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Abstract—An investigation of heat transfer from round jets, impinging normally on three instrumented flat

plates, for various nozzle-to-target plate distances, with Reynolds numbers ranging from 14 000 to 67 000, and

nozzle diameters from 3.18 to 12.7 mm, has been carried out. The experimental data at the stagnation point

were given particular attention. Flat plate stagnation point data and the average heat transfer have also been

correlated by means of dimensional analysis, and compared with calculations and with the results from the
literature.

NOMENCLATURE

a* slope of dimensionless velocity profile
plotted vs dimensionless distance from
stagnation point, A(v/u,.)/A(x/D) at x = 0

c, specific heat at constant pressure
Dkg™' K™1]

C;  friction coefficient

D nozzle diameter [mm]

D,  calorimeter diameter [mm]

D,  plate diameter [mm]

h heat transfer coefficient [W m~2 K~1]

k thermal conductivity [Wm~! K 1]

L significant length [mm]

Nu  Nusselt number, hD/k

Pr  Prandtl number, c,u/k

r distance from nozzle centerline [mm)]

Rep  Reynolds number, u, . D/v

St Stanton number, Nu/(Re Pr)

u axial velocity [ms~!]

U radial velocity at stagnation point [m s~ ']

v radial velocity, wall jet velocity [m s™!]

x distance away from stagnation point along
target plate [mm]

z distance away from target plate [mm]

Z,  distance from nozzle to the target plate
[mm].

Greek symbols
é boundary-layer thickness [mm]
- o* displacement thickness [mm]

0 momentum thickness [mm]

u dynamic viscosity [kg (ms)~1]

v kinematic viscosity [m2 s~ 1]

p density [kg m™3]

7,  wall shear stress [N m™2].

Subscripts and other symbols

center of symmetry

dimensionless parameter with D as
significant length

condition where velocity is a maximum
origin or stagnation point

oc origin of jet at center of nozzle
s conditions at surface of calorimeter
B average (mean integral) value.

INTRODUCTION

RounD jets impinging on heated/cooled surfaces, held
normaltotheaxisof flow,are very attractiveina variety
of cooling/heating applications because,in comparison
with the heat transfer rates obtainable by ordinary
methods of convective cooling or heating, a substantial
increasein heat transfer coefficients can be realized with
their use.

Impinging jets have recently attracted many
investigators because of their eminent suitability to
increaselocal heat and mass transfer. The earlier results
on heat transfer from impinging jets have been
summarized by Livingood and Hrycak [1], and by
Martin [2]. An early expcrimental study of round
impinging turbulent jets was carried out by Gardon
and Cobonpue [3] and Gardon and Akfirat [4]. At the
stagnation point [3, 4], the maximum local Nusselt
number, Nu,, was found to occur at 6 < Z, /D < 7,
explained by an attenuation of the original jet nozzle
velocity, u,., with the distance, within the ‘potential
core’ extending from six to seven diameters
downstream from the nozzle exit [5], and a strong
turbulence pattern in the mixing region at the tip of the
potential core. For Z_ /D < 6, secondary peaks away
from the stagnation point were observed in local heat
transfer coefficients, thought to be related to the
hydraulic jump phenomenon and the transition from
stagnation flow to the wall-jet flow. Round turbulent
air jets impinging on a heated segmented flat plate
consisting of six concentric flat Invar rings were studied
by Chamberlain [6]. Datta [7] carried out similar
measurements on a flat plate with embedded
calorimeters, investigating the effect of the nozzle
diameter and of Z_/D on the Nusselt number.

Because the governing equations are similar, it is
often helpful to use mass transfer measurements to
study heat transfer from impingingjets, cf. Schrader [8],
who used an experimental set-up somewhat similartoa
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segmented flat plate. Schrader found the surface finish
of the target plate to be a significant independent
variable in his correlation, as also did Sakipov et al.[9]
more recently. Also, important are the physical details
of the nozzles used.

Among the nozzles used, one can consider two
extremes : on one hand, tube-type nozzles (used in refs.
[3,61), where there occurs a large degree of mixing of the
jet with the surrounding air, and on the other hand,
simple orifices madein a wall parallel to thetarget plate,
where the mixing with ambient air is restricted. Most
nozzles used in the literature fall somewhat into the
middle between these two extremes [1, 2]. Tube-type
nozzles with aninternal lip at the exit have been used in
this paper and in ref. [7].

Impinging jets may be used for both cooling and
heating purposes, but entrainment of ambient
temperature fluid by the impinging hot jet will reduce
its heating effectiveness, except for short nozzle-to-
plate distances. Stagnation point heat flux from hot
impingingjets was measured by Comfort et al. [10] and
by Viachopoulos [11]. Schrader [8] used warm jets in
his mass transfer measurements.

