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Abstract—Film cooling downstream of secondary gas injection through discrete holes has been studjed
experimentally. The influences of hole geometry, secondary fluid density, and mainstream boundary
layer thickness are described. Significant improvements in the film cooling effectiveness are observed
by having the coolant passages widened before the exit of the secondary fluid. The use of a relatively
dense secondary fluid, as might be encountered in many applications, requires a significantly higher
blowing rate to cause jet separation from the surface than when the densities of the freestream and
secondary stream are the same. This results in considerably better film cooling over an important range
of density ratios.

NOMENCLATURE

D, diameter of cylindrical channel or metering
section of shaped hole;

2
i, momentum flux ratio, fi{f%;
ool

M, blowing rate, p3U2/p0 Uy ;

R, ratio of hole exit area to hole inlet area. Exit
area is defined by the imaginary intersection
of the hole with a plane which is perpendicular
to the channel axis and located where the axis
emerges from the surface;

Rep, Reynolds number P=UsD ;
Ho
s, area of holes per unit span, ie. effective slot
height. (Metering hole area used for shaped
channel);
T, temperature;
U,., mainstream velocity;

+Fred Burggraf passed away in the summer of 1973 while
in the full bloom of his technical career. His co-authors
join with his fellow workers at General Electric and the
Heat Transfer Community at large to express sorrow at our
loss. Fred was untiring and inspiring in his work in Heat
Transfer, particularly as it applied to the development of
the modern gas turhine engine. He will be sorely missed by
all who knew him as both friend and colleague.

Uy, average velocity in injection channel. (Metering
hole area used for shaped channel);
X, distance downstream of injection hole;
Zz, lateral distance from tunnel centerline;
3, boundary layer displacement thickness;
I, dynamic viscosity;
£, density;
. Tow—T.
n effectiveness ————n;
27 4w
¥, side spreading angle for each side of shaped
hole (10°).
Subscripts
0, mainstream;
2, secondary or injection stream;
aw, adiabatic wall;
€ downstream of center of injection holes.

L. INTRODUCTION

THERE 18 renewed interest in the process of film cooling
as a means of protecting solid surfaces exposed to high
temperature gas streams. With a two-dimensional fiow,
the film cooling performance can be predicted relatively
well by analysis or by interpolation or extrapolation
of previous experimental results. With three-dimen-
sional flow, however, prediction of film cooling is more
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difficult. This is particularly true when there are
relatively sharp discontinuities at the entrance of the
secondary flow stream, as occurs if the secondary fluid
enters not through a continuous or almost continuous
slot or porous section, but is introduced through dis-
crete holes in the surface. Previous studies (e.g. [1])
indicate that for the same flow of secondary fluid,
considerably less cooling or protection is obtained
with discrete holes than with injection through a con-
tinuous slot. This less efficient performance is appar-
ently due to the penetration of the jets from the
individual holes into the free stream, permitting the
hot free stream gases 1o flow under the secondary fluid
close to the surface to be protected. The intent of the
present study is to investigate possible means for
improving film cooling effectiveness with injection
through discrete holes. To accomplish this, various
means were sought which would reduce the penetration
of the secondary fluid jet and also increase the lateral
spreading of the jets to improve cooling downstream
of the region between the injection holes.

A number of studies (cf. [2]) suggest that the
trajectory of a three-dimensional jet entering a cross
stream is primarily determined by the momentum
flux {or dynamic head) ratio of the two fluids, namely
U3 /p, UZ. This may be contrasted to two-dimen-
sional film cooling in which the data can often be
correlated using the blowing parameter {mass flux ratio}
p2Ua/pU,. The last mentioned parameter is in-
dicative of the enthalpy deficit of the entering secondary
fluid and would be expected to play a role in pre-
dicting film cooling effectiveness. However, when flow
conditions are such that the jet can separate from the
surface, the momentum flux ratio cited above can also
be of importance. In most previous studies it was not
possible to separate the effect of momentum flux ratio,
1, from the mass flux ratio, M, as the densities of the
fluid streams were approximately equal.

