear stress negative, and vice 
versa. This results in the apparent negative production of TKE. The high TKE near 
the wall is dissipated rapidly as soon as the injection stops and thus cannot feed the 
low TKE regions by diffusion. As a result of the ‘negative production ’, the dissipation, 
and the decreased diffusion, the TKE falls below the two-dimensional flat-plate value. 
Even though the negative velocity gradient region diminishes rapidly after the last 
row of injection, its effect on TKE continues because the turbulence profiles respond 
slowly to changes. The production firs6 becomes zero and then positive. A considerable 
distance is required before the production begins once more to increase the TKE level. 

The relaxation of TKE in the recovery region occurs in the expected direction in 
the outer layer. This rate is again slow, as can be obeerved in the M = 0-4 case. In  the 
near-wall region, TKE responds rapidly. At the point nearest the wall, TKE drops 
quickly fIom (q2)J/Uw = 0.134 to 0.1, after the last row of injection, and remains a t  
that  level throughouti the recovery region. This is also true for M = 0.4, in the recovery 
region (see figure 8) for a two-dimensional flat-plate boundary layer. These observations 
illustrate the rapid recovery to the two-dimensional state in the near-wall layer 
(y/S < O - l ) ,  which occurs as soon as the injection stops. 

Figure 12 shows the spanwise-averaged TKE profiles for M = 0.9 a t  four stream- 
wise stations (the x = 168 cm data have been discarded, as discussed earlier). There 
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FIGURE 12. Spanwise-averaged turbulent kinetic-energy profiles for M = 0.2 ; U, = 16.7 m $-I. 

0,  x = 148; A, x = 168; B, z = 188; V, x = 214; 0 , ~  = 256. 

is a fair similarity above y/S = 0.8, in the region of undisturbed TKE. Below y/d = 0.8, 
there is a rough similarity between the full-coverage region profiles and the recovery 
region profiles. This may mean that a state of invariance for TKE is reached in the 
full-coverage region which may simplify predictions of the full-coverage region and 
might lead to better insight into the injection process. The similarity in the recovery 
region may be due to the slow rate of relaxation to %he two-dimensional state. 

3.5. Streamwise shear-stress profiles 

Figures 13 and 14 show the streamwise shear stress profiles at the start of the recovery 
region (just after the last row of injections) for M = 0.4 and M = 0.9, respectively. 
The flat-plate shear stress profiles of Klebanoff (1 955) are also shown in these figures 
as reference lines. In  both cases there is some symmetry observed for the profiles 
which are in symmetrical positions with respect to the centre-line. Compared to the 
reference shear stress, excesses are observed for the M = 0.4 case, above y/S E 0.2, 
for all of the spanwise profiles. In  general, for the M = 0.9 case, however, defects can 
be seen when compared to the reference profiles below y/d -N 0.6. Above 9/13 2: 0.6, 
there are some excesses, but the magnitudes of these are less than for the M = 0.4 
case. This may be due to the higher shear action of the effective jet spread for the low 
blowing. The shear stress levels are much higher for M = 0.4 than for M = 0.9, as 
was expected from the mean velocity gradients. This is another indication of high 
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- 
FIGURE 13. Streamwise turbulent shear stress component ( -u'w') a t  the start of the recovery 
region for M = 0.4; U, = 16.5 m s-l. __ , curves through data; - - -, two-dimensional flat- 
plate shear stress. 

-line 

-0.5 0 0.5 1 .o 1.5 
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FIGURE 14. Streamwise turbulent shear stress component ( -=) at the start of the recovery 
region for M = 0.9; U, = 16.7 m s-l. - , curves through data; - - -, two-dimensional flat- 
plate shear stress. 
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turbulence mixing for the low blowing. The extremely high shear stress next to the 
wall in the central profile for the M = 0.9 case must be due to the separated jet, 
which creates a high shear and vortex region there. 

