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Abstract — Starting from the first principles, and with one experimentally obtained parameter, an expression
for stagnation heat transfer is derived, applicable to round, impinging jets. The results obtained with a row of
air jets impinging on an electrically-heated surface in a small-scale setup characteristic of a typical turbine
blade, have been found compatible with the average heat transfer from a geometrically similar, steam-heated
surface scaled up ten times, and comparable with the results of other investigators. These findings were linked
to the flow fields likely to exist in the gas turbine blades, internally cooled by a row of round jets or a single jet
of equivalent width. The magnitude of heat-transfer coefficients obtained here with impinging jets

approaches that normally associated with forced convection of water and evaporative cooling,

NOMENCLATURE
free constant in Froessling’s solution
-13.
7'

slope of dimensionless velocity profile
plotted vs dimensionless distance from
stagnation point, ab/u,, =
AMofu, ) A(r/D)atr = 0;

outer boundary-layer thickness of wall
jet, or equivalent siot width
nD*/4C,[m];

friction coefficient;

nozzle center-to-center spacing [m];
specific heat at constant pressure
[I/xg K];

nozzle diameter [m];

calorimeter diameter [m];

plate diameter [m];

Froessling number, Fr = Nu/Re$?*;
heat-transfer coefficient [Wm™ 2K '];
thermal conductivity [Wm™*K™'];
significant length [m];

Nusselt number, hL/k;

Prandtl number, c,u/k; Pr = 0.72 used
in getting numerical constants, equation
(5) &

Stanton number, Nu/RePr;

distance away from center of symmetry
[m];

turbulence intensity;

[@? + v* + w?)/31"%/u,,;

Reynolds number, u, L/v;

axial jet velocity [m/s];

radial jet velocity [m/s];

distance away from target plate [m]."

Greek symbols

J,
H

boundary-layer thickness [m];
dynamic viscosity [kg/ms];

v, kinematic viscosity [m?/s];
£, (Z — 8)/b, similarity variable.

Subscripts and other symbols

0, referring to origin or stagnation point;

c referring to center of symmetry;

m, w, fluid medium, wal conditions, respec-
tively (for temperature dependent
properties);

R average value;

m, condition where velocity is maximum;

n, normal distance away from target plate
in Z,/D expression;

! indicates differentiation, or fluctuating
velocity component in turbulent flow;

ssc, referring to small-scale configuration,

Additional symbols explained in text.

INTRODUCTION

In MANY applications where surface cooling of vital
machinery components is required today, it becomes
necessary to provide a particularly vigorous spotcool-
ing effect which cannot be produced by conventional
convective cooling methods, or without a change of
phase of the cooling fluid. In such cases, cooling by
impinging jets seems to provide often the best answer.
In particular, the impinging jets seem to be very
suitable for gas turbine applications. Likewise, for
steam turbines capable to operate at temperatures
exceeding the present metallurgical limit, the possi-
bility of internal cooling of the blades by means of jets
appears very attractive. The obvious alternatives, like,
for example, blowing and the use of porous surfaces,
have inherent disadvantages from the point of view of
durability and routine maintenance. For cooling of
areas of larger extent, application of rows of impinging
jets are quite suitable [1].

Unfortunately, there is still relatively little experi-
mental information available in the area of cooling by
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impinging jets. It is intended here to discuss the
additional results produced at NJT as a direct
continuation of an earlier discussion [2], related to the
analysis of flow patterns of jets, both free and imping-
ing, in order to bring about a better understanding of
the mechanism behind cooling of cylindrical concave
surfaces by jets, operating individually and in groups.
Because of its relatively late appearance on the scene,
heat transfer from impinging jets is not as well
established in the literature as are its more con-
ventional forms. Also, while the results of a substantial
number of investigations of heat transfer from jets
impinging on flat surfaces have been reported (cf. [1,
3--8]), there appeared only relatively few experimental
results concerning heat transfer from the jets imping-
ing on concave surfaces [9-16]. A notable exception
here is the monograph by Shvets and Dyban [17] with
a bibliography of 439 items, about one third of them in
English.

As a typical example of a study of heat transfer to
concave surfaces may serve measurements of average
and local heat-transfer rates between rows of imping-
ing circular jets and a concave cylindrical surface by
Metzger et al. [9]. Tt was found that, for the center-to-
center nozzle spacing C, of 1.67 to 6.67 nozzle
diameters, a maximum in the average heat-transfer
coefficient was observed for the nozzle-to-target dis-
tance of about one nozzle diameter. Such a short
nozzle-to-plate distance appears to be characteristic
for maximum heat transfer from the multiple jets, as
opposed to measurements made with a single imping-
ing jet , where the maximum usually occursat Z,/D x
7{1}

A substantial number of investigators have treated
particular areas of interest, like for example, the wall
jet friction [18]. Of significant interest was also the
problem of a developing jet associated with the effects
of disappearance of potential core some four to seven
diameters downstream from the nozzie [19-22] and
the wall-jet patterns encountered when impinging
surfaces had a curvature [23-25]. Of great help in
finding solutions to the governing differential equa-
tions was Schlichting’s monograph on the boundary-
layer theory [26]. In the present investigation, flat
plate was used to determine the general fluid flow and
heat-transfer patterns, the large-scale configuration
served to determine local and average heat-transfer
results, while the small-scale configuration provided a
general check on the overall heat-transfer data ob-
tained here and from the literature.

THE APPARATUS

The jet flow patterns (Fig. 1) have been investigated
by means of an array of total and static pressure probes
of conventional design (Fig. 2), and by using a number
of pin-hole pressure taps arranged orderly in rows at
right angles to each other on the impinging surfaces
[19]. The probes were supported on stages with a
positioning accuracy of 0.15 mm; they couid also be
rotated around three mutually perpendicular axes. Air,
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filtered and de-humidified, was supplied by compress-
ors at around 3 atm abs. Air volume was measured
by high precision rotameters.

