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DOWNSTREAM INFLUENCE OF SWEPT SLOT INJECTION
IN HYPERSONIC TURBULENT FLOW

Jerry N. Hefner, Aubrey M. Cary, Jr., and
Dennis M. Bushnell
Langley Research Center

SUMMARY

Results of an experimental and numerical investigation of tangential swept
slot injection (sweep angles of 22.5° and U45°) into a thick turbulent boundary
layer at Mach 6 are presented. Film cooling effectiveness, skin friction, and
flow structure downstream of the swept slot injection are investigated. The
data are compared with that for unswept slots, and it is. found that cooling
effectiveness and skin-friction reductions are not significantly affected by
sweeping the slot. Predictions of cooling effectiveness and skin friction
obtained by a numerical finite-difference technique agree reasonably well with
experimental surface variables.

INTRODUCTION

Surface temperatures of an uncooled hypersonic aircraft may reach very
high temperatures and may dictate the use of hot structural concepts. Systems
studies show that lighter and less expensive structural materials can be used
if these operational surface temperatures can be reduced below the radiation
equilibrium temperature (ref. 1). Film cooling provides one means of reducing
these high operational surface temperatures. Experimental studies of tangential
slot injection at Mach 6 (refs. 2 and 3) have shown that the film cooling in two-
dimensional, high-speed turbulént flow is significantly more effective than that
indicated by extrapolations of low-speed results to high-speed conditions. How-
ever, many practical applications of slot injection film cooling (particularly
on wings) will probably require the slots to be swept relative to the surface
streamline direction. Reference 4 presents heat-transfer results which indicate
the combined effects of three-dimensionality and pressure gradient on film cool-
ing on a cone at angle of attack. However, detailed studies have not been con-
ducted to determine the effect of sweeping the slot relative to the inviseid
streamlines on the film cooling effectiveness. Furthermore, it is important to
determine whether the skin-friction reductions found for two-dimensional slot
injection (ref. 5) could be realized for the three-dimensional turbulent flow
downstream of swept slot injection. Therefore, the present investigation was
conducted to determine both numerically and experimentally the effect of sweep
on film cooling effectiveness, skin friction, and flow structure downstream of
the slot.

The experimental data obtained in this investigation are important for
evaluating slot injection film cooling as an active cooling technique. If these
data indicate that three-dimensional slot injection film cooling is as effective



as the two-dimensional case, then systems studies would be appropriate to ascer-
tain the merits of slot-cooled aircraft structures. In addition, these data
provide a unique test case (that is, near zero pressure gradient and zero cur-
vature external flow) for validating numerical three-dimensional turbulent
boundary-layer solutions currently under development. The numerical and exper-
imental information generated is also necessary for assessing other possible
uses for slot injection such as inlet boundary-layer control (ref. 6), aero-
dynamic windows for gas dynamic lasers (ref. 7), and low-speed drag-reduction
systems.

The present paper reports measurements at Mach 6 of surface equilibrium
temperature (cooling effectiveness), skin friction, and boundary-layer profiles
(pitot pressure, total temperature, and flow angle) downstream of two swept
slots (A = 22.59 and A = 459). The experiments utilized sonic, tangential
air injection into a thick turbulent boundary layer. Surface pressures and oil-
flow data were obtained to aid in interpreting the flow structure downstream of
the slot. The effects of slot height and injectant temperature on the swept
slot cooling effectiveness are measured and discussed. The cooling effective-
ness and skin friction as well as boundary-layer profiles downstream of the
swept slots are compared with previous data for unswept slots. A finite-
difference solution developed for unswept tangential slot injection (ref. 8)
was modified to account for swept slot injection, and predictions obtained by
this technique are compared with the experimental data. ’

SYMBOLS
A2 mixing-length ratio in mixing zone (see fig. U(a) and ref. 8)
Ce skin-friction coefficient, Ty/q
D diameter
I electrical current 4
M Mach number
p pressure
q dynamic pressure, %pu2
R wire resistance
S slot height
T temperature
t slot lip thickness (0.159 cm)
u velocity in free-stream direction
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uy

velocity perpendicular to slot

distance downstream of slot parallel with free stream
distance above surface, downstream of slot

distance above top of 'slot 1lip, y -S -t

boundary-layer velocity thickness (at u/u =~ 0.995)

T -7
two eq
cooling effectiveness parameter, —— ——
Tty - Tt, 3

surface streamline direction measured from streamline parallel
to free-stream direction in plane of flat plate (see fig. 1)

slot sweep angle in plane of flat plate (see fig. 1)

PJuN, j
mass flow parameter, ———
pcouoo
viscosity
density

component of shear stress in free-stream direction

wire output function (see fig. 3)