As is seen from refs. [1-4], the fluid flow
characteristics of impinging jets determine their heat
transfer effectiveness, as also discussed, for example, by
Shvets and Dyban [12] and Dyban and Mazur [13].
Sibulkin [14] obtained a theoretical solution for the
stagnation point heat transfer, good for a low velocity
axisymmetric jet impinging on a flat surface. A
systematic study in ref. [13] of jets that had definitive,
artificially induced turbulence levels (up to Tu = 28Y%)),
produced at the stagnation point results that were up to
100% higher than those indicated by Sibulkin’s
formula, while ref. [4] indicated that some of the
naturally occurringjetshad already turbulencelevelsin
the range of Tu investigated in ref. [13]. Therefore, in
practical applications stagnation point heat transfer
may be expected to be higher than that predicted by ref.
{14], and it would be desirable to develop here
expressionsina better agreement with the experimental
data. From the study of the applicable review literature
[1, 2], and of the monograph by Schlichting [15], it
appears that heat transfer from impinging jets to flat
plates requires still a lot of additional experimental and
analytical work. Since the available theory is still
incomplete [14, 15], and for a better comparison of
experimental data of various investigators and analysis
of the present data, dimensional analysis, and semi-
empirical correlations based on dimensional analysis
are very helpful.

Thus, for the local value of the Nusselt number, Nu,
we can expect, from the consideration of all the
contributing variables for heat transfer from impinging
jets, arelation involving Rey, Pr, and six characteristic
linear dimensions; the required functional form,
strictly applicable only for the specific ranges of the
independent parameters investigated, may be ap-
proximated here by the expression (which, in turn, may
be only piecewise continuous)
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Nu=K Re?, Pr’ (Z,,/D)’(DT/D)"(Dp/D)"(x/D)f(Ll/D)",

(M
where K, a, b, ¢, etc., are considered constants over the
restricted ranges of the major independent variables,
that can be evaluated either theoretically or
experimentally; this @ = 0.5 applies in the stagnation
region, accordingtoref.[14] and a = 0.7 in the wall-jet
region; where x = 0 and f = 0 applies, Nu reduces to
Nu,. Equation (1) has been normalized with the help of
the nozzle diameter D, considered here to be the most
significant characteristic linear dimension, but other
combinations can be found in the literature, e.g. based
on D, and D [1, 2, 8]. The unspecified term L, may be
specialized according to the need ; for example, L, may
be associated with the sand-grain diameter character-
istic of a particular surface [8].

This paper intends to fill the need for additional heat
transfer data from impinging jets by presenting a large
number of experimental results obtained from direct
heat transfer measurements in the steady state, while
using a variety of heat transfer transducers and
experimental arrangements, for the Reynolds numbers
(based on the diameter of the nozzle and air properties
at the nozzle exit), ranging from 14 000 to 67000, and
the nozzle diameter D of 3.18, 6.35, 9.52 and 12.7 mm.
The general experimental approach taken is similar to
the techniques described in two other papers [16, 17],
that dealt withjets impinging internally on a cylindrical
and a hemispherical target plate, respectively.

EXPERIMENTAL TEST SET-UP

The jet was directed normally towards the center of
the target plates, all of 152.4 mm in diameter (Fig. 1),
heated from below by steam condensing at atmospheric
pressure. Air, filtered and dehumidified, was supplied
bya reciprocating compressor witha large settling tank
and sent to the plenum chamber, to equalize the flow.
Air volume was measured with two rotameters,
accurate to within 1% of the full scale reading.
Interchangeable nozzles could be attached to the end
plate of the plenum chamber. Originally, straight-bore
tube nozzles were employed, as those in refs. [3, 6] and
later on, tube-type nozzles with an inner lip at the exit
(see Fig. 2),to provide a flat velocity profile,as shownin
Fig. 5 (insert).

Plate A was a solid plate made of 304 stainless steel,
19 mm thick, supported by a 6.35 mm thick brass base
plate, and equipped with 14304 SS embedded calor-
imeters with diameters of 5.08 mm whose locations
are indicated by crosses in Fig. 1. Calorimeter detail is
shownin Fig. 4. Plate B, made of 304 SS, consisted of six
concentric segments 18.6 mm thick, separated from
eachotherbya l.6mmgapand supportedbya 6.35mm
brass plate. The gap was sealed on top with a layer of
silicone rubber. Plate C, 14.4 mm thick, made of Invar,
was otherwise geometrically identical with plate B.
The original version of plate C was also used by
Chamberlain [6].
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FIG. 1. (a) Segmented plate, top view; location of embedded calorimeters in solid 304 stainless steel plate.
(b) Segmented plate, side view.