The experimental setup for heat transfer measure-
ments from impinging jets, both individual and in rows,
differed in plenum chamber arrangements, and the
number of rotameters used. A typical general experi-
mental setup appears in Fig. 3, and a calorimeter for
measuring the resulting heat flux is shown in Fig. 4.
Generally, electrically generated steam, condensing at
atmospheric pressure inside of an appropriately in-
sulated container, was used to heat the target plate.
For the small-scale configuration, guarded-type elec-
trical heater was provided, whose electrical input was
used to measure the average heat transfer (Fig. 51

Large-scale configuration setup details may be
found in Fig. 6 and in [2]. Local heat transfer was
measured by means of cylindrical calorimeters, in-
sulated by an annular air gap on the side, of various
sizes and diameters. The calorimeters used for heat-
transfer measurements on the semicylindrical plate
were made of 304 stainless steel, and had dia. of
5.08 mm, a height of 12.7 mm, and two holes for fine
wire thermocouples drilled on one side. They were
secured to the support plate by a nut and screw
arrangement brazed on to the bottom. High con-
ductivity silicon grease was used to minimize contact
resistance to the plate (Fig. 4), while an annular air gap
minimized heat leaks through the calorimeter walls.
The calorimeter shown in Fig. 4 was very similar to the
ones used in the flat plate experiments. These calori-
meters were developed after several years of experim-
entation with the target plates of a relatively simple
geometry, to generate reliable thermocouple readings
which were evaluated by a high precision poten-
tiometer. Because of the simplicity of the basic calori-
meter geometry, the fact that they were made from
metal whose conductivity was determined by the
National Bureau of Standards.t and a quite small
thermocouple wire conductance error, no separate
calibration of the calorimeters was carried out. In-
stead, the calorimeter-related results were checked
from independent fluid flow measurements and by
analytical means wherever possible; wall-jet heat
transfer was based on a semi-empirical theory using
Colburn’s analogy. These are the most characteristic
features of the present investigation.

The calorimeter heat-transfer flux could be calcu-
lated in the steady state from the temperature gradient
established by the two thermocouples located in the
holes shown in Fig. 4 and the thermal conductivity of
the metal used (here 304 stainless steel, chosen on
purpose as a poor conductor to generate substantial.
easily measurable, temperature differences). Then. ¢,
the surface temperature, was calculated from the
known calorimeter temperature gradient by extrapo-
lation, and the heat-transfer coefficient from setting
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Heat transfer from a row of impinging jets

h{t,, — t,}equalto the calorimeter heat flux. Relatively
large number of the calorimeters used for the cylindri-
cal surface (21), and the fact that only the central one-
fifth portion of the heated target surface exposed to the
cooling action from the nozzles was used for heat-
transfer measurements, should have enhanced the
reliability of the experiment by elimination of the end
effects in both the temperature distribution, and in the
flow fields of the resuiting wall jets.

The plenum chambers used for the multiple jet
experiments were of unigue design [2], insulated with
flannel and covered with reflective insulation. They
were similar to the plenum chamber in Fig. 5, except
that air was supplied to the top of the chamber by two
ducts branching off from a common ‘settling chamber’.
Tightly-packed glass wool, supported by expanded
metal screen, insured equal air distribution inside
of the plenum chambers, and a uniform discharge
through the openings simulating typical jet nozzles.
These were square-edged holes with dia. of 9.52, 6.35
and 3.18 mm with openings located from one to seven
diameters from each other, along the entire bottom of
plenum chambers. Thus the plenum chamber holes
formed nozzles, closely resembling the nozzles likely to
occur in actual applications, Three rows of calori-
meters, with seven in each row, located symmetrically
across the semicylindrical impingement plate, were
provided to measure local heat transfer. The use of a
grinder bed as the test stand support (Fig. 3) allowed to
align the plenum chambers precisely with the target
plate and to be brought into fixed positions away from
it within 0.05 mm. The measurements were carried out
for a number of dimensionless distances, Z,/D, away
from the plate. Experience with the single jets showed

REGION

0>20
D= L

Zp Um

Nozzle

F1G. 1. Fluid flow regions in an impinging jet. A nozzle detail
(used in single jet, flat plate experiments).

409

that the Nusselt number due to an impinging jet is a
function of Z,/D, of the location of the calorimeter with
respect to the centerline of the jet nozzle, and of the
Reynolds number. For the Reynolds numbers based
on the size of the openings in the plenum chamber Rey,
the experimental setup described above could produce
Reynolds numbers up to 30000, for the plenum
chamber with the largest available free area for air
flow. This limitation was due to the combined capacity
of the then available compressors (a total of 40 h.p.).

It was also obvious that the interference effects from
the adjacent jets had to be considered. The effect of the
distance from the jet nozzle to the impingement plate,
and of the distance away from the stagnation point
along the plate itself on the resulting wall jet, had to be
treated separately. The particular flow regions are
shown in Fig. 1. The apparatus used appeared to be
flexible enough to provide information on each of the
three zones in Fig. 1. Experiments with a single jet,
impinging on a flat plate, were used as a step towards a
better understanding of multiple jet phenomena and of
the effects of curved surfaces on impinging jet heat
transfer, being easier to treat analytically.

CALCULATION OF HEAT TRANSFER
FROM EXPERIMENTAL RESULTS

Heat-transfer patterns at the stagnation point can
be explained with the help of axisymmetric stagnation
flow theory of ideal fluid and the exact solutions of the
Navier—Stokes equations due to Homann and Froessl-
ing [26]. Comparisons with the results of approximate
theory as outlined by Pohlhausen [26] and Eckert and
Drake [27] lead to a better understanding of the basic
physical processes involved. Here, very helpful are the
related floid flow measurements. Thus, experiments
with single jets impinging on a flat plate show a
maximum Nusselt number for Z,/D ~ 7{1], while our
own measurements showed that this coincided rough-
ly with the end of the nominal potential core region
[21] (Fig. 1) and the great intensity of turbulence there
[3, 20]. The results for impingement on concave
surfaces showed, however, deviations from the pre-
vious flow patterns for the same Reynolds numbers,
due to what appeared to be a still greater turbulence
intensity [24] which manifested itself in several ways.
Independent experiments with internal turbulence
promoters (Dyban and Mazur [22]) have shown a
very substantial shortening or even virtual disap-
pearance of the potential core for turbulence in-
tensities up to Tu = 25, This explains the fact that for
optimum heat transfer for rows of jets on concave
surfaces, Z,/D magnitude is substantially less than
seven, normally associated with the nominal tip of the
potential core. The true potential core length has been
determined in [21] as being about 4 + diameters long,
for normal impingement on flat surfaces without the
use of turbulizers [8, 21].