Subscripts:

eq

Wi, W2

equilibrium

slot

without slot

probe

total or stagnation

wall

wire 1 and wire 2, respectively

free stream



DESCRIPTION OF INVESTIGATION
Experimental Investigation

Facility and model.- The experimental investigation was conducted in the
Langley 20-inch Mach 6 tunnel (see appendix of ref. 9 for a description of the
tunnel) at a free-stream total temperature and unit Reynolds number per centi-
meter of 492 K and 0.287 x 106, respectively. The model (see fig. 1) was an
epoxy resin fiberglass flat plate (35.5 cm wide and 91.4 cm long) with end
plates and was mounted parallel with and recessed below the flat tunnel wall.
The slot flow was injected tangentially over the surface of the flat plate from
a two-dimensional sonic slot swept at either 22.5° or U5° relative to the free-
stream flow direction. The slot flow was injected normal to the slot face and
the local flow angle at the slot was therefore 22.5° or U5° relative to the
free-stream flow. An example of the surface flow development downstream of the
450 gwept slot is shown in figure 2 where the sketched streamlines were obtained
from experimental surface oil-flow studies. The surface flow is normal to the
slot face near the slot and gradually turns parallel with the free-stream direc-
tion further downstream. The slot configuration was identical to that used in
references 3 and 5 and could be adjusted to provide slot heights S of 0.159,
0.476, and 1.111 em and the 1lip thickness t was held constant at 0.159 cm.
The slot mass flow rate pjuN!j’ found to be uniform over a midspan of at least
20 cm in reference 5, was varied to insure that the velocity at the slot exit
was sonic. The ratio of measured slot mass flow rate to calculated free-stream
mass flow rate (A = P 5uN j/pwuw) ranged from 0.042 to 0.838. The temperature
of the slot flow was controlled by using a liquid nitrogen heat exchanger and
for this investigation was varied from 136 K to 311 K.

Surface measurements.- Plate surface temperatures were measured along the
center line by flush-mounted thermocouples and skin friction was measured by
floating element gages located 6.36 cm off center line. Pressure orifices were
located at the slot exit and nominally 3.81 cm off center line at several down-
stream x-locations.

A plate surface temperature was considered to be in equilibrium when it
changed less than 0.1 percent over a time interval of 100 seconds. This crite-
rion, although arbitrary, should provide sufficiently accurate values of equi-
librium surface temperature. Generally, only the forward portion of the plate
surface (x < 65 cm) reached equilibrium temperature in the available test time
(=1800 sec).

The null-type skin-friction balances used in this study.employed a floating
element with a diameter of 0.94 cm and a surrounding gap width of 0.01 cm; the
axes of the balances were alined with the free-stream flow. The balances had
multiple sensitivities of 0.15 g/cmz, 1.5 g/cmz, and 15 g/cm2 and were stati-
cally calibrated before and after the test program by applying a known load and
measuring the voltage necessary to null the balance. The calibration remained
constant throughout the tests within 3 percent of the measured value. Water-
cooled jackets were used to maintain the balance internal temperature below
360 K at all times; thus, experimental errors due to temperature sensitivity of
the balance coil were significantly reduced.
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A mixture of silicon oil and lampblack was distributed irn!random dots of
various sizes over the surface of the model to study the surface streamline
patterns. Motion pictures (35 mm) were taken of the oil-flow patterns during
the tests. Surface flow angles were measured graphically from the oil-flow
patterns photographed during the run. The surface streamlines indicated that
the flow exited normal to the slot as shown in figure 2.

Probe measurements.- Surface and pitot pressures were measured by multi-
range capacitance-type pressure transducers calibrated to better than 1-percent
full-scale accuracy on each range. The tip of the pitot probe was 0.046 cm high
and 0.198 cm wide; the total temperature probe was a shielded thermocouple with
base bleed and a circular tip of 0.191 cm diameter. The temperature probe was
calibrated for the conditions of the present tests and was found to have a
recovery factor of 0.99. Based on the extensive calibrations of a similar probe
over a wider range of Reynolds number and Mach number (ref. 5), this recovery
factor was assumed to be valid for the present study and was used to correct
the total temperature probe data. Velocities were calculated by using the cor-
rected probe values of temperature and the measured pitot pressure along with
the assumption of constant static pressure across the boundary layer.

Flow angle measurements.- Boundary-layer flow angle measurements were
obtained 5.40 cm downstream of the 22.5° swept slot and 8.26 cm downstream of
the 459 swept slot by using a swept, dual hot-wire probe (fig. 3) similar to
that used in reference 10. The hot-wire probe was constructed from two small
spirals of platinum-iridium wire, each stretched across and silver-soldered to
notched needles. Platinum-iridium wire was used instead of the more conventional
copper-plated tungsten wire because of the high temperatures and oxidation prob-
lems of the present tests. Also the wire was stretched into a loose spiral
rather than a tightly wound coil and provided the necessary strength for the
rather high dynamic pressures of the Mach 6 wind-tunnel facility. The wire
diameter was 0.0025 cm and the ratio of wire length to wire diameter was 110.

The probe was calibrated in the Mach 6 free stream by setting the probe at known
yaw angles and measuring the probe output. (See calibration curve in fig. 3(b).)
The probe was calibrated so that the response was essentially independent of
local Reynolds number and Mach number.

Numerical Investigation

A numerical finite-difference solution procedure for tangential slot
injection into supersonic turbulent boundary layers {(ref. 8) was modified to
account for swept slot injection by including the spanwise momentum equation
in the solution. (See refs. 11 and 12 for a description of the swept slot
code without the slot injection eddy viscosity option, which was modeled after
ref. 8.) The present calculation is therefore essentially a combination of
the capabilities existing in references 8, 11, and 12. The three-dimensional
turbulence model used was the "invariant turbulence" or scalar eddy viscosity
approach discussed in references 11 and 12. This approach uses the usual
bounday-layer approximation of constant static pressure in the direction normal
to the surface.