One possible means of keeping the entering jet close
to the surface is to give the hole through which the
jet leaves the surface a different area and geometry
from the metering section, which controls the secondary
fluid flow rate. In previous three-dimensional film
cooling studies. the metering hole was essentially
cylindrical, and the secondary flow channel had a
constant circular cross section. In an effort to improve
film cooling effectiveness, the geometry near the second-
ary flow channel exit has been altered in the present
study by increasing the exit area. Improved film
cooling effectiveness might be expected for two reasons;
one is the reduction in momentum flux at the exit of
the holes with a decreased penetration of the jet into
the free stream. It was also expected that the passage-
way for the secondary fluid might be designed to pro-
duce a Coanda effect at the exit so that injected fluid
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would follow the surface rather than penetrate into the
free stream.

The present study includes film cooling measure-
ments with injection of a secondary gas through discrete
holes. Before adiabatic wall measurements were made.
flow visualization studies were performed. These
visualization studies used a number of different injec-
tion channel geometries. Adiabatic wall measurements
were then made with two selected flow geometries in
a tunnel with an air mainstream. Both air and re-
frigerant-12 were used as secondary fluids to study
the effect of density and the relative importance of the
momentum flux and the mass flux ratios. The im-
portance of the mainstream boundary layer thickness
was also examined.

1. APPARATUS

Wind tunnel

Adiabatic wall temperature measurements are taken
in the 25cm wide by 13cm high test section of an
open cycle wind tunnel. Air entering the tunnel passes
through a filter, a flow straightener, a series of three
screens, and a contraction with an area ratio of ap-
proximately 9 to | before entering the test section.
Downstream of the test section are a diffuser and a
blower,

The msulated test surface is constructed of Benelex
{pressed wood) and is instrumented with a row of 31
thermocouples down its centerline. Several thermo-
couples are also located off centerline to check for
symmetry. Heated jets of secondary air enter through
the test surface just upstream of the test surface. A
separate plate is provided in which the holes for these
jets are drilled. It measures 24cm by 8cm (in flow
direction) on the test surface and sits on a lcm step
around its edges, so that the lower surface of this plate
measures 22cm by 6cm.

The secondary flow system that provides the heated
air for the jet consists of a blower. an orifice to meter
the flow, an electric heater and a plenum chamber
that adjoins the test plate containing the injection
holes. The mass flow rate of this system is controlled
by a bleed line and valve at the outlet of the blower.
Note that the mainstream air is essentially at room
temperature while the secondary gas is heated. For
the refrigerant-12 injection, the blower was replaced
by a pressure regulated supply.

The velocity of the mainflow in the test section is
varied from 20 to 55my/s. The boundary layer on the
test surface is “tripped” by a wire at the outlet of the
contraction section to ensure that it is both turbulent
and uniform across the width of the test section. In
the absence of secondary flow. the boundary layer
displacement thickness at the point of injection is
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FIG. 1. Geometry of injection section. (a) Shaped injection channels; (b) Long cylindrical injection channels; (c) Cylindrical
injection channels through a thin wall.

given by the following empirical relation:
5* =216U;°2

where 6* is in mm and U, is in m/s.

In addition to the thermocouples in the test wall,
a rake of 17 thermocouples is used to measure lateral
variations in temperature on the text surface. These
thermocouples are spaced at approximately 3mm
intervals. The total width of the rake is 50 mm.

Secondary flow passage

Two different secondary flow channel geometries
were used in the experiments. Each had its axis inclined
at 35 degrees from the test surface. In one, the cross
section of the channel that admits secondary flow is
circular throughout its length. This is called a cylin-
drical or straight hole (or channel or passage). The
opening of the hole in the test surface is therefore
elliptical, the relative size of the major and minor axes
being determined by the angle of the circular cylinder
to the test surface: 35 degrees in the results reported
herein. In the second type of channel, the metering
region at the entrance of the secondary flow is circular,
but the channel widens out at an angle of 10° near
the exit as shown in Fig. la. This is a “shaped hole”
(or channel or passage). The diameter of the circular
section of such a channel was usually 6:35 mm, although
in some of the tests injection sections with 3-18 mm
passages were used. For the cylindrical channels, two
different secondary flow conditions were maintained:

long entrance sections in which developed flow was
assured (Fig. 1b), and short ones, approximately 19 mm
long, constructed by drilling holes through the wall
(Fig. 1¢). No appreciable differences were observed in
the film cooling resuits for the tests with long or short
secondary flow passages. A relatively thin wall section
was also used for the passages widened at the exit
(shaped channels) and the channels were cut into the
wall. In most experiments with a row of holes across the
span of the tunnel the center-to-center spacing of the
holes was three diameters (based on circular sections
of the hole). A few measurements were taken with
secondary injection through a single (straight or
shaped) hole.

Flow visualization

A fog of carbon dioxide and water vapor is used in
the flow visualization experiments. This fog is gener-
ated by placing dry ice and warm water in a pressure
vessel. The resulting flow passes through a hose into
a plenum chamber and through the flow channel that
is being tested. The jet is photographed at the outlet
of the hole. The test hole is machined in a section of
Plexiglas that can be mounted on one end of the plenum
chamber. The diameter of the metering hole is typically
6-4mm and the Plexiglas is usually 19 mm thick.

The flow visualization studies were made with either
the straight holes or the holes shaped as in Fig. 1a. In
all cases a single hole was used. At times a fan was
used to provide some indication of the influence of a
free stream.
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No mainstream
flow

With mainstream
flow

NI\

Straight round injection hole

1. RESULTS

A.  Flow visualization

Figure 2 shows the flow of the carbon dioxide fog
mixture through the circular hole and the shaped hole.
Note the marked difference in the trajectory of the
jet, although the mass flow rate through the holes is
essentially the same. The jet from the shaped hole lies
much closer to the surface through which it enters,
while the jet from the cylindrical channel penetrates
far from the wall. The fact that the jet leaving the
shaped hole stays closer to the surface indicates that
the film cooling performance of this geometry should
be better, particularly at moderate and high blowing
rates.

B. Film cooling measurements

Effect of channel geometry. The above reasoning is
verified by the results presented in Fig. 3, which shows
the film cooling effectiveness downstream of a single
with M and then decreases. The performance at a
blowing rate M = (5 is nearly the same as for the
cylindrical injection passage; but for all larger blowing

Fi1G. 2(a).

hole, either cylindrical or shaped. Note that, for the
cylindrical hole, the effectiveness is very low at blowing
rates (M) greater than 0-5 at essentially all distances
downstream. This agrees with previous studies which
attributed low film cooling effectiveness to the increased
penetration of the jet. In contrast, note that the effective-
ness for the shaped channel is less dependent on the
blowing rate. The effectiveness first increases somewhat
rates, the film cooling effectiveness is considerably
better with the shaped hole. In two-dimensional film
cooling, at least at moderate blowing rate, the film
cooling effectiveness increases with blowing rate due to
the increased heat capacity of the injected fluid.

In addition to measuring the film cooling with a
single injection hole, it is important to test the per-
formance with injection through a row of holes across
the span of the tunnel as might be encountered in
actual applications. Figure 4 shows the film cooling
effectiveness downstream of the center hole, for a row
of eleven holes with three-diameter spacing. Figure 4
presents results for both cylindrical passages and
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F1G. 2(b).

F1G. 2. Flow visualization study of jets leaving a cylindrical or shaped channel. (a) Jet from hole of constant circular
cross section; (b} Jet from shaped hole (as in Fig. 1a).

shaped passages with the sides angled out by 10°. The
results for cylindrical passages are similar to those
obtained in previous studies (e.g. [1]). Some distance
downstream of a row of cylindrical holes, the center-
line effectiveness increases with increasing M appar-
ently due to the coalescence of the jets:

With the shaped holes, the film cooling effectiveness
at all blowing rates studied is considerably higher
than with the cylindrical holes. With shaped holes, the
effectiveness is essentially independent of M at small
distances x/Dand increases with M further downstream.