Figure 2 shows the experimental verification of the
fact that, for » < 1.5 D, the hydrodynamic boundary-
layer thickness is independent of r at the center of
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FiG. 2. Boundary-layer development at stagnation point and
transition to wall-jet flow on a flat plate. The probes used.

symmetry of the tangential plane. Moreover, for the
velocity distribution inside the boundary layer of the
form v/v, = ¢’, one gets for the boundary-layer
thickness an expression of the form (cf. Froessling
[26])

8/D = 1.98/(a* Rep)'’? (1)

while ¢"(0) = 1.312 describes velocity gradient at the
impingement surface, and where a* = A(v/u,)/A(r/D)
can be obtained experimentally by plotting velocity
outside of the boundary layer vs. distance. Measure-
ments showed, however, that the actual thickness of
the viscous layer, 8, may be 50-100% larger [19, 20],
due to a highly turbulent flow in the potential flow
region of the jet near the critical point where the flow
lines are turning (Fig. 2). An independent observation of
this phenomenon was made also by Dyban and Mazur
[22]. Thus, § represents only the viscous sublayer of
otherwise turbulent flow. It is of some interest to
compare the exact solutions of the governing differen-
tial equation here as due to Homann and Froessling
with alternate methods. Thus, on using the method
outlined by Pohthausen {[26], p. 240), based on a 4th
power polynomial, the constant in equation (1) is
found to be 2.17, whereas ¢"{0} = 1.289 applies then at
the wall. Using a 3rd degree polynomial and the
procedure suggested by Eckert [27], the constant in
equation (1) becomes 1.87 and ¢”(0) = 1.269, which
gives correctly the form and the order of magnitude of
the boundary-layer thickness and of the shear-stress
near the wall, at the stagnation point for an axisym-
metric flow due to an impinging jet.

To calculate heat transfer at the stagnation point, it
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FiG. 3. General experimental setup for large-scale con-
figuration, concave semi-cylindrical plate.

appears that Froessling’s solution can be used again, in
the form as shown in [ 26] p. 100, where ¢ = v/, ~ (T
- T AT, — Ty, withg = KT, — T,),and v = ar.
Here,q = — k(dT/0z), - also applies ; moreover, one
can choose for the viscous layer here a proportionality
constant Pr%-3° between the velocity and the tempera-
ture profiles, adapted from Sibulkin’s solution for heat
transfer near the stagnation point on a sphere [28]. In
this fashion, an expression for stagnation point heat
transfer is obtained, with a free constant, a:

= —0.697k[¢"(0)]'* Pro%(a/v)' 2T, ~ T,).  (2)
12,

Since a* = aD/u,,, and ¢"(0) = 1312
yields

equation (2}

Nug = 0.763 Pro3° (a*u, Div)**. {3)

From cross-plotting of the flat plate results from {19]
(Fig. 7), one gets here a* = 32.6/(Z,/D)'7°, in the
interval Z,/D > 7.

In Appendix I another approach to determine the
magnitude of a* is suggested for small Z,/D values,
where it is shown that both the experimental values
and the potential flow solutions for a* tend towards
unity as Z,/D — 1.0. Since the experimentally obtained
a* decreases with Z,/D, while corresponding heat-
transfer measurements show for 2 < Z,/D < 7 an
increase in Nug[ 1, 3], the following procedure appears
appropriate. In equation (3), a* is replaced by
(Z,/D)*", n being an experimentally obtained ex-
ponent. Then, the actual behavior of a typical nozzle
can be closely duplicated (for example, cf. Fig. 3of [1]).
In addition, the effects of turbulence downstream of the
nozzle will be approximated. Our own flat plate
experiments indicate n = 0.16 (Fig. T)for2 < Z,/D <
7, which applied to the above Z,/D ratio, on sub-
stitution in equation (3), yields for heat transfer at the
stagnation point the expression

Nuy = 0.763 Pr0-3° Rel?
x(Z /DY 15 < Z/D <7 (4)
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It is generally understood that the term (Z,/D)%5
represents in a sectionally continuous form the effects
of turbulence outside of the viscous layer & on
stagnation point heat transfer; it is the only empirical
parameter on which equation (4) appears to depend
explicitly, although there is also an implicit de-
pendence on a*. Since, conceivably, a* may be in-
timately related to the individual nozzle characteris-
tics, it may affect the exact numerical value of the
constants used in equation (4) somewhat. Equation (4)
represents the magnitude of the stagnation point heat-
transfer intensity that is to be compared with the
experimentally obtained expression for Nu, (cf. equa-
tion (13) of [2], which is 819 higher; it can be seen
from Fig. 2 of [22] that this corresponds to a
turbulence intensity of the jet of 18 %. Equation (5)

Nu, = 142 Pr*3° Re}? (Z,/D)°*® (D/D,)*?® (5)

is applicable for D > D, and Z,/D < 7 (Fig. 7). Since
turbulence level in impinging jets appears to be the
greatest near r = 0 at the stagnation point outside of
the viscous layer given here by equation (1), experi-
ments have shown a local heat-transfer dependence on
the ratio D/D,, in spite of the fact that §/D itselfis not a

function of r for small r-values; Z/i = 1.5 that
appears above in connection with the calculation of a*
is practically the lowest Z,/D value where the presence
of the impinging plate still does not affect the jet
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FIG. 4. Details of calorimeters used. Comparison of wall-jet
velocity distribution for several geometries showing effects of
curvature, with and without wall heating.
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behavior at the nozzle [19, 20]. On the other hand,
experiments show that average heat transfer here is
mainly affected by the wall jet flow, cf. Zone III of Fig.
1. There, in the inner layer of wall jet zone applies the
relation

0fvm = (z/0)'" (6)

with 7.5 < n < 15 (cf. [19] and [20]); in the outer
layer, & < z < b, experimental measurements have
produced consistently an expression that appears to
be independent of the effects of curvature (cf. Fig. 4),
except in the region farther away from the impinge-
ment surface,

vfom = (1 = &%) @
and for the maximum velocity decay [20], one has
UpfUpe = 1.4 (r/D)~ 112, (8)

Equations (6) and (7) have some theoretical back-
ground, but must be considered as convenient
empirical approximations in the present case. In
equation (6), please note the relatively high n-values
for Rep < 10%, in comparison to the conventional flat
plate flow. Equation (8) has been obtained theoreti-
cally [ 19, 20]. Consequently, it is to be expected in the
wall-jet region that heat transfer shall be somewhat
different from that associated with a flat plate flow at
zero incidence, because of different velocity profiles.