The particular metals chosen for the test plates were
stainless steel and Invar because they are relatively
resistant to oxidation, and may keep well their original
surface finish. Also, they may represent roughly the
behavior of alloys used in typical applications of jet
cooling.

To measure heat flux, one set of thermocouples was
mou'nted near thesurface, and the other near the base of
the'individual plate segments. The center segment of
each plate, interchangeable, acted as a kind of a center
calorimeter. Eventually, individually calibrated
constantan—copper thermocouples, made from 40
gauge wire, were adopted, to minimize the thermo-
couple conduction error, and the calorimeter diameter,
D, was reduced to 5.08 mm for a better local heat flux
resolution; for strictly one-dimensional heat flux,
asbestos side insulation was employed with consistent
results. Some bakelite-insulated calorimeter data are

MMT 20:12-1

shown in Fig. 2. Bakelite had a tendency to swell with
moisture and to short out the thermocouple circuits.
Also, to minimize all contact resistances, silver-powder
loaded grease was used on all places of contact.

Samples of the metal used for the calorimeters had
their thermal conductivity tested individually by the
electrical conductivity analogy method [18, 19], with
an error of less than 3%. The conductivity of the 304 SS
used agreed well with the literature, but that of Invar
was found to be 40% higher (13.6 Wm ™! K~ ! at 273.15
K and 15.5 Wm~* K~ at 373.15K).

Heat transfer coefficients were calculated from the
formula

k
Il = — (Z) (t‘ - tb)/(ts - tair)’

t,= tl""(t:_tb)(B/A_ 1). (2)
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F1G. 2. Stagnation point results on plate C, with Invar center calorimeter. Calorimeter development progress
and comparison with experimental results of Gardon et al: Results obtained with a 508 mm diameter
calorimeter with bakelite side insulation. Detail of the lip-equipped nozzle.

where subscript b refers to the bottom thermocouple,
t to the top thermocouple, A is the distance between
t, and t,, and B is the distance between ¢, and ¢,. The
total calorimeter error is calculated as being less than
-5% for the calorimeter shown in Fig. 4. This error is
dueto the contact resistance and the thermocouplelead
conduction, to the effect of the holes drilled to
accommodate the thermocouples on the overall
conductance of the calorimeter, and the conductivity
measurement error.

EXPERIMENTAL RESULTS

Before final, representative results were achieved,
some experimentation with the transducers used for
heat flux measurements was necessary. In Fig. 2 the
present stagnation point results are compared with
those by Gardon and Cobonpue [3] and by
Chamberlain [6]. It is seen that, as the contact with the
brass support plate was improved (Run 1), and the

thermocouple wire conduction error eliminated (Runs
2 and 3), the measured intensity of heat transfer was
found to increase, and Run 3 results come out quite
closeto the original measurementsin ref. [3]. All results
show a maximum near Z_ /D = 7. In Fig. 2, data points
for Runs 1-3 were obtained both with lip-equipped
nozzles and straight-bore tubes of the same length (see
detail in Fig. 2), but no significant differences in results
were found. Plates A-C were then tested extensively
with the results shown in Fig. 3. For the final stagnation
point tests in plates B and C, the center segment with a
diameter of 11.1 mm was replaced by a 5.08 mm
diameter calorimeter with a 2.54 mm layer of asbestos
on the side (see Fig. 4), with the length to match the
height of each plate, and made both in Invar and 304 §S
versions. Using, for example, the symbol A, for plate A
with 304 SS calorimeters, etc.,combinations tested were
A, B;, B, C;, and C,, to eliminate the systematic
errors possible in the calibration and manufacturing
of heat flux transducers, occasionally reported in the
literature [4]. The stagnation point results, shown in
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Fig. 3, may be correlated for Z,,/D < 7 by the expression
Nu, = 1.41 Rell* Pro* (Z /D)*'%(D/D )%, (3)

which shows that Nu, increases with Z_/D for tube-
type nozzles (cf. refs. [3, 6, 7]), and the explicit effect
of D on Nu, for heat flow within the potential core,

while for Z /D > 7
Nu, =392 Rel/? Pr®*(Z,/D)~%%D/D)°°, (4)

indicates a decrease of Nu, with the nozzle-to-target
spacing outside of the potential core.
The average data, obtained through integration of