RESULTS AND DISCUSSION
Flow Structure and Surface Pressure Distribution

The slot flow field is schematically shown in figure U4(a) for the case of
nearly "matched" pressure conditions. -Ideally, the "matched" pressure condition
refers to the case where the slot and free-stream static pressure are equal and
the static pressure along the wall is nearly constant (py/Py o~ 1). As shown
in figure 4(b), this condition cannot be fully realized in the region very close
to the slot exit (x/S =~/ 0.6) unless the slot flow is allowed to expand fully;
the fuly expanded slot flow would match the static pressure in the immediate
vicinity of the slot with the free-stream static pressure, but would generate
pressures lower than the stream static pressure further downstream of the slot
(ref. 5). Figure 4(b) shows that as the mass flow rate A was increased from
the no-injection case, the wall static pressure in the slot region increased
until the slot flow became sonic; at this point the slot pressure was slightly
less than the stream static pressure py o, Dbecause of the expansion of the free-
stream flow over the slot 1lip. (See fig. 4(a).) Further increasing the slot
mass flow rates first reduced the near slot pressures and then increased them.
This subsequent increase in the near slot pressure is caused by the slot fully
expanding; the Mach number distribution in the near slot region remains con-
stant. Since the present investigation is primarily concerned with the case
where the slot flow is sonic and the downstream pressure gradient is as small
as possible, most of the slot mass flow rates are at near "matched" pressure
conditons (that is, where the slot flow just becomes sonic and the near slot
pressures are somewhat less than the stream static pressure).

Surface static pressures measured at severn streamwise locations downstream
of the 22.5° swept slot and eight streamwise locations downstream of the 450
swept slot are shown in figures 4(e) and U4(d), respectively, for the three slot
heights at near "matched" pressure conditions. The wall static pressure py
is normalized by the measured stream static pressure with no slot py 4.
Although an adverse pressure gradient exists close to the slot exit, the surface
pressures further downstream of the slot are very near free-stream static pres-

sure in all cases.

Cooling Effectiveness

A summary of the equilibrium temperatures for near "matched" pressures
downstream of the swept slots (A = 22.5° and 45°) for Ty Tt e ™ 0.6 and 0.32
is presented in figures 5 and 6 in a form which correlated efféctiveness data
in references 2, 3, and 5. The distance parameter (x/S)A'O-S, which is based
on the chordwise distance downstream of the slot (parallel with the mainstream
flow direction) correlates the effectiveness data for both slot flow tempera-
tures in a relatively narrow band for the slot mass flow rates and slot heights
of the present investigation. Note that the data appear to correlate at a given
slot flow total temperature, but the correlation is different for the two dif-
ferent slot temperature levels. The data appear to correlate as long as A
is changed by changing the ratios of slot density to free-stream density; if
the ratio of slot velocity to the free-stream velocity is changed, the corre-
lation also changes. (Compare figs. 5 and 6.) Table I presents coefficients
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for the straight-line correlations of the swept slot data shown in figures 5
and 6 as well as those for the unswept slot data of reference 5 for similar total
temperature ratios and mass flow rates.

The effect of slot sweep on the film cooling effectiveness is clearly seen
in figures 5 and 6. Although the dooling effectiveness is lower and decreases
more rapidly for the cooler slot flow temperature (Tt,'/Tt o~ 0.32), the film
cooling effectiveness for the swept slots decreases oniy siightly below that for
the comparable unswept slots for both sweep angles and both sliot flow tempera-
tures. However, theoretically the total cooled area downstream of the swept
slot is reduced by cosine A when compared with the unswept slot; the oil-flow
studies tend to confirm this condition. (For example, fig. 2 shows that the
streamlines downstream of the swept slot remain parallel as the slot flow mixes
with the stream boundary layer and turns toward the free-stream direction.) As
was found in reference 5 for ghe unswept slots, the cooling effectiveness for
the swept slots for (x/S)A=0-8 < 100 is less than the expected value of € = 1
because of heat conduction from the free-stream flow through the metal slot 1lip
and into the slot flow.

Cooling effectiveness data for mass flow rates greater than the near
"matched" pressure condition are shown in figure 7 for the 22.5° swept slot with
Te, 3/ Tt o ~ 0.6 and 0.45. The straight-line correlations of the data shown in
figures 5 and 6 and table I are, shown for comparison with the data for the more
fully expanded slot flows. The higher mass flow rates slightly increase the
effective cooling lengths (that is, the distance downstream of slot where
€ =~ 1.0) for the 22.5° swept slot; however, the rate of decrease in effective-
ness beyond this cooling length is approximately the same as that found for near
"matched" pressure conditions. Since sweeping the slot has only a minor influ-
ence on effectiveness (A < U459), the favorable effects of slot injection in
high-speed flow are retained. (See refs. 3 and 5.)

Skin Friction

Local surface skin-friction measurements presented in terms of Cg/Cr g
are shown for Tt’-/Tt:mﬁe 0.6 in figure 8 for both sweep angles and the three
slot heights. . Skin-friction data downstream of the unswept slot (ref. 5) at
similar test conditions are shown in the figure for comparison. Skin-friction
data for the swept slots at T¢ j/Tt,w\z|0.32 were not obtained in the present
study since reference 5 showed that decreasing the slot flow temperature had a
negligible effect on the skin friction even though the cooling effectivenes was
significantly reduced. Sweeping the slot reduces the measured skin friction
downstream of the slot below that for the unswept two-dimensional slot for the
three slot heights investigated; therefore, the significant reductions in skin
friction found for the unswept slot (ref. 5) were also found for the swept slots.