Itis interesting to note that the presence of curvature
on the impinging plate does not greatly affect the
observable characteristics of the wall jets. Thus, for
the flat plate the relation 6 = 0.1b applies, with b =
0.22 (r — r,), and, for a sufficiently high value of Re,,
one has [19, 20]

5/D = 00175 (r/D)*°5 ©)

independent of the Reynolds number and (Z,/D) (as
seen in Fig. 2 for r/D > 8), while 6 = b/18 and b’ =
0.223 are good for the concave hemisphere [24] and 6
= 0.15,b" = 0.23 for a convex hemisphere [25], where
the constant in the equation equivalent to equation (9)
varies from 0.019 to 0.025, depending on the Reynolds
number. The empirical formula for velocity distri-
bution on convex hemisphere [25] is very similar to
the plot given by equation (7) here (cf. Fig. 4). From
comparison of velocity distribution in the wall jet on
the flat plate [19, 20] with those on concave [24] and
convex [25] surfaces, one sees a lot of similarity,
particularly in the region associated with v,, There-
fore, one could expect that there would be also basic
similarities in the associated heat transfer. As may be
expected, velocity distribution farther away from the
curved target surface depends on its radius of curva-
ture, which fact may also have some influence on the
general character of heat transfer in the resulting wall
jets. The effect of curvature on the thickness of the
inner layer, &, is substantial, however. Outside of the
stagnation region, one can use the Colburn analogy
approach, with C due to Poreh et al. [ 18], to estimate
wall-jet heat transfer



412 PETER HRYCAK
& 0
1o T
o I ! T L R B o
M NOZZLE DIAMETER. mm B
71 o (0125 in.) 318 . 8F  NOZZLEDIAMETER,MM
3N & (0280 3 635 | o w4 §.35
v (0375 v ) 9.5 S gt
s} o (0500 « ) 127 . s Ve 19.52
/ ek oDa 127 ZyDs7
4| N N
5 fe
as 1 "
@
=
=
2t slope = 0-695 ] 8 -~
— =)
o3 - . . =
C‘Qs_ o 3;»-«
[ant . Al @)
= T94mm .
2 ' FLow [
‘-5 9 . LG osszmm . L\i/
o & HC 2haaen T . e Zy O 1 o FROM
7 - N ) T = PRESSURE
§ & : 2F 84 DISTR
L. X N
12 R e AP
5 - EL, MEATELS : v 5
hebend ) N PR ﬁm
o4 o8 08 1 2 3 4 58 789K Yocs
Re~x10
D 2
o -
] D 2

F1G. 5. Small-scale configuration plenum chamber and heat-

ing elements arrangement (bottom guard plate not shown).

Average Nusselt number vs. Reynolds number, flat plate (D,
= 1524 mm).

St Pre® = C /2 = 006 (1,,/v) 03 (#/Z,)~*1°(10)

and using equations (10}, (8) and (9), after integration
and a few simple transformations, one obtains an
expression from which heat transfer in the wall jet

region can be calculated, namely
Nu = 1.9 Pro*2 Re},” (D/D)} 2. {1y

The average Nusselt number, Nu, is independent of
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Fic. 6. Calorimeter arrangement on steam-heated, semi-
cylindrical plate (large-scale configuration).

Fig. 7. Stagnation point Nusselt number vs. Reynolds
number, flat plate. Maximum velocity distribution near
stagnation point and beginning of wall jet formation.

Z,/Dfor Z,/D < 7, but depends inversely on the plate
diameter. The experimental results come close (o
equation (11) except for a minor difference in D/D,
power (Fig. 5)

Nu = 1.85 Pro?3 Ref, %% (D/D ) %, 112y

Of particular interest here is a very close similarity in
the power of the Reynolds number between the
calculated and the experimental results on the flat
plate, with a dia. of 152.4 mm. An alternate form of
equation (11) is in Appendix I1.

EFFECTS OF NON-ISOTHERMAL CONINTIONS

The effect of temperature gradients, naturally occur-
ring when heat transfer takes place, based on fluid-flow
calculations carried out with isothermal fluid, can in
principle be assessed through dimensional analysis. In
addition to the purely geometrically related para-
meters, the Nusselt number will depend on p, u, k, and
¢, temperature-related changes. Since the Prandtl
number is virtually temperature independent, for the
effect of the particular temperature-dependent para-
meters one can write, for example

Om Koy

= I“ ;‘Lf.’?i ={T, /T =

Then the entire temperature dependence of Nu can
beexpressed interms ofafactor §y = T,,/T  raised toa
power n; n = — 0.25 is recommended by some
authoritities [29]. Fluid-flow measurements carried
out on a heated plate with T, — T, = 60°C are

k
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FI1G. 8. Average heat transfer, small-scale configuration.

compared with cold air results in Fig. 4; here, for y =
1.2, the experimental non-isothermal measurements
differ only very little from the ones carried under
isothermal conditions, virtually still within the limits of
the experimental error (5%) considered acceptable.
Temperature dependence of Nu can be more closely
determined by introducing equation (12) into the given
formulas directly, and then performing some ma-
thematical manipulations. It may be shown that then
the applicable power of T,,/T, will depend on the
actual power of Rej, particular to the given formula.

EXPERIMENTAL RESULTS, SMALL-SCALE
CONFIGURATION

Small-scale configuration test setup was a scaled-
down (by a factor of 10) version of the principal heat-
transfer experimental apparatus. Only average heat
transfer was measured, for two Z,/b ratios, 113 and
226, and for just one orifice size, D = 0.952 mm. The
Reynolds number range covered was 2500 < Rep <
30000, with nozzle spacing C,/D = 6.67. The
working temperature difference used amounted to
10-13°C. The experimental results are shown in Fig. 8,
where the Stanton number St follows the relationship

St = 0.0372Re;°3 (Z,/113b)"°42  (13)

which leads to an average Nusselt number

Nup o = 1.04 Pr

x Re§(Z,/b)™04%(C,/D)™°45(D/D,)**?  (14)
where, for the sake of a better direct comparison with
the semicylindrical plate results, also the terms C,/D
and D/D, = 3/40, have been included, that were not
varied in the small-scale configuration experiments.
The required powers for these two terms come from
semicylindrical plate experiments. The particular de-
pendence of the average heat transfer here on Z,/b
(equivalent to Z,/D = 13.3 and 26.7) is affected by a
large nozzle-to-plate distance. Comparison with the
results of other investigators is best made via the
effective slot width, b = nD?/4C,, which also lowers
the order of magnitude of Re, relative to Rep. Such a
comparison is shown as an insert in Fig. 9, based on a
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compilation of data from the literature [9-12, 16]
originally prepared by Livingood and Gauntner [30].
The present results seem to agree well with the mean of
the correlations proposed in [9-12, 16], where the
term Rej” occurs in most of them and thus represents
the dominant independent variable.