Some negative shear stresses can be seen for M = 0.9 in the central (no. 3) and side 
profiles (nos. 1 and 5 )  due to the separation of jets. These negative Bhear stress regions 
occur close to  the points of negative streamwise mean velocity gradients. It appears 
that - u- is more or less following the direction of aD/ay. Regions where the shear 
stress is close to zero can be seen in the intermediate profiles (nos 2 and 4) next to the 
wall. These correspond to the regions where aa /ay  = 0, from the mean velocity profiles. 

Another indication of the jet separation from the surface for M = 0-9 is the highly 
disturbed region of shear stress in the central profile extending up to y/6 2! 0-5 (about 
y 21 3 cm or three hole diameters). This is the penetration distance for the last row of 
injections. In fact, the same disturbed region can also be observed in the side profiles 
because of the jets injected one row before. However, the profiles in the middle lanes 
are very smooth and do not show any sign of disturbance. They also indicate a low 
level of turbulence for the M = 0.9 case. 

Figure 15 shows spanwise-averaged, streamwise shear stress profiles a t  five stream- 
wise positions for M = 0.4. The flat-plate shear stress profiles are also shown for 
comparison. In  the full-coverage region the profiles grow fuller in the downstream 
direction as the injection effects diffuse outwards. In  the recovery region, the relaxa- 
tion process is quite slow. The shear stress levels are much higher in comparison to 
the reference values a t  each station, indicating high turbulent mixing. 

Figure 16 shows spanwise-averaged, streamwise shear stress profiles at the start of 
the recovery region, as well as a t  the two recovery region stations for M = 0.9. As 
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6. Summary 
In  this paper experimental data were presented for convective heat transport. in 

horizontal layers of 4He gas which were heated from below. The convection cell had 
cylindrical symmetry, and the aspect ratio I' E D/2h ( D  = diameter, h = height) was 
equal to 5.4. By choosing different temperatures and pressures, the extent Q of 
departures of the system from the approximation of Oberbeck (1879) and of Bous- 
sinesq (1903) was varied. The results were analysed in terms of the theoretical pre- 
dictions by Busse (1967). None of the measurements revealed the existence of the 
predicted inverted bifurcation at R, which is expected to be associated with the flow 
of hexagonal symmetry near R,. Instead, the Nusselt number was rounded over a 
narrow range of R. We attribute this to imperfections in the geometry of the cell. 
For the maximum value of Q achieved during the experiment, the predicted range of 
stability of hexagonal flow fell within the rounded region, and therefore the data do 
not give any information about the existence of the inverted bifurcation. 

Outside the rounded region, the results for N ( R )  were fitted to  a polynomial in 
c = R/R, - 1. This fit yielded estimates of R, and of the initial slope Nl of N vs. R. It 
was found that both Nl and R, were independent of Q if R was evaluated a t  the static 
temperature T,, a t  the midplane of the cell. This result agrees with the prediction by 
Busse (1967). In  order to show that only a fit using R(T,,) gives &-independent values 
of R, and N,, the analysis was carried out also using R(Tz), where Tz is the temperature 
a t  the cold end of the cell. I n  that case, both R, and Nl were found to be strongly 
&-dependent. 

The values found for R, in the limit Q = 0 agreed within experimental uncertainties 
with the theoretical result for a laterally finite system with I' = 5.4 (Charlson & Sani 
1970), but had insufficient accuracy to distinguish between the finite I' value of R, 
and the one appropriate for I' = co. The initial slope Nl was less than the theoretical 
value for I' = co (Schliiter et al. 1965), but consistent with measurements for other 
finite aspect ratios (Behringer & Ahlers 1977). 
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As was seen earlier, five profiles were taken a t  the first and last full-coverage stations 
and three profiles a t  the second station. Results of spanwise averaging showed that 
three profiles were not enough to obtain a good spanwise average, since this process 
gave more weight than was proper to the central profile. Therefore, for the profiles 
at x = 168 cm (second full-coverage region station), little importance is attached to 
the results of spanwise averaging near the wall, when the spanwise profiles differ 
significantly from each other due to the injection. However, spanwise averages 
obtained from five profiles appear to represent the physics adequately. The spanwise- 
averaged profiles of mean velocity and TKE a t  the start of the recovery region bear 
a strong resemblance (at least from the standpoint of qualitative tendencjes) to the 
profiles in the recovery region, where no spanwise averaging was done because all the 
spanwise profiles are the same. From this it can be concluded that the physical 
averaging process taking place in the flow coincides reasonably with the spanwise 
averaging of five profiles here. 