Figure 5 presents essentially the same data as Fig. 4
for the shaped holes, except that in this figure the
centerline effectiveness is plotted against the parameter

X/(Ms), which has been used to correlate two-
dimensional film cooling results. The lines on the figures
are predictions [ 3] of the two-dimensional film cooling
effectiveness for the range of injection Reynolds num-
bers studied. There is moderately good agreement with
the prediction for all M values at values of the
parameter X/(Ms) larger than 100 and for the complete
range of X /(Ms) at M ~ 0°5. Since the two-dimensional
analysis primarily indicates the effects of a heat balance
in the boundary layer when all of the secondary flow
is spread across the span, the agreement would indicate
that over the range of these tests the jets do not separate
from the wall and essentially remain in the wall shear
layer.
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Table 1 gives parameters for the runs labeled in
Figs. 3-5. Parameters for the following figures cover
the same ranges.

A question arises as to what is the distribution of
film cooling effectiveness across the span of the tunnel,
ie. how well the secondary fluid spreads laterally. Is
there relatively good film cooling effectiveness only
downstream of the center of the injection holes or do
such jets spread further across the tunnel? One of the
reasons for widening the channels sideways was to
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FI1G. 5. Centerline effectiveness following injection of air
through a row of shaped holes at 3 D spacing plotted against
the parameter X/(Ms).

provide for the possibility of greater spreading of the
secondary flow across the tunnel wall. That this is
essentially accomplished can be observed in comparing
the data presented in Figs. 6a and 6b, which were
obtained for conditions similar to those used in Fig. 4.
Measurements of the effectiveness plotted in Fig. 6 are
not obtained from the wall thermocouples, but rather
from the rake of thermocouples which is pressed against
the wall. This is done as there are too few thermocouples
distributed across the span of the tunnel to determine
lateral profiles of the effectiveness. Use of a rake pressed
against the wall also has an advantage over measure-
ments with thermocouples embedded in the wall in that
it better approximates locally adiabatic wall conditions.

Table |

Run No. M Rep x 10 * ¢

n
7 104 183 0158
79 2:20 087 0183
82 052 177 0159
87 0'53 173 0158
89 204 091 0180
90 101 191 0155
93 220 040 0214
94 107 085 0184
95 103 167 0161
9% 202 089 0183
97 053 161 0162
o8 052 161 0162
99 101 189 0157
100 203 0-94 0180

178

0159
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F1G. 6. Lateral variation of film cooling effectiveness with air injection through a row of holes with 3-diameter spacing
for M = (5. (a) Cylindrical holes; {b} Shaped holes.

The tunnel used was not specifically designed for three-
dimensional studies and some conduction errors in the
wall thermocouple measurements occurred, though a
comparison with the rake measurements showed that
the conduction errors were not too great. Figure 6a
shows the effectiveness measured downstream of the
three cylindrical injection channels in the center of the
tunnel floor. Significant peaks downstream of the hole
centerlines and valleys between holes are observed
close to the injection location, while the lateral vari-
ations are smoothed out at large distances downstream.
Figure 6b is a similar plot for the shaped hole injection
section. A much broader temperature distribution is
observed near the hole centerline where the effective-
ness is high. Not only is the film cooling effectiveness
directly downstream of a shaped hole higher than
downstream of a round cylindrical hole, but relatively
high effectiveness is maintained across an appreciable
span between the positions of the injection hole,
indicating that the mean effectiveness across the span
has been improved with the shaped holes.

To determine how well the shaped holes would work
with greater than 3D spacing, an injection section
was made with holes spaced apart by six diameters.
The results of rake measurements with this geometry
are shown in Fig. 7. On this figure, the center of the
tunnel (Z/D = 0) is halfway between two holes. Note

a
L
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1 | |
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FiG. 7. Film cooling effectiveness as a function of lateral
position for air injection through shaped holes spaced
6 diameters apart at M = 0-5.
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that the width of the film-cooled region downstream
of the holes is not significantly greater than for 3D
spacing, indicating that if such a wide spacing were
used there would be large regions in between the holes
which would not be directly protected by the film
coolant.