EXPERIMENTAL RESULTS, SEMICYLINDRICAL SURFACE

In the present results, there appears a different mode
of dependence on Z,/D, that is now the distance
between the plenum chamber and the axis of symmetry
of the cylinder, for 2 < Z,/D < 8, and shows up in the
form of a term (Z,/D)~ %22, 1t indicates effectively a
diminution of the cooling effect with the distance from
the impingement plate (similar to the results of [9].
for example), because of a different potential core
length, and a lack of opportunity to entrain the air
from the surroundings for cooling purposes. Potential
core length was not measured here because of the
experimental difficulties of working in a very restricted
space, but Jachna’s measurements [24] show for it
a tendency to decrease in a hemispherical cavity.
Interference effects from the neighboring jets show up
in the form of the term (C,/D)~°-1¢,

The most significant effect of the severely constricted
geometry of the space between the plenum chamber
and the impinging plate with a curvature is perhaps the
extension of the area where stagnation flow prevails
(with Rej* term still applicable) and the fact that, at
least for small Z,/D values, a true wall-jet flow cannot
develop, because of the restricted free space available
between the impinging surface and the exterior of the
plenum chamber, which could show itself in a change
of the overall power of Rej, in the expression for the
average Nusselt number. The above restriction on the
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available free flow space, plus the fact that the ends of
the testing surface were blocked off for the flow of air,
imply for low Z,/D values a possibility of formation of
a channel-like flow away from the stagnation line as is
suggested in [ 13]. This assessment of the flow situation
in the space between the impingement surface and the
plenum chamber is also supported by the calculations
carried out in [15].

In the large scale configuration, there appear four
identifiable areas of interest: (1) the heat transfer at
the stagnation point — an average of three calorimeters,
each one exposed to the full effect of jet centered on the
particular calorimeter ; (2) heat transfer when some of
the jets were not aligned with all the calorimeters due
to the fact that C, was variable, while calorimeters
were fixed in their relative positions at 25.4 mm center-
to-center ; (3) the local heat-transfer distribution, and
(4) the average heat transfer (Figs. 9-12).

Because all the calorimeters remained in a fixed
position relative to each other (as shown in Fig. 6), in
the central one fifth portion of the target plate, while
the nozzles used were spaced two, four, and eight
nozzle diameters center-to-center (forming an integral
part of the plenum chambers), the results required a
careful interpretation of some of the findings. The effects
of inevitable lack of complete alignment between the
calorimeters and the nozzles in some instances were
reduced, in relation to the average heat transfer, by a
large number of surface-to-target distances, a wide
Reynolds number range considered, and the fact that
three nozzle diameters, and as many nozzle-to-nozzle
spacings were used. The advantages of this experimen-
tal arrangement were a nearly complete elimination of
end effects (of both fluid flow distribution and heat
transfer), and a substantial reduction of effects of local
calorimetric measurement errors.

It was to be expected, however, that local effects
caused by calorimeter-versus-nozzle misalignments
would be picked up by calorimeters located in the
areas of particular interest, like, for example, the ones
placed along the stagnation line. The physical signifi-
cance of such measurements will be discussed below.

At the stagnation point, it is convenient to introduce
a new dimensionless parameter, known as the Froess-
ling number Fr = Nu/Re'”. Thus, the present large-
scale configuration results yield a Froessling number
that can be written in the form

Fr = 1.6 Pr°3° (D,/D) 42
X (Z,/D)” °2*(Cy/D)" ' (15)

which shows that Fr is a function of the Prandtl
number, the jet geometry, and the effects related to
turbulence, shown by the last three parameters in
equation (15) (Fig. 10). The fact that heat transfer in a
row of jets is adversely affected by the term expressing
the effect of interference of the other jets, C,/D, appears
to be logical. The negative power of (Z,/D) is traceable
to the restricted geometry at the bottom of the plenum
chamber in the present test setup and the virtual
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inability to draw in additional air from the surround-
ings into a developing jet, between its emergence from
the orifice and the point of impact, and before the wall
jet has a chance to form. In all these aspects a single
impinging jet is in a more favorable position, which
shows up in the positive (Z,/D) power (cf. equation (4)
here). The dependence of Fr on (D,/D)”°“? can be
explained as a combined effect of turbulence intensity
and of the turbulence scale normally associated with
the size of the jet nozzle in the heat transfer from
impinging jets for low Z,/D-values. To isolate this
effect, let's compare Fr from equation (15) with the
corresponding experimental flat plate term, with
{C./D)and (D./D) terms set equal to unity (cf. equation
(5) and Fig. 7)

Fr = 1.42 Pro3° (Z,/D)°-'%. (16)

It is seen from the direct comparison of these two
equations that for Z,/D = 1.5 (which, as mentioned
above, is about the shortest distance at which jet flow
at the orifice is not affected by the presence of the
impingement plate), heat transfer at the stagnation
point in the semicylindrical geometry is still virtually
unaffected by the effects of curvature as expressed
below by Fr = 1.5 Pr®3° by both equations (15) and
(16). A closer examination of the above experimental
results shows existence of laminar-flow like heat
transfer in its dependence on Re$* (cf. equations (15)
and (16), together with the expression for the
boundary-layer thickness, equation (1)). The effects of
turbulence outside of this ‘viscous layer’ make them-
selves felt, however, under the guise of a particular
dependence on Z,/D and D./D, and are affected
substantially by the presence of curvature and the
flow-constricting plenum chamber walls, in the case of
a row of jets impinging on a semicylindrical plate
[17,22].