Comparison of Finite-Difference Predictions With Experiment
Surface parameters.- The implicit finite-difference solution procedure

developed for tangential slot injection into supersonic turbulent boundary
layers (ref. 8) was modified to predict the flow downstream of swept slot




injection. Initial slot and boundary-layer profiles normal to the slot face
were required as inputs into the numerical technique and were obtained experi-
mentally for the largest slot height (S = 1.111 cm) for both the 22.5° and 45°
swept slots (shown by the solid curves in fig. 9). Initial slot profiles were
measured for both Te, 3/ Te, 0~ 0.6 and 0.32 for the 22.5° swept slot, whereas
only the profiles for Tt,‘/Tt,m‘* 0.6 were measured for the 45° swept slot.
The slot velocity profiles obtained from measurements near the lower slot wall
were modified for some calculations in an attempt to ascertain the effect of a
"laminar-like" slot velocity profile on the downstream flow predictions; the :
measured slot velocity profiles near the lower wall are subject to interpreta- »
tion because of possible probe interference effects. Also a laminar slot flow @
boundary layer may have occurred since the slot Reynolds number (p suy jS/uj) !
was near transitional (approximately 3 x 103) and the slot flow was répidly !
accelerated just prior to being injected (ref. 5). The stream or external
boundary-layer profile shapes are typical of nozzle wall turbulent boundary
layers, and the velocity thickness & was approximately 4.5 cm. (See table II
for a tabulation of the measured nozzle wall profiles.) The calculation was
carried out in a coordinate system normal to the slot face. The external span-
wise flow (assumed to be invariant in planes parallel to the slot face) was
input from a vector decomposition of the measured tunnel wall boundary-layer

profile. s

As was discussed previously, a pressure gradient existed near the slot
even for the nearly "matched" pressure condition. The effect of this gradient
was explored numerically; the most "severe" pressure gradients that could be
input into the swept slot program without causing flow separation are shown as
unbroken fairings in figure 10 for the swept slots. It is readily seen that
the maximum dp/dx used in the calculation is much less than local values
indicated by the experimental data. (See section on "Flow Structure and Surface
Pressure Distribution" for an explanation of these pressure gradients.) There-
fore, based upon these calculations and careful study of the oil flow near the
slot, it is tentatively concluded that the low velocity flow from the slot is ;
locally separated for this slot height. However, the influence of this separa-~
tion on surface shear and temperature seems to quickly "wash out" downstream.
Limited numerical predictions were also obtained with a reduced mixing-length
ratio (A2) for the free mixing region downstream of the slot lip. (See ref. 8
for a detailed discussion of the role of A2 in the eddy viscosity model.) The
reason for varying this parameter will be discussed in connection with the
downstream profile comparisons.

Cooling effectiveness and skin-~-friction predictions are compared with the
experimental results in figures 11 and 12, respectively. The laminar slot pre-
dictions with zero pressure gradient and the turbulent slot predictions both
with and without the adverse pressure gradient for a mixing-length ratio (A2)
of 0.09 predict reasonably well the measured effectiveness and skin-friction
data for the 22.5° swept slot for T¢ j/Tt o™ 0.6. The laminar slot predic-
tions for the 22.5° swept slot with the adverse pressure gradient were not
obtained since the prediction technique indicated that the input pressure
gradient was too severe for the laminar slot flow and with even the moderate
dp/dx shown in figure 10 forced the slot flow to separate locally. Decreasing
the mixing-length ratio for the free mixing region from 0.09 to 0.06 for the
laminar slot without pressure gradient adversely affects the agreement between
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the predicted and measured cooling effectiveness but enhanced the agree-

ment between the predicted and measured skin friction downstream of the slot.
(See fig. 12(a) for x/S > 10.) For the 45° swept slot, only the predictions
for the laminar slot flow with pressure gradient and with a reduced mixing-
length ratio (A2 = 0.06) gave reasonable agreement with the cooling effective-
ness and skin-friction data. Limited attempts to predict the cooling effec-
tiveness data for the cooler slot flow temperature (Ty ;/Ty _l~ 0.32) for the
22.59 swept slot (fig. 11(e)) indicated fair agreement’getwéen the predictions
and the data. The comparison of the predicted and measured effectiveness for
the warmer slot flow (Tt,j/Tt,mF= 0.6) appeared to indicate that the pressure
gradient did not significantly affect the downstream calculations; therefore,
the cooler slot flow calculations were conducted only for a zero pressure
gradient.