5 loAz—-I
+i508}e |.4mm_
¥ ’
4l T PLATE A P
'? 304 ss 0.76
o rsets 19.0
T0S
r’?&% 5 [INSULATION—— ﬂ‘j
x | SILVER =3 o
N soLoeren,”| i
R i |« BRASS
0
Q
T
a 2
N
S, > on
© o 3.8
~
T 1.5 s 6.35
& v 9.52
= o 12.70
EFFECT OF 0.732 SLOPE
%
) | | 1 | |
O1s 2 3 4 5 6 17 8

Repx107°

FIG. 4. Average results, solid 304 stainless steel plate (plate A), upper curve; average results, segmented Invar
plate (plate C)), lower curve; comparison with equation (11) results. 5.08 mm diameter calorimeter detail.
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local values over the entiretest plate, for platesAand C;,
are shown in Fig. 4. Plate A results correlate as

Nu = 1.85 Re8®°% Pro33 (D/D,)"°%((Z,/D), (5a)
while plate C; data yield the expression
Nu = 1.32 Re§” Pr33 (D/D)°%(Z,/D), (5b)

where f(Z./D)=(1D{Z,)°'" for Z /D> 7, while
f(Z./D)=1,i{{Z,/D <.

Since the overall experimental arrangements in both
cases were nearly identical, the only conceivable reason
for the difference between results for plates A and C;
appears to be in the effective roughness of the plates
tested. Equations (5a) and (5b) show many similarities,
but they also indicate clearly the importance of surface
finish on heat transfer with impinging jets, as observed
already in refs. [8, 9].

DISCUSSION OF RESULTS

Heattransferat thestagnation pointisshownin Figs.
2 and 3.In Fig. 2, it is interesting to note that the range
of Nusselt values between the original Gardon and
Cobonpue results [3] and those obtained after 409
reduction due to uncertainties in the transducer
calibration [4] is very similar to the spread of the data
lying between Chamberlain’s results, and those
obtained in the present investigation with the bakelite-
insulated calorimeter. Figure 2 shows how consistent
improvements in the design of the transducers used
helped to produce more reliable physical
measurements.

Also, it is seen from Fig. 2 that the heat transfer
intensity has the tendency to peak out at Z, /D ~ 7 at
the point of impingement, for tube-type nozzles. It is
thus following the turbulence patterns associated with
the attenuation of the potential core of the jet [4]. From
equation(3}and Fig, 3theheat transfer coefficientat the
stagnation point may be estimated as 1300-1500
Wm~ 2K~ 'forD = 9.52mmand Re, = 67 000; thisis
about 30%; higher than a similar result in ref. [3], but
quite modest in comparison with the fluxes cited in ref.
[12] and of a similar order of magnitude as results in
refs. [10, 11] for heated jets.

Equation (3) is very similar to a formula obtained by
Schrader [8] which, adopted for a surface of average
smoothness, assumes in the present notation the form,
good for x <09 D

Nu, = 1.53 Pro3* Rel? (Z,/D)~%Xa®'?,  (6)

valid for Z,/D < 10. Due to a different nozzle design,
the Z,/D dependence of equation (6) is similar to the
formula for Nu, obtained inref. [16], for jets formed by
sharp-edged orifices in a plate. In equation (6) %Dp was
originally the significant dimension, and D, = D, also
applied. An explicit dependence on D is not shown,
although ref. [8] indicates that Nu oc D%, Vallis et al.
[20] obtained from electrochemical mass transfer
measurements for Nu, an equation very similar to
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equation (6); other information in ref. [20] indicates
also that Nu, cc D. Dimensional analysis suggests that
Nu, oc D if other linear dimensions remain unchanged,
and Dis varied ; thisisseenalso fromrefs.[1, 3, 6-8,20],
and from equations (1) and (3); D, dependence of
equation (3) is valid only in the particular range of
parameters investigated, however.

Equation (3) can also be obtained, from a relation
between the momentum transfer and heat flux in the
laminar sublayer {Appendix A)

Nu, = 1.312 Relj? Pro# (a*)'2, %)

The slope of the dimensionless velocity profile at the
stagnation point, a* can be obtained experimentally
and approximated as a* —» 1 when Z /D — 1[2, 8, 16].
Then, letting D/D_ = 1, equations (3) and (7) become
nearly identical. Equation (4),for Z /D > 7,is obtained
from equations (3) and (8) by introduction of the
‘velocity of arrival’, valid outside of the potential core
[3,5]

u, = u,.6.6/(Z,/D), (8)

instead of u, into Rep and readjusting the powers of
Z /D and D/D_ for the minimum scatter of the data.