The stagnation line results for cases lacking align-
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misalignment.

ment between the calorimeters and the jet nozzles are
shown in Figs. 11(a) and 11(b). In Fig. 11a for D =
9.52mm, the two outer calorimeters were spaced
6.35 mm from the nearest stagnation point, with the
Nusselt number given by

Nu, = 1.31 Pr%33 Re$%3
(ZyD)=°22(CyD)~%'e. (1)

Here, Red S appears to indicate a gradual deviation
from the laminar stagnation point heat transfer. A
calculation shows that Nu, here is about 319/ higher
than that given by equation (15). In Fig. 11(b), the two
outer calorimeters were at the midpoint between the
two adjacent jets, and the correlating equation (for D
= 6.35mm, (C,/D) = 8)is

Nu, = 0.628 Pr°33 Red59

X (Zy/D™°22(C/D) . (18)

Here, Nu, is very nearly equal to the Nu, resulting from
equation (17), for 10* < Rep, < 3 x 10%, and the effect
of turbulence on heat transfer results in a substantial
increase of the power of Re,. The effect of stagnation
line results on the average heat transfer should be
negligible, however, because of a relatively small area
involved in most cases. Still, because of only three
calorimeters’ taking care of a large number of nozzles,
such misalignment can furnish new information for
heat transfer at stagnation line like, e.g., the existence
of a secondary absolute maximum away from stag-
nation point.
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The local distribution of heat-transfer coefficient is
shown in Fig. 9. It is seen that, at 45° angular distance
from stagnation point, there occurs a kind of a
secondary maximum of heat transfer that appears to
be strongly dependent on the Reynolds number, and
has been observed by other investigators (Schliinder
et al. [4], Koopman and Sparrow [5], Gardoner al. [ 1,
3] and Dyban and Mazur [13]) in connection with
impinging jets, for relatively short nozzle-to-plate
distances (theoretically unexplained).

The average heat transfer for 2 < Z,/D < 8isshown
in Fig. 12. It follows the equation (with the Pr®-33 term
adapted from the Colburn analogy, equation (10)).

Nu = 0.72 Pr®33 R¢963

x (Cy/D)~%1¢(D/D,)*42. (19)

Equation (19) shows a dependence of the average
Nusselt number on a relatively low power n of Rep,
explainable by a larger extent of stagnation are a heat
transfer with n = 0.5, due perhaps to the restricted air
entrainment from the surroundings, and the possibility
that instead of typical wall jet flow, discussed above, a
hybrid form of flat plate-wall jet low was actually
forming, with the critical Reynolds number being a
function of the distance. It is characteristic that small-
scale configuration equation, with Z,/D < 8, could still
clearly produce a Red” term as the form of functional
dependence on the Reynolds number, similar to the
calculated, and also experimentally verified power of
Rep, correlation led to n = 0.7; when the effects of
‘misalignments’ had to be included they expressed
themselves in such a distribution of the data points
that led eventually to lowering of the power n. On the
average, this would produce n = 0.67, as the average
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data on Nu have, so far, substantiated as shown in
equation (19). It appears, therefore, that for a fixed
spacing of the calorimeters, and a variable spacing of
the nozzle orifices, the resulting correlations would be
expected to be responsive to all thus induced changes
of the flow regime, which will manifest themselves in
changes of the power of the applicable Reynolds
number. Characteristic of the average data is the
absence of Z,/D terms for 2 < Z,/D < 8§ which is,
again, consistent with the flat plate data. It is believed
that large number of data taken with 21 calorimeters
should have produced representative overall average
values (cf. [9-13, 16, 17 and 30]), useful both for
research and development and design purposes.

A final cross-checking of the average heat-transfer
data here may be made by a direct comparison of
equations (14) and (19). Except for the Z, /b term,
equation (14} is already in the form suitable for such a
comparison. An appropriate choice of Z,/b is 169,
corresponding to Z,/D = 2, that takes us well into the
range of validity of equation (19), and yields the
expression shown in Fig. 12 and below

N;:sgm _ :N:MD.SSC [(C/D)N1e (D,/Dp)_{)"“u']

= 0.337 Re},” pro3? (20}

obtained with Z, /b raised to — 0.32 power that makes
small-scale configuration results look essentially
equivalent to semicylindrical plate data in the higher
Reynolds number range of the values tested, but
somewhat lower for the smaller Reynolds numbers
listed in Fig. 12. Here, the agreement between the two
sets of data is obtained through averaging of powers of
Z,/D occurring in equations (14), (n = — 042,
Z,/D > 8),and (15), (n = — 022,2 < Z,/D < 8) ap-
plicable for semicylindrical plate. Interesting is the
reason for the difference in the power of the Reynolds
number occurring in equations (14) and (19), however,
since equation (19) yields an expression, analogous to
that given by equation (20)

Nuj = 0.72 Re§y® Pro-33, 21)

Some of these reasons are doubtiess the constricted
flow inside a cavity formed between the target plate
and the plenum chamber [ 17, 22] for small Z,/D values
and the resulting lack of space for wall jet develop-
ment. Therefore, it is interesting to report that equa-
tion (21)is quite similar to one proposed by Smirnov et
al. [31] for heat transfer due to jet flow into the dead
end of a cylinder.

DISCUSSION OF RESULTS

While the average data for small scale configuration
have been already discussed and shown to fall about
into the middle of the range of results presented by
several investigators, the stagnation point data have
been compared with a calculated result based on the
first principles, and found to be essentially in full
agreement (for Z,/D = 1.5). The data on average heat
transfer, for large scale configuration, run relatively
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high, just below the results of Dyban and Mazur [ 13,
17] and slightly above those of Metzger et al. {9].
From [17] it appears (cf. Refs. 99, 119, 244 and 384)
that the above results of Dyban and Mazur have been
checked in several ways and should be considered as
essentially substantiated. The Refs. 244 and 384 of [ 17]
are the present [ {0 and 11], and Ref. 99 is equivalent to
[13]. For a comparison with [9-13], cf. Fig. 12 insert
adapted from [30].