Effect of blowing rate. A better understanding of the
film-cooling phenomena can be obtained from cross
plots of some of the data to show the influence of
blowing rate. Figure 8 shows such curves of the center-
line effectiveness at two different downstream positions.
Note that the effectiveness values for the two geometries
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row of holes. Further downstream there 8 a pro-
nounced cffect. particularly at sarge blowing rates.
where with a row of holes the jets from the individual
holes appear to coalesce and give better protection
than the jet coming from a single hole

It is important to be able to prodict the blowing
rate at which jet penetration into the mainstream
becomes significant. With a shaped hole perhaps
quasi-blowing parameter or modificd blowing par-
ameter based on the actual exit arca should be used
This would assume that the flow in the shaped channels
fills the entire cross-section at exit. but otherwise be-
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FiG. 8. Centerline effectiveness as a function of blowing rate for injection of air
through straight round holes and shaped holes. Row of holes on 3 D spacing.

are in reasonable agreement with each other at low M.
The significant decline in film cooling effectiveness with
increased blowing through cylindrical secondary flaw
channels has been attributed to the penetration of the
secondary fluid jets into the mainstream away from the
adiabatic surface. Figure 8 shows that, up to the blow-
ing rate that produces separation from the wall. the
two geometries give very similar results. For high
blowing rates, a decline in effectiveness occurs with the
shaped channel injection at the downstream position
closest to the hole. This decrease is moderate and occurs
only at a relatively high value of M.

Figure 9 shows the variation in film cooling effective-
ness with blowing rate for two positions downstream
of the cylindrical channels, both for a single hole and
for a row of holes with a three-diameter spacing. Note
that close to the hole there is not a great deal of
difference between the results for a single hole and a

haves like the jet leaving the cyhindrical channel
The ratio of the area of the ¢xit hole to that at the
entrance to the secondary flow passage (the metering
hole area used to determine M) is denoted by the
symbol, R. For the shaped holes described in these
tests, R has the valuc of 2:55. For the cylindrical
injection channels R is, of course, unity. The centerlinc
effectiveness downstream of injection through a single
shaped hole (used to get a large range of M) is plotted
vs the ratio M/R in Fig. 10. A comparison with the
dashed curves for the round hole and with Fig. 9
indicates that for the two different geometries. the
maximum effectiveness is reached at about the same
value of M/R. This lends credence to the assumption
that jet penetration is determined by the “mean” mass
velocity ratio of the secondary flow to the mainstream
flow based on the exit area, at least when the secondary
and mainstream fluids have almost the same density.
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ratio for air injection through a single shaped hole.

It should be borne in mind that if there are abrupt
changes in the cross-section of the secondary flow
channel, separation can occur within the channel and
the above conclusion may pot hold.

Effect of density ratio. In many actual applications,
the density of the coolant is considerably higher than
that of the primary flow, as the former is much cooler
than the latter. In addition, a difference in density
might be due to the different chemical nature of the
two fluids. To determine the effect of the density vari-
ation on three-dimensional film cooling, some tests
were performed using refrigerant-12 {Freon) vapor
{p2/pw = 35) as the secondary fluid injected into the
air mainstream. A single 6:35mm diameter channel
was used, either cylindrical or shaped {angled 10
degrees to each side as in Fig. la). Figure 11 shows
the variation of the centerline filim cooling effectiveness
for refrigerant injection at two different downstream

positions as a function of M/R. The use of the area
ratio brings the data for both geometries together
quite well. A comparison of Fig. 11 with Fig. 10 shows
that the value of M/R at which the maximum effective-
ness ocenrs is considerably larger for refrigerant injec-
tion than for air injection.