3.7. On the three-dimensionality of theJlow jield 
The three-dimensionality of the flow field is limited to the close vicinity of jets; else- 
where, the flow has a strongly preferred direction. Elaboration follows in $83.8 and 
3.9. Space did not permit plotting all the data (such a8 the components of the mean 
velocity and Reynolds stress tensor) a t  every measurement location. Some interesting 
representative data of this nature are given, however, as an aid to understanding the 
three-dimensionality and its implications for heat transfer. 

3.8. The 7 and components of the mean velocity 

Figure 17 shows the 7 component of the mean velocity after the last row of injection 
for several spanwise locations for the case of M = 0.4. Together with the 7, the flow 
angle between l7 and F, y, is also shown. Only the profiles on one side of the centre- 
line are plotted because of symmetry. As expected, because of the in-line jet, the 
highest 7 occurs in the centre-line profile a t  the paint next to the wall. The smallest 
7 values occur in the intermediate profile, which has no jet in line with it. It is signi- 
ficant that the direction of 7 depends on the profile position. A t  the central and side 
positions, is in the positive direction (towards the free stream), whereas for the 
intermediate profile it is in the negative direction. The fluid is pushed upwards by 
jets at the position in line with them and is entrained towards the wall in between. 
Maximum values of 7 occur near the wall, reaching approximately 8 % of the free- 
stream velocity, whereas in most of the boundary layer they are only from 0 to 4 % 
of the free-stream velocity. The largest flow angle is about 10' and occurs next to 
the wall. The flow angles get smaller rapidly as the distance from the wall increases. 

Figure 18 shows the 7 component of mean velocity after the last row of injection 
at several spanwise locations, for M = 0-9. The observations for M = 0.4 also apply 
here qualitatively. Quantitatively, the values of 7 are higher because of the higher 
rate of blowing - there is a larger drift towards the wall in the middle lanes. This is 
evidence of the strong role which entrainment must play in the heat transfer for high 
blowing ratios. 

The largest value of 7 is around 16 7, of the free stream. The largest flow angle is 
about 12'. 

Figure 19 shows the w component for M = 0.4 at the same streamwise location as 
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FIGURE 17. The 7 component of the mean velocity at the start of the recovery 
region f a  M = 0.4; U, = 16.5 m s-l. 
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FIUURE 18. The 7 component of the mean velocity at the start of the recovery 
region for M = 0.9; U, = 16.7 m s-l. 

the 7 components. An additional spanwise profile on the other side of the centre-line 
is also shown. The component is not symmetric but, except for a few points near 
the wall, the F values are all small (1-3 % of the Urn). The flow angles between 
and w, /3, are also plotted on the same figure. Generally, 7 and w values for the 
M = 0.4 case are small enough so that describing the spanwise-averaged flow as a 
two-dimensional boundary layer is a valid approximation. 

Figure 20 shows the w component for M = 0.9. The profile locations are the same 
as on figure 19. There is no preferred direction of the w, and the values me smaller 
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FIUURE 20. The w component of the mean velocity at the start of the recovery 
region for M = 0.9; U, = 16.7 m 8-l. 

than those for M = 0.4. This is because of the low spanwise gradients in the streamwise 
mean velocity a8 compared to the low-blowing case. The low values support both 
the spanwise-averaging concept and the argument concerning weak three-dimen- 
sionality, except perhaps very close to the wall, where values are about 2 2 % of 
the 17,. 