The usefulness of equation (19) may beillustrated by
the following example: for D = 952mm, D, =
127mm, C,/D = 2, and T = 75°C, equation (19} yields
h, = 244 (at Re, = 15000), h, = 378 (at Rep =
30000, and hy = 2440 {at Re = 10%), all in
W m™? K7'; the values for h, and h, compare
favorably with the range of heat transfer coefficients
shown in Fig. 9 here. On the other hand, Shvets and
Dyban {17], p. 326 cite as typical for the geometry,
equivalent to that covered by equation (19}, 3000 < A,
< 5000, in Wm 2 K™! for §x 0% < Rep < 10°
Thus, the present equation (17} appears to give quite
moderate and reasonable values for the range of its
experimental validity, 10* < Re, < 30000, as well as
when directly extrapolated to Re, = 10° since b, «
hy, at any rate.

Dyban and co-workers have used techniques stress-
ing the fundamental fluid flow aspects of impinging
jets, combined with direct heat-transfer measurements,
roughly similar to the approach taken by the present
author.

It has been emphasized throughout this paper that,
at the stagnation point, there exists a basic similarity in
fluid flow and heat-transfer characteristics between the
flat and cylindrical target plates. Therefore, pre-
liminary results obtained with a flat plate have been
also discussed. The present results at the stagnation
point are similar to those of Brdlik and Savin [32] and
to those of Chia er al. [33] who like, for example.
Koopman and Sparrow [5} used mass-transfer ana-
logy. Average heat-transfer data in the impingement
region have been obtained by Yokobori er al. [34].
who used water as their fluid ; they are somewhat lower
than the present stagnation point results. The average
flat plate results (Fig. 5) yield 240 < & < 670 Wm ™ ?
K~ ! for 14000 < Rep < 67000, which is comparable
to the average semicylindrical plate results (Fig. 12,
equation (19)).

It is believed that the relatively high heat transfer
rates, with respect to those in [9-12, 16], are to some
extent due to a high level of turbulence caused by the
metal sieves and glass wool inside of the plenum
chambers used. The metal sieves and glass wool were
originally installed in order to equalize flow among the
individual nozzles, but their total contribution may
have been not very different from that of the turbu-
lizers described in [22], for example, resulting in
somewhat higher average heat-transfer rates.

The magnitude of the local heat-transfer coefficients
shown in Fig. 9 compares favorably with the values
obtained, for example, by Bouchez and Goldstein [6].
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An additional analysis of local heat-transfer coef-
ficients may be found in [2], where comparison of the
present data with heat transfer from jets impinging on
hemispherical surfaces is also made. The present
results show actually the need for some changes in the
geometry, and for the use of turbulence promoters, to
increase the intensity of heat transfer from air jets
impinging into a cavity. This will require additional
research on fluid flow in curved channels, and on
further effects of jets impingement on various curved
surfaces (cf. [8] and [17]). For high-temperature
cooling applications, the effects of variable properties
will have to be introduced [29] to make the final
results more realistic. There exist basic similarities
between the jets, impinging on flat and curved (con-
cave and convex) surfaces. The unique geometry and
crowding that prevails in typical applications of
impinging jets towards cooling of turbine blades
cannot be fully generalized, however, and will require
some specialized testing in particular cases of interest
for the best possible results. The effects of turbulence
scale may show in the scaled-up versions of the typical
applications. It appears that intensity of heat transfer
from impinging jets may reach levels as high as 10 000
W m~ 2K ~![17], that have been ordinarily associated
with evaporative cooling. This fact makes future
applications of impingement cooling particularly at-
tractive, and is indicative of the immediate research
needs in that area.

SUMMARY

Starting with the velocity profiles and the boundary
layers at the stagnation point and in the wall-jet region,
expressions for heat transfer have been derived from
the Froessling’s solution of the governing equations
and from the Colburn analogy. These results were
then compared with experimental findings. It has been
shown that flat plate results, obtained with a single jet,
can be, with certain modifications, applied also to a
row of jets impinging on a semicylindrical surface.

Average Nusselt numbers, obtained with a set up
scaled down ten times, were compared with the
Nusselt numbers (average and local), resulting from
measurements on a semicylindrical surface 254 mm
long and of 127 mm dia,, exposed to a row of jets.
Comparisons with the results of a number of other
investigators were also made, with generally satisfac-
tory results. The heat-transfer intensities were high,
but still well below the maximum values stated in the
literature on impingement cooling of concave surfaces.
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APPENDIX 1

Determination of a* for small Z,/D values

The term a* = A(v/u, )JA(r/D) at r = 0 can be
determined from the analytical solution of a related potential
flow problem by Schach {35} as a* =13 for Z,/D =15
(cf. Fig. 10 of [35]). Independently, one can deduce from the
results quoted by Strand [361 a* = 1.2, and from those by
Grady and Ludwieg [37], a* = 1.14,bothfor 1 < Z,/D < 2.
An additional estimate of the magnitude and form of a* for
Z,/D = 1 can be obtained as follows. The coefficient of
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contraction for the potential flow from a slit in an infinite
plane has been determined as C = 0.611 [38]. Then, for a
frictionless, incompressible fluid impinging normally from a
nozzie of dia. D onto a plane Z, distance away, one can
assume that some contraction coefficient C, applies to each
linear dimension of the curved side of a cylinder nDZ,
through which the fluid is deflected ; the nozzle exit forms the
top of this imaginary cylinder. Then, from the continuity
equation, there results

(rDC UZ,C1)e = (n/4)D*u,, {1-A}

while at r = D/2, for the radial flow outside of the boundary
layer, v/u,. = 1/2a*, which, substituted in equation (1-A). and
letting C; = C, = 0.611, yields

a* = (2C*Z/D)"* = 1.33/Z,/D) {2-A)

which is reasonably compatible with the theoretical and
experimental resuits above [35-38] that apply to nozzles
with a square velocity profile {cf. nozzle in Fig. 1). For other
types of nozzles, with a non-uniform velocity distribution, ¢*
would be higher, which fact most likely could result in a
higher local heat-transfer rate at r = 0.