In Fig. 12 the film cooling effectiveness is plotted
vs the ratio of the momentum flux of the enter-
ing jet to the momentum flux in the free stream
(I = pU$/p U2} for both air and refrigerant injection.
The refrigerant results are all for single cylindrical hole
injection; the air results are for both injection through
a single cylindrical hole and through a row of cylin-
drical holes. Note that there is reasonable agreement
in the (horizontal) positions of the maxima of the film
cooling effectiveness plotted as a function of the
momentum flux ratio. This is best seen by comparing
the row of holes data for air versus the single hole data
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FiG. 12. Centerline effectiveness as a function of momentum flux ratio
for refrigerant-12 and for air injection through cylindrical holes at
X/d = 56and 6-7.

for Freon, as there were not sufficient data taken at
low blowing rates for the injection of air through a
single hole.

Figure 13 is a similar plot of the results for refrigerant
and air flow through shaped holes. Here again,
relatively good agreement is found between the posi-
tions of the maxima for the secondary flows of very
different density. The relatively close agreement in the
magnitudes of the film cooling effectiveness for different
injection fluids in both Figs. 12 and 13 may be
fortuitous. A comparison of Fig. 12 with Fig. 13 in-
dicates what might be a more general correlation which
takes into account the effect of the shape of the
secondary flow channel, at least in terms of determining

the position of the maximum. For this purpose, atten-
tion is directed to the upper abscissa scale in Fig. 13.
The parameter correlating film cooling effectiveness
appears to be the momentum ratio divided by the area
ratio squared. The parameter I/R? is, of course, the
momentum flux ratio at the exit of the hole, assuming
that the secondary flow completely fills the channel.
The maximum film cooling effectiveness in Fig. 13
occurs at a value of I/R? of about 02, which is in
relatively good agreement with the value shown on
Fig. 12 (in which R is unity and I = I/R?).

Effect of boundary layer thickness. Another parameter
that affects film cooling performance is the ratio of the
boundary layer thickness to the injection hole diameter.
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Figure 14 shows the results of tests performed in the
present study as well as those from [1]. Note that the
trends reported earlier seem to be corroberated. The

film cooling effectiveness decreases when the ratio of

boundary layer thickness to injection hole diameter
increases, although the trend is diminished at large
o*/D. This decreased effectiveness has been attributed
to the lower velocity mainstream fluid near the wall
in a boundary layer which permits greater penetration
of the jet. Note that some of the results are for injection
through a row of holes. At large distances downstream
there should be a greater difference between the results
for a single hole and a row of holes due to merging
of the jets from the row of holes.

IV. SUMMARY AND CONCLUSIONS

Experiments indicate the improvement of threc-
dimensional film cooling which can be obtained with
shaped channels for the secondary flow. The use of a
passage with an initially round cross section widened
to each side by an angle of about 10 degrees significantly
increases the film cooling effectiveness immediately
downstream of either a single hole or a hole in a row
of holes. In addition, the shaped hole appreciably
increases the spreading of the secondary flow so that
the film cooling effectiveness at positions laterally dis-
placed from the centerline of a hole is also much
greater than that found downstream of a cylindrical
hole. One explanation of the increased effectiveness
with shaped holes is that the mean velocity of the
secondary flow is decreased with the larger exit area.
This lower effective blowing rate causes the jet to stay
closer to the wall rather than penetrating into the

mainstream and accounts for the higher tilm cooling
effectiveness. particularly at high blowing rates.

The use of refrigerant-12 as a secondary fluid gives
an appreciably higher film cooling effectivencss at
larger blowing rates than when air is injected. In par-
ticular, the maximum on an cffectiveness vs blowing
rate curve is at much larger values of blowing rate
for refrigerant injection than for air injection.