The large and highly disturbed values of 7 and near the wall for M = 0.9 in the 
central profile are indications of vortices created by the separated jet. 

In  both cases of blowing, the angle range of the flow field is entirely suitable for 
measurements, within a good accuracy, of most of the turbulence quantities with the 
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FIGURE 21. Reynolds shear stresses at the first recovery-region station, 2 = 214cm. Open 
symbols are for M = 0-4, Urn = 16.5 m s-l; solid symbols are for M = 0.9, Urn = 16.7 m 8-1. 
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FIGURE 22. Reynolds normal stresses at the first recovery-region station, x = 214om. Open 
symbols are for M = 0.4; Urn = 16.5 m 6-1; solid symbols are for M = 0.9, Urn = 16.7 m 8-l. 

0, (u'a)i/urn ; A, (v'a)*/urn; 0, (D)*/u,. 
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triaxial wire system (Yavuzkurt et al. 1977 ), except perhaps at  the point next to 
the wall just downstream of a jet for the M = 0.9 case. 

3.9. Reynolds stresses 

Figure 21 shows the Reynolds shear stresses for the first station in the recovery region 
(27 hole diameters downstream of the last row of injection) for M = 0.4 and 0.9. 
These profiles are given to show a sample of the data; the rest can be found in Yevuzkurt 
et al. (1977). 

The (u'v') component of shear stress for M = 0.4 is significantly higher than for the 
others. The (u'w') and (a) components are almost one order of magnitude smaller 

- 
- 
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FIGURE 23. Spanwise-averaged stress-energy ratio for M = 0.4; U, = 16.5 m s-l. 0, x = 148; 
A, 2 = 168; c], z = 188; V, 2 = 214; O,Z = 256. -- , flat plate value. 

FIGURE 24. Spanwise-averaged stress-energy ratio for M = 0.9 ; U, i: 16.7 m 8-I. 

A, z = 168; m, x = 188; V, z = 214; 0, z = 256. --, flat-plate value. 

- 
than (u'v'), except for a few points near the wall, This indicates a return to two- 
dimensionality for the stress field. 

All of the shear stress values for M = 0.9 are l ~ w  in comparison to M = 0.4, as 
expected, with the exception of (u'v') near the wall, which is high (still remembering 
its upstream history). 

Figure 22 shows the normal Reynolds stresses at the same station as in figure 21 
for M = 0-4 and M = 0.9. Again, the general observation is of the low turbulence 
level of M = 0.9 in the outer region. The two cases also differ in that the data for 

- 
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M = 0.9 are nearly isotropic, with all the normal stress components very close in 
magnitude. This distribution may be attributed to the flat mean velocity profiles and 
the small spanwise gradients in the M = 0.9 case; production has dropped. 
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3.10. Correlation coeficiente 

Figure 23 shows the spanwise-averaged stress-energy ratio ( -  u1v1/q2) for M = 0.4 
a t  five streamwise stations. The flat-plate value (0.15) is also given in the same figure 
for comparison (taken from Hinze 1975). The values near the wall are smaller than the 
flat-plate values, because of the disturbance caused by the injection there. The values 
reach the two-dimensional level above y/6 N 0.5, where the jet effects are weak. 
Recovery to the two-dimensional values near the wall can be observed in the recovery- 
region stations. 

The first profile after three rows of blowing does not show the large area of low 
stress-energy ratio shown in the other full-coverage region profiles. This must be 
because the effects of injection have not yet penetrated that far. 

Figure 24 shows the same profiles for M = 0.9. A much larger area of reduced and 
disturbed stress-energy ratio is observed, attributed to the deeper jet penetration; 
otherwise the same observations can be made for this case as in M = 04. 

Figures 25 and 26 show the spanwise-averaged three-dimensional stress-energy 
ratio ( lTl/p)/qz, for M = 0.4 and M = 0.9, respectively. The shear stress 

- 

8 -  12 
7 = ( r n 2 + U I w (  +vlw )*. 