APPENDIX It

An alternate calculation of wall jet heat transfer in axisym-
metric jets

An alternate calculation of Nu that involves mainly the
wall-jet region appears to be possible, again based on the
Colburn analogy, but using a friction coefficient C; = 0.246
{v,B/v)"C36% 1070678848 due to Ludwieg and Tillmann
[39], and suitable to the calculations of two-dimensional
turbulent boundary layers. Here 4* is displacement thick-
ness, and 6, momentum thickness, equal here to d/15 and
78/120, respectively, for v/v, = (z/6)''* according to
equation (6), yields C,/2 = 0.0206 (v,8/v)"°?°%. Further
substitution of v, = L4 (r/D)" ', (cf. equation (8)},
and for & = 0.0175D (r/D)*%% (cf. equation (9)), generates
Nu = 0.168 Re$ 73 Pr®33 (/D)1 °7 which, integrated over
the entire plate with a radius D,/2, is

Nu = 0.760 Re§™32 Pr®33 (D/D,)' *7
r

that for 14000 < Rep < 67000 may be also written in the
form reasonably close to equation (12) above (except for the
value of the numerical constant)

EV; - 107 Re%ﬂ P33 (D/DF)””.

Considering the limitations of the Colburn analogy (all
parameters used resulted from fluid flow measurements
carried out with cold air, the agreement between equations
(2-A) and (12), obtained from direct heat-transfer measure-
ments, is encouraging. Additional research is obviously still
needed, to determine the form of the friction coefficients in
wall jets deemed best suitable for heat-transfer calculations. It
appears that neither C, by Poreh er ol [18] is entirely
vindicated by independent experiments with wall jets, nor is
C; by Ludwieg and Tillmann entirely satisfactory, having
been obtained originally for different flow conditions [26].

i1-A)

{2-A)



Heat transfer from a row of impinging jets

TRANSFERT DE CHALEUR POUR UNE RANGEE DE JETS INCIDENTS
SUR DES SURFACES CONCAVES CYLINDRIQUES

Résumé—En partant des principes de base et avec un paramétre obtenu expérimentalement, on obtient une
expression du transfert thermique dans la région d’arrét valable pour des jets circulaires incidents. Les
résultats obtenus avec une rangée de jets d’air frappant une surface chauffée électriquement dans un montage
qui simule & petite échelle une aube de turbine, sont compatibles avec le transfert moyen pour une surface
chauffée 4 la vapeur, de géométrie semblable et a P'échelle dix, et ils sont comparables avec les résultats
obtenus par d’autres auteurs. Ces observations sont attachées aux champs d’écoulement tels qu’ils existent
dans les aubages de turbine a gaz, refroidis par une rangée de jets cylindriques ou un jet unique de largeur
équivalente. La valeur du coefficient de transfert obtenue ici avec les jets incidents approche celle qui est
normalement associée 4 la convection forcée de I'eau et du refroidissement par évaporation.

WARMEUBERGANG EINER REIHE RUNDER STRAHLEN BEIM AUFTREFFEN
AUF EINE KONKAVE ZYLINDRISCHE FLACHE

Zusammenfassung — Ausgehend von elementaren Ansdtzen und unter Verwendung eines experimentell
bestimmten Parameters wird eine Beziehung fiir den Wirmeiibergang am Staupunkt runder, senkrecht
auftreffender Strahlen abgeleitet. Versuchsergebnisse, die an einer elektrisch beheizten, von einer
Luftstrahlenreihe angeblasenen Fliache (von der GroBe einer typischen Gasturbinenschaufel) erhalten
wurden, erwiesen sich als in Ubereinstimmung mit dem mittleren Wirmeiibergang an einer geometrisch
dhnlichen, aber zehnmal gréBeren dampfbeheizten Fliche und als vergleichbar mit den Ergebnissen anderer
Forscher. Diese Untersuchungen wurden in Anlehnung an Vorstellungen iiber die moglichen
Stréomungsverhdltnisse im Inneren von Gasturbinenschaufeln durchgefithrt, die innen von einer Reihe
runder Strahlen oder einem einzelnen Strahl 4quivalenten Durchmessers gekithit werden. Die
GréBenordnung des Wirmeiibergangskoeffizienten, der sich hierbei durch Anblasen mit Luftstrahlen ergibt,
nihert sich derjenigen, die man normalerweise bei Wasserkithlung mit erzwungener Konvektion oder
Verdampfungskiihlung erhilt.

TEIMJIONEPEHOC OT CUCTEMBI CTPYHL, VYIAPAIOIMXCA O BOTHVTHIE
UAJTUHAPUYECKHUE MOBEPXHOCTHU

Annotamma — Ha OCHOBaHMM NepBOro 3aKOHA M C NOMOWILIO OJHOIO IKCIEPUMEHTANBLHO ONpees-
€MOro NapaMeTpa BLIBEACHO COOTHOLICHHE LIS BEHYMHLI KPUTHYECKOTO TEMIOBOTO NOTOKA B CHCTEME
KDYTABIX MMIAKTHBIX CTpyit. Halimeno, 4To JKCHepHMEHTANbHBIE [IAHHBIE, NOIYYCHHLIE TP HCCIEAO0-
BAHHH CHCTEMBI BO3AYILIHBIX CTPYH, YAPAIOIIHXCH O HATPEBACMYIO JIEKTPHYECKEM TOKOM NOBEPXHOCTD,
Ha HeGObIION YCTAROBKE, MOJETHPYOWEH THNHYHYIO TYPOHHHYIO AONATKY, COBNAAAIOT CO CPeAHHMHE
3HAYEHHAMM BENMYHHBI TENJOBOTO NOTOKA HA JECHTHKPATHO YBEAHUEHHON, HO TEOMETPHYECKH 10106~
HOM, MOBEPXHOCTH, HATPEBAEMOH NAapOM, @ TaKkKe C PE3YNbTATAMM, NPEACTABIEHHBIMH APYTHMH
aBTOpamMM. 3aTe€M NPOM3BOJMIACL NOATOHKA PE3yIbTATOB K TOMSAM TEUEHHS, UMEIOWHM MECTO Ha
JlonaTkax ra3oBodl TypOMHEL, OXJ1aX1aeMOH H3IHYTPH CHCTEMOH KPYITIBIX CTPYH WIH eJMHHYHOH CTpyeil
IKBHBANEHTHON WUPUHBL 3HaveHHS KO3DDHUNEHTOB TEMIONEPEHOCA, NONYYEHHBIE B HacTonmmel paboTe
€ HCTIOJb30BAHHEM MMIAKTHBIX CTPYH, GAMIKH K 3HAUEHHMAM, PACCUHTHIBAEMBIM B TOM Ciyuae, KOrja
YYUTHIBAIOTCS BHIHYXKICHHAS KOHBCKLMS BOXBI H HCTIAPUTEABLHOE OXJIAXICHHE.
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