Profile and flow angle comparisons.- Although the finite-difference cal-
culations investigated do provide reasonable predictions of the trends and
approximate magnitudes of the measured cooling effectiveness and skin-friction
data, these same calculations fail to predict the velocity and total temperature
profiles near the plate wall (y < 2 cm) at downstream x-locations where the slot
flow has turned parallel with the stream direction. (See figs. 13 and 14.)
Also, predictions of the flow angle through the viscous region are very poor com-
pared with the experimental data. (See fig. 15.) The measured velocity pro-
files presented in figure 13 and table III for both swept slots show a concave
velocity profile near the plate wall. This is not a three-dimensional effect
since velocity profiles recently obtained in the present investigation down-
stream of the two-dimensional slot configuration of references 3 and 5
(fig. 13(a) and tables III(a&) and III(b)) are similarly shaped. Furthermore,
this anomaly was also found in the two-dimensional slot injection studies of
references 13 and 14. Reducing the mixing-length ratio for the free mixing
length region downstream of the slot proved to be partially effective in achiev-
ing agreement between predicted velocity profiles and measured profiles in refer-
ences 13 and 14. In the present investigation, reducing the mixing-length ratio
did have a favorable influence on the prediction of the measured velocity pro-
files, but made the already poor predictions of the measured surface flow angles
(from oil flow) and flow angle profiles (from swept hot-wire probe) even worse.
(See figs. 15 and 16.) It is believed that one plausible reason that the sur-
face flow turns more rapidly than predicted is that the slot flow separates
locally in the region very near the slot exit. Figure 16 shows that the pre-
dicted rate of surface flow turning (the change in 0 with respect to x) down-
stream of the region where the slot flow remains perpendicular to the slot
appears to agree reasonably well with dO0/dx from the experimental results.

The comparison of the present swept and unswept slot finite-difference
predictions with experimental profiles (figs. 13, 14, and 15) and similar com-
parisons for two-dimensional slot injections in reference 14 show that the
present understanding of the turbulent mixing which occurs for slot injection
into a thick supersonic/hypersonic turbulent boundary layer is insufficient.

The present calculations tend to suggest that (a) the input pressure gradient

is only important near the slot and tends to disappear 20 to 40 slot heights
downstream and (b) the concave velocity profiles indicate either a "laminar-
like" mixing region or the influence of the adverse experimental pressure gra-
dient which was considerably larger than could be included in a "boundary-layer"

i
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method. (See fig. 10.) However, for the two-dimensional slot flow case,
recent improved turbulence modeling research, reported in reference 15, indi-
cates very good agreement with the M_ = 6 profiles shown in figures 13(a)

and 14(a).

CONCLUSIONS

The present data, consisting of (1) adiabatic wall temperature distri- ;
butions, (2) direct skin-friction measurements, (3) surface flow angles, "
(4) three-dimensional turbulent flow profiles, and (5) surface pressure distri-
butions over a range of sweep angle, slot height, slot mass flow rate, and slot .
total temperature comprise a fairly complete and definitive study of the influ-
ence of three-dimensionality upon tangential slot injection. 1In addition, the
paper presents results of a new three-dimensional calculation method for slot
injection. Major conclusions resulting from the present experimental and numer-

ical investigation are as follows:

1. The large film cooling effectiveness found for unswept slots at
supersonic/hypersonic speeds was not significantly affected by sweeping the slot
to 22.50 and 45° for either Tg /Ty .~ 0.6 or 0.32. In agreement with the
two-dimensional case, the film cooling effectiveness downstream of the swept
slots decreased when the ratio of the slot to free-stream total temperature
Tt,j/T o Was reduced from 0.6 to 0.32. For the range of slot heights inves- ;
tigated, slot height did not significantly affect the swept slot cooling effec-

tiveness correlation.

2. The large reductions in local surface skin friction measured down-
stream of unswept slots still occurred as the sweep angle was increased for all

slot heights investigated.

3. Predictions of the film cooling effectiveness and skin friction
obtained by a numerical technique agree reasonably well with the measured
results for both sweep angles.

4. The swept slot finite-difference solution with the simple "invariant %
turbulence" or scalar eddy viscosity model fails to predict the downstream
veloeity, total temperature, and flow angle profiles in the inner or slot mix-
ing region. This disagreement is tentatively ascribed to the existence of a
localized three-dimensional separation of the slot flow immediately downstream
of the slot exit which allows the near wall flow to turn prematurely under the

action of pressure forces.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

June 2, 1977
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TABLE I.- COOLING EFFECTIVENESS CORRELATIONS

FOR SWEPT SLOT INJECTION

[e = a [(x/S)A‘O-S:] _b]

deg
22.5
45

22.5
45

Tt,j/Tt,m b
0.63 2.76 | 0.226
.60 3.12 .263
.60 3.33 .269
.43 4. 46 .360
.32 4.51 .390 -
.32 5.19 .393
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- TABLE II.- TABULATION OF MEASURED BOUNDARY-LAYER

PROFILE AT SLOT

e A T R R e ah n s

[pt’q’= 3.50 MPa; Ty/Tt , & o.73]

-

A p Ty p»
- ﬁﬁa tkp M/M°° u/uco Te/Tt, |
0.08Y 9.032 | 394.4 | 0.280 0.576 0.800 ?
.130 11.190 | 403.8 .319 .631 .819 ‘
.178 12.742 409.7 .343 .663 .831
.249 16.065 | 417.1 .388 L7111 .846
.287 16.975 417.6 .400 .721 .847
.356 19.319 | u424.0 427 LTHT .860
.389 19.747 426.9 .432 .754 .866
.437 21.450 4o7.4 451 .768 .867
.546 23.559 432.4 47y .789 .877
.620 24,490 434.8 . 484 .796 .882
.671 25.524 437.3 .hoh .804 .887
. 726 26.531 439.8 504 .812 .892
.795 28.289 | u4y.2 .521 .826 .901
1.054 30.268 451.6 .540 .842 .916
1.191 32.943 455.0 .564 .857 .923
1.301 34.667 | 456.5 .579 .865 .926
1.425 37.514 | 459.5 .603 .878 .932
1.577 39.011 463.4 .613 .885 .940
1.702 42.920 | 465.9 .646 .900 .945
1.829 46.588 468.8 YL .912 .951
2.068 49.815 473.3 .697 .923 .960
2.360 59.929 | U77.7 .T67 .946 .969
2.583 67.189 | 480.7 .812 .958 .975
2.878 71.954 482.2 .841 .965 .978
3.198 77.642 483.1 .874 .972 .980
3.868 89.308 | 1489.5 .937 .988 .993
4.519 99.057 | 492.0 .988 .998 1998
5.375 101.332 | 493.0 1.000 1.000 1.000