The blowing rates at which maximum film cooling
effectiveness is observed for the two geometries and
two cooling fluids could be correlated by mtroducing
the exit to entrance area ratio of the channel and by
considering that not the mass velocity ratio but the
momentum ratio or dynamic pressure ratio is the Key
parameter in determining penetration of the jet fot
fluids of different density.
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FFFETS DE LA GEOMETRIE D'ORIFICE ET DE LA DENSITE SUR Lt
REFROIDISSEMENT PAR FILM TRIDIMENSIONNEL

Résumé  On a éudié expérimentalement le refroidissement par injection d'un film de gas sccondaire &
travers des orifices discrets. On décrit les influences de la géométric du trou. de la densite du fluide
secondaire ct de épaisseur de fa couche limite de I'écoulement principal. On a observe des acCroisse-
ments significatifs de 'efficacité du refroidissement du film avec des canaux élargis avant la sortie du
film secondaire. L'utilisation d'un fluide sccondaire relativement dense. comme on pourrait le rencontrer
dans de nombreuses applications. demande pour provoquer la séparation du jet de la surface un deébit de
soufflage nettement plus grand que lorsque les densités du courant libre et du courant secondaire sont
¢gales. Il résulte de cette ¢tude un refroidissement par film considérablement amélioré pour un domaine
important de rapports de densité.

EFFEKTE DER LOCHGFEOMETRIE UND DER DICHTE BElI DREIDIMENSIONALER
FILMK UHLUNG

Zusammenfassung Filmkithlung nach Sekundiirgasinjektion durch Finzelbohrungen wurde experi-

mentell untersucht.

Dic Einfliisse der Lochgeometric. der Sekundirfluiddichte und der Grenzschichtdicke des Haupt-
strahles werden beschrieben. Man beobachtet eine Verbesserung der Filmkithlwirkung. wenn man dic
Durchgiinge fiir das Kiihifluid vor dem Austritt des Sekundérfluides erweitert. Die Verwendung cines
relativ dichten Sekundirfluides. wic es bei vielen Anwendungen vorkommt, erfordert cin bedeutend
stirkeres Gebliise. um eine Trennung des Strahls von der Oberfléiche zu erreichen, als bei Dichtegleichheit
des Freistrahls und des Sekundirstrahles. Daraus ergibt sich iiber cinen wichtigen Bercich der Dichtever-

hiltnisse eine wesentlich bessere Filmkiithlung.



Effects of hole geometry and density

BAVAHWE TEOMETPUHM OTBEPCTHUSA M INIOTHOCTHU XHUIKOCTHU HA
TPEXMEPHOE IUIEHOYHOE OXJIAXIEHUE

AHHOTAUHA — DKCIEPHMEHTANBHO MCCICAOBANCH MPOLECC IICHOYHOTO OXJaXACHHS BHU3 IO HOTOKY
OT MECTa BAYBa BTODHYHOTO Fa3a 4epe3 JUCKPETHbIE OTBepcTHs. OUMCHIBAETCH BIMAHHE HA 3TOT
[POECC TSOMETPUH OTBEPCTHA, IIOTHOCTH BTOPHYHOMN XHAKOCTH M TOJIIMHBI OTPAHWYHOTO CJION
OCHOBHOTO MOTOKA. 3HAUHTENbHOE yReauyenue 3(hdeKTHBHOCTH INICHOYHOTO oxnaxaeHus nabmona-
JIOCH B Ciy4ae, KOT[a HOABOMSIME OX/IaAMTENb KaHaj bl PACHIHPAIHCH K MECTY BbIXOAa BTOPHYHON
xkunkocta. Mcrnonb3oBanue BTOPHYHON XUIKOCTH OTHOCHTENBHO Boniee BBICOKOH maoTHOCTH {(4T0
YACTO BCTpEYAETCA HA TpakTuxe) TpebyeT 3HA4YMTENbHO OOJiee BHICOKHX CKOpPOCTE# BOyBa IJisft
OTTECHEHHS [TOTOKA OT MOBEPXHOCTH II0 CPABHEHHMIO CO ClIy4aeM, KOI'Ad IUIOTHOCTH OCHOBHOTO H
BTOPHYHOTO MOTOKOB OOUHAKOBHI, B pe3ynpTaTe DOCTHTAaeTCs 3HAYHTENBHOE NOBbIIeHne 3ddexTun-
HOCTH IUICHOMHOTO OXTAXACHHS B IHMana3oHe Oe3pasMepHOH INIOTHOCTH, MMEIOLIEM BaXHOE
NIPaKTHYECKOE 3HAYECHUE.
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