Since there is some three-dimensionality in the flow field, it was thought that it would 
be interesting to see the effect of three-dimensionality. Figure 25 shows that the total 
stress-energy ratio lies closer to the two-dimensional value than - u1v'/q2, except for 
a few points near the wall. This suggests that the value of 0.15 may not be restricted 
to two-dimensional boundary layers, but may be useful in weakly three-dimensional 
flow such as this one. The same observations can be made for M = 0.9, also, except 
that the effect of high blowing still shows itself in large disturbances. 

Figure 27 shows the correlation coefficient, - u1v'/(u12)* (v'B)g, for both blowing 
ratios at the two recovery-region stations. The flat-plate value (0.45) of the correlation 
coefficient is also shown for comparison (Schlichting 1968). Again, for low blowing, 
the values are much closer to the flat-plate value than for high blowing. The effect of 
the injection can be observed near the wall in the form of decreclsed correlation 
coefficients for both cases. Reversion to the two-dimensional flat-plate state can be 
seen in the downstream direction for both blowing ratios. 

- -  

3.11. Mixing length 

The mixing length can be obtained using Prandtl's (1925) definition, 

Figures 28 and 29 show the mixing length obtained from the shear stress and the mean 
velocity data using the above formula in the recovery region for M = 0.4 and 0.9. 
The same figures also show the mixing-length profile for a two-dimensional flat-plate 
boundary layer (from Escudier 1966). An augmented mixing-length region is observed 
at the station just after the last row of blowing (z = 188 cm) for both cases. This 
augmentation is a result of the injection process, which creates shear stresses as well 
as regions of low aU/ay. Evidence in support of this hypothesis is found in the large 
region of augmentation for the M = 0.9 case, where the velocity profiles are quite 
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FIGURE 27. Correlation coefficient for M = 0.4 (open symbols) and M = 0.9 (solid symbols) at 
the two recovery-region stations: 0, x = 214; 0, x = 266. - - -, flat plate. 

flat. Having a high mixing length does not always imply a high rate of mixing; it 
may just be a result of definition. For example, even though low ghear stress and TKE 
levels are observed for M = 0.9 (figures 10 and la), the height and width of the aug- 
mented region are much larger than for M = 0.4. This is an indication of the inadequacy 
of the mixing-length models in regions with a zero mean velocity gradient. The peak 
in the mixing length dies out quite rapidly and is not observable in the recovery-region 
stations. 

Another interesting point is the existence of regions of low mixing length near the 
wall, as compared to the two-dimensional flat-plate case. This region cannot be seen 
clearly for M = 0.4, but is quite clear for M = 0.9. Except for these two regions, the 
mixing length behaves like a classical flat-plate, two-dimendonal mixing length. 

4. Conclusion 
One of the most important observations from these experiments is the peculiar 

dependence of TKE on the blowing ratio: high TKEs were observed for low blowing 
(M = 0-4), low TKEs for high blowing (M = 0.9). This phenomenon results from the 
low mean velocity gradients for high blowing (close to unity). The difference in the 
TKE levels has a significant effect on heat-transfer behaviour. 

Based on these data, it  seems that two different pairs of processes govern the heat 
transfer, depending on the level of blowing: for low blowing, the energy sink near the 
wall competes with high turbulent mixing; for high blowing, the energy sink in the 
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FIGURE 28. Mixing-length distribution in the recovery region for M = 0.4. 
- ,flat plate. 0, x = 188; 0 , z  = 214; 0, z = 256. 

outer layer competes with the entrainment and convection of mainstream fluid toward 
the wall in the lanes between the jets. The present spanwise-averaged solutiop methods 
are not expected to predict the heat transfer well for high blowing ratios, except in a 

purely formal way, because they cannot handle the entrainment process and, by 
definition, neglect the spanwise three-dimensional flows. 
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FIGURE 1. Photograph of full-coverage surface, showing staggered hole array. 
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