TABLE III.- TABULATION OF MEASURED BOUNDARY-LAYER PROFILES

(a) A =09 T¢ /Ty = 0.65 X\ = 0.047;
S=111cm,x-108cm,M = 6.05;
Tw/Te = 0.64; p 3.57 MPa,
T ., RTINS
Y, b ’ T ’
T ﬁpg tkp M/M, U/Ug Te/Tt o
0.018 2.164 316.7 0.017 0.039 0.657
.084 2.468 .074 .170
142 2.634 .091 .206
.198 2.785 .102 .231
.249 2.916 317.8 111 .248 .659
.307 3.158 319.4 .126 .279 .663
.371 3.447 323.3 .140 .310 .671
462 3.806 330.6 .155 .342 .686
.488 4.116 332.2 167 .364 .689
.533 4,537 336.1 179 .387 .697
.589 4.930 341.7 .192 413 .709
.640 5.433 346.7 .205 .438 .719
.660 5.6T4 348.3 .210 iy .722
.719 6.281 355.6 .225 476 .738
.795 7.322 363.9 .248 .516 755
.838 8.053 368.3 .263 .540 .764
.884 8.701 375.0 274 .560 .778
.960 10.128 384 .4 .299 .599 .798
1.039 11.542 393.9 .322 .633 817
1.062 12.162 396.7 .331 .645 .823
1.118 13.231 401.7 .347 .666 .833
1.173 14.761 406.7 .369 .691 .84y
1.217 15.196 411.1 .374 .700 .853
1.300 17.037 418.3 .398 .728 .868
1.575 22.105 430.6 .456 .783 .893
1.925 26.345 440.0 .u99 .818 .912
2.636 35.232 450.6 .582 .870 .934
3.101 43.120 456.7 .645 .900 .97
3.816 51.966 465.0 .709 .928 .964
412 67.789 470.6 ¢ .812 .958 .976
5.667 96.230 477.8 .968 .991 .991
6.401 100.946 480.6 .993 .997 .997
6.807 101.863 481.1 .998 .998 .998
7.640 102.401 | u82.2 1.000 1.000 1.000
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TABLE III.- Continued

(b) A = , Tt /Tt = 0. 6 A= 0.0”7;
S =1. 11 cm; x ] 27 6 cm; M = 6.04;
Ty/Ty . = 0.67; Pt,e = 3- 56 MPa;
Tt 2*u86.1 K
Y, Pt,pr | Ti,p» ]
o ﬁﬁa tkp MM u/u Tt/Tt,m
0.028 3.992 335.7 0.162 0.356 0.690
.081 5.468 336.7 .207 .433 .693
.132 6.177 339.4 .224 L1460 .698
.185 6.598 346.7 .233 L1480 .713
.229 6.888 351.1 .238 |7 .491 .722
.295 7.343 355.6 .248 .508 .732
.307 7.460 356.7 .252 514 .734
.384 7.686 361.1 .260 .528 .743
LAu2 8.232 364.4 .267 .540 .750
.495 8.556 367.8 .272 .549 .756
.551 8.991 370.6 .280 .561 .762
.592 9.246 374.4 .283 .569 770
.643 9.763 376.1 .293 .582 T4
.693 10.135 380.6 .300 .594 .783
.752 10.908 384.4 .313 .613 .791
.T770 11.507 385.6 .322 .622 .T94
.81 11.928 388.9 .328 .632 .800
.899 12.624 393.3 .339 .643 .809
.958 13.100 397.8 .346 .654 .818
1.034 14.334 | 402.8 .362 .679 .829
1.115 15. 141 408.3 .373 .693 .840
1.173 15.610 4i1.1 .379 .702 .846
1.257 17.464 416.7 .Loy .728 .857
1.303 18.050 418.3 LA411 .735 .861
1.681 23.980 434 4 477 .796 .894
1.941 27.758 440.0 517 824 .905
2.639 37.583 455.6 .603 .880 .937
3.185 44 . 968 469.4 .661 .914 .965
3.960 58.895 476.7 .752 .947 .980
4448 66.141 480.0 .802 .962 .987
5.144 75.539 483.3 .866 .978 .994
5.796 84,585 484 .y .911 .986 .996
6.596 86.902 485.0 917 .988 .998
7;760 101.877 M86.1 1.000 1.000 1.000




(e)

TABLE III.- Continued

A = 22.59;
S =1.111 cm;

Tw/Tt’w = 0.67;

Tt,j/Tt,m = 0.6;

x = 21 cm;
Pt,e = 3.65 MPa;

A = 0.042;

M, = 6.01;

Tg, = 495 K
Z; pﬁﬁa’ Ttkp: M/M,, u/u Te/Tt o
0.036 3.006 342.1 0.106 0.243 0.691
.050 3.365 343.0 .127 .287 .693
.090 3.882 346.0 .151 .334 .699
.160 4,213 348.5 .163 .359 .704
.220 4. 468 351.0 72 .375 .709
.250 4,592 351.9 175 .383 TN
.290 4.730 354.4 179 .391 .716
.340 4,971 358.4 .186 .05 .74
.370 5.157 359.9 .191 415 .727
.390 5.27h 361.4 194 421 .730
.460 5.654 365.3 .204 440 .738
.520 5.957 369.8 .211 455 .T4T
.580 6.405 373.7 .221 LAY .755
.630 6.833 377.2 .228 186 .762
.690 7.364 380.7 241 .508 .769
.T40 7.832 384, 1 .250 .524 776
.800 8.591 389.6 .265 547 .787
.860 9.322 395.0 .278 .569 .798
.940 10.184 401.0 .291 .591 .810
.990 10.942 405.9 .304 .610 .820
1.04 11.804 410.9 .318 .630 .830
1.10 12.638 416.8 .329 .648 .842
1.21 14,141 423.7 .351 .690 .856
1.25 14.617 425.7 .356 .683 .860
1.31 16.361 430.7 .379 .709 .870
1.56 20.905 uhy 0 433 .765 .897
1.84 25.690 453.4 .481 .808 .916
2.64 37.321 471.2 .584 877 .952
3.21 By 471 477.7 .639 .904 .965
3.61 52.862 480.6 .699 .927 .971
4,35 65.417 485.1 .779 .952 .980
5.17 79.014 490. 1 .857 .974 .990
5.71 84.757 492.0 .889 .979 .994
6.44 99.760 493.0 .965 .991 .996
7.06 107.186 495.0 1.000 1.000 1.000
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TABLE III.- Continued

(d) A = U5%; Ty §/Ty = 0.6; A = 0.048;
S=1.11cm; x=23cm; M =6.0;
Tu/Tt o = 0.66; Pt,e = 3.56 MPa;
Tt,m = 498 K
Y, p ’ T ’
. ﬁﬁa tkp M/M°° u/ Ve Tt/Tt,m
0.036 2.916 339.4 0.094 0.216 0.681
.064 3.282 339.9 .118 .266 .682
.132 3.682 341.4 .135 .302 .685
.198 3.909 344.3 . 148 .327 .691
277 4,130 346.3 .156 .34y .695
.338 4,330 348.8 .163 .358 .700
.ho6 4,661 351.8 173 .379 .706
AUsT7 4,778 354.3 LAT77 .386 AN
.513 5.054 356.8 .184 .401 716
.566 5.302 358.8 .191 A1y .720
.625 5.599 362.3 .198 .428 .727
.673 6.067 365.8 210 .48y .734
.719 6.226 369.3 .213 LY T4
.790 6.833 372.3 227 .480 LTUHT
.841 7.067 376.7 .231 .490 .756
.879 7.564 379.2 21 .507 .761
.930 8.081 383.7 .251 524 770
.980 8.412 388.2 257 .536 .T79
1.056 9.156 395.2 271 .559 .793
1.090 9.094 398.7 .269 .560 .800
1.128 9.756 402.2 .280 YN .807
1.153 10.335 404 .6 .290 .591 .812
1.230 11.121 411.1 .302 .612 .825
1.280 11.514 415.1 .308 .622 .833
1.488 14,948 427.6 .356 .684 .858
1.976 23.153 449 .5 .450 .782 .902
2.586 34.646 464 .4 .555 .857 .932
3.205 u4 023 473.4 .628 .897 .950
3.890 57.289 481.9 .718 .933 .967
4.390 68.575 484 .9 .787 .952 .973
5.230 92.679 489.9 .917 .982 .983
5.750 104.973 4oz 4 977 .992 .988
6.540 105.697 1}79__6.3 ] 1.000 j 1.000 j 1.000




SNOUIVNEWWN 2 = maa oo

(e)

Y,
cm

.023
.070
.130
.180
.230
.270
.310
.380
L440
.540
.590
.680
. 750
.810
.900
.960
.05
.08
.15
.20
.25
.29
.58
.95
.56
.20
.84
.49
.12
.76
.37
.04

TABLE III.- Concluded

A - 22.5; Tt,j/Tt,oo = 0.32; A= 0.061;
x =21 cmy M_276.0; Tu/Ty ., = 0.52;
Pt,o = 3.57 MPa; Ty , = 491.7 K
Pﬁ N Ty P | % u/u, Te/Tt, o
2.74Y4 256.2 0.087 0.177 0.520
3.447 256.2 .132 .259 .520
3.716 256.2 Y .278 .521
3.882 256.2 . 151 .289 .520
4.033 257.1 157 .300 .523
4,185 259.6 .162 .310 .528
4,337 261.6 .167 .319 .532
4,585 266.0 175 .334 .541
4,854 271.4 .183 .350 .552
5.309 280.2 .195 374 570
5.647 286.2 .204 .391 .582
6.254 295.0 .218 .419 .600
6.874 304.8 .232 Lhuy .620
7.398 312.2 .242 .ueh .635
8.205 323.0 .258 .493 .657
8.887 331.9 .270 .515 .675
10.011 343.2 .290 .548 .698
10.708 347.1 .301 .564 .706
11.438 357.9 .312 .585 .728
12.018 364.8 .322 .601 .T42
12.700 372.2 .331 .617 157
13.817 381.0 .347 .641 775
17.582 415.5 .395 .715 .845
25.414 436.6 .480 .795 .888
34.439 456.8 .562 .839 .929
45,802 467.1 .650 .904 .950
5T7.447 473.5 .730 .935 .963
68.086 478.4 797 .956 .973
82.875 482.8 .880 .975 .982
91.480 488.2 .925 .989 .993
98.298 hg91.7 .959 .996 1.000
105.895 491.7 1.000 1.000 1.000
i 1
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S flat plate
\.

(a) schematic of model.

Figure 1.- Sketch of experimental three-dimensional film cooling model.
Dimensions are in cm.
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Figure 1.- Concluded.
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Figure 2.~ Typical three-dimensional surface streamlines obtained from oil flow in
instrumented region of 45~ swept slot model.
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Figure 3.- Schematic and calibration of dual, swept, hot-wire flow direction probe.



N

ke

Expansion fan

=

Recompression

7

hddnllredlelondddnnfl h o ko Ll L L L L LT T LT Z2 22222 2 7022222272727 7232

Rapidly accelerated.

slot flow Mixing zone

(a) Fliow field downstream of slot.

Figure U4.- Flow field and pressure distribution downstream of swept slot.
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(b) Effect of mass flow rate on surface pressure near slot. x/S = 0.6.

Figure U4.- Continued.
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Figure 4.- Continued.
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Figure 5.- Film cooling effectiveness for Tt,j/Tt,w =~ 0.6 and near

"matched" pressure conditions.
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Figure 6.- Film cooling effectiveness for Tt,j/Tt,m =~ 0.32 and near
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"matched" pressure conditions.
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Figure 8.- Skin friction downstream of slot for "matched" pressure conditions.
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Figure 9.- Initial boundary-layer and slot profiles (normal to slot)
used in the finite-difference calculations. S = 1.111 cm.
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Figure 9.- Continued.
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(C) A= 22.50; Tt,j/Tt,m= 0.32.

Figure 9.- Concluded.
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Figure 10.- Input pressure gradients for finite-difference program.
Tt,j/Tt,m = 0.6; S = 1.111 cm.
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O Experimental data
Lam. slot, zero press. grad., A2 = 0.09
—————— Lam. slot, zero press. grad., A2 = 0.06
Predictions { —---— Lam. slot, press. grad., A2 = 0.06
—— - —— Turb. slot, zero press. grad., A2 = 0.09
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Figure 11.- Comparison of finite-difference predictions with experimental

cooling-effectiveness data. S = 1.111 cm.
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(a) A = 22.59; Tt,j/Tt,w a 0.6; = 0.042.

Figure 12.- Comparison of finite-difference predictions with experimental
skin-friction data. S = 1.111 em.



gt

EXPERIMENTAL DATA

LAM. SLOT, ZERO PRESS. GRAD., A2 = 0.09
———— LAM. SLOT, PRESS. GRAD., A2 = 0.09
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(b) A = U459 Tg¢ /Ty = 0.65 A = 0.048.

Figure 12.- Concluded.



7 -
O Data, x = 10.8 cm
O Data, x = 27.6 cm
6 |
Prediction, x = 10.8 cm
———— Prediction, x = 27.6 cm
5 |

Predictions for turbulent slot,
zero pressure gradient, A2 = 0.09

(a) A= 09 Tt,j/Tt,m = 0.6; ) = 0.047.

Figure 13.- Comparison of finite-difference predictions with
experimental velocity profiles. S = 1.111 cm.
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(b) A=

O DATA
- LAM. SLOT, ZERO PRESS. GRAD.,
B A2 = 0.09
———-LAM. SLOT, ZERO PRESS. GRAD., A
A2 = 0.06
[ —--—TURB. SLOT, ZERO PRESS. GRAD.,
A2 = 0.09
—--—TURB. SLOT, PRESS. GRAD.,
— A2 = 0.09

22.59; Tt,j/Tt,w = 0.6; ) = 0.042; x = 21.1 cm.

Figure 13.- Continued.
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(e) A = 459; Ty, 3/Te, o = 0.6; )\ = 0.048; x = 23 cm.

Figure 13.- Continued.
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(d) A= 22.5% Ty /Ty =0.32; A= 0.061; x=21.1 cm.

Figure 13.- Concluded.
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O Data, x = 10.8 cm
7+ O Data, x = 27.6 cm

Prediction, x = 10.8 cm
——— Prediction, x = 27.6 cm

61 Predictions for turbulent slot,
zero pressure gradient, A2 = 0.09

f—Slot lip

1.—.

Tt / Tt,°°

(a) A = 09; Tt, /Ty, = 0.65 A = 0.047.

Figure 14.- Comparison of finite-difference predictions with experimental
total temperature profiles. S = 1.111 cm.
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(b) A = 22.59; Tt,j/Tt,m = 0.6; A= 0.042; x = 21.1 cm.

Figure 14.- Continued.
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Figure 14.~- Continued.
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Figure 14.- Concluded.
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(a) A =22.5% T §/Ty , = 0.06; X =0.042; x = 5.40 cm.

Figure 15.- Comparison of finite-difference predictions with swept-wire
flow angularity measurements. S = 1.111 cm.
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Figure 15.- Concluded.
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(a) A =22.59; X = 0.042.

Figure 16.- Surface flow angle for swept slot injection.
S =1.111 cm; Tt,j/Tt,m a 0.6.
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(b) A = 45°; X = 0.048.

Figure 16.- Concluded.
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