Equation (5), describing the average heat transfer, is
dependent on the diameter ratio, D/D,, which shows
that the effect of the single jet is less pronounced when
the flow spreads out over a larger plate. Because, for
Z./D < 7,the target plate is on average still exposed to
the full effect of the original jet velocity, the average
Nusselt number is independent of Z,,/D, for D_/D < 48.

Equation (5) can be reproduced from the formula for
the wall-jet boundary-layer thickness [5]

/D = 0.0175(x/D)°%3, ©)

and the corresponding maximum-velocity decay and
velocity distribution expressions with 7.5 <n < 15
within the wall-jet inner boundary layer (z < J)

Upftiy. = 1.40x/D)™ 112, vjo, = (z/5)}".  (10)

These results, together with an appropriate expression
for the wall friction coefficient Cy, (Appendix B), yield a
formula that closely represents the average of equations
(5a) and (5b)

Nu = 1.5 R Pro33 (D/D )7, (11)

and forms a check on the validity of the present
experimental results for Z_ /D < 7, with an estimated
experimental error of 4 15%. The total heat transfer
here, evaluated as 17000 W m ™2 for Rep, = 67000, for
example, is reasonable in comparison with the heat
fluxes indicated by Shvets and Dyban [12]. The term
f(Z./D) in equation (5) is introduced to satisfy the
average data outside of the potential core region
(7< Z,/D < 26).

Aninvestigation of heat transfer from asingle, round,
impinging jet may also be viewed as an intermediate
step towards applications leading to jets impinging on
targets with a more complex geometry [16, 17]. Mass
transfer results have been very helpful in the
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to-target spacing x/Z, (adapted from ref. [7]). Typical nozzle velocity profile for nozzle in Fig. 2.

explanation of many impinging jet heat transfer
phenomena (cf. ref. [8]). It appears, however, that for
the more complex geometries, together with high
Reynolds numbers, direct heat transfer measurements
will become a practical necessity, for producing heat
fluxes close to their theoretical limit.

The local distribution of heat transfer coefficients,
shown in the summary of experimental resultsin Fig. 5,
indicates the complexity of the underlying physical
phenomena here, and a need for additional research.
The nozzles (Fig. 2) used in the present experiments
were of the type that had relatively good flow
characteristics as shown in Fig. 5, and were likely to
resemble the ones used in the representative
applications, produced at the stagnation point heat
fluxesthat peakedupat Z,/D = 7(cf.alsorefs.[3,6, 7]),
while ‘orifice in the wall’ type nozzles generated heat
fluxes that monotonically decreased with Z /D 8, 16].
These two radically different kinds of nozzles here
reflect the prevailing industrial practices and the
particular needs of the processes where impinging jet
heat transfer is of significance today.

CONCLUSIONS

Experimental results for heat transfer between a flat
plate and impinging turbulent air jets have been
presented, for conditions applicable both inside and
outside of the potential core, for the stagnation point
heat flux as well as for the average heat transfer
obtained through integration of local heat fluxes.

Average heat transfer, while inside of the potential
core, was shown to be essentially independent of the
nozzle-to-plate spacing, but was influenced by the

condition of the target plate surface and was inversely
proportional to the diameter of the target plate.

The stagnation point results showed that the Nusselt
number has a tendency to peak out about seven
diameters away from the target plate, for tube-type
nozzles used here. Semiempirical correlations of all
results were also presented, showing the effect of the
nozzle Reynolds number and other pertinent variables.
At the stagnation point, there is a very pronounced
Nusselt number dependence on the half power of the
Reynolds number, indicating laminar boundary-layer
flow, yet heat transfer intensity is higher than in the
theoretical solution. Average heat transferisinfluenced
mainly by the heat flux in the wall-jet region, with
dependence on the 0.7 power of the Reynolds number.
The present experimental results, when compared with
thosein thereferencescited, fallinto the middle between
the cold and hot jet results, and are reasonably close to
the representative mass transfer results discussed.
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APPENDIX A

DERIVATION OF NUSSELT NUMBER AT STAGNATION
POINT, Nu,

Experimentally obtained expressionsfor heat transfer at the
stagnation point exhibit both laminar and turbulent flow
characteristics. To the first category belongs the half power of
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the Reynolds number [cf. equation (3)], indicating clearly the
laminar boundary-layer flow, as well as the measurements
related to the boundary-layer thickness [5, 16]. Still, the
measured heat transfer rates are consistently higher than those
given by Sibulkin's equation [14). Itis believed, therefore, that
at the stagnation point, the following reasoning may shed
some light on the problem. Note that, in the terms below, the
primes on k and p indicate the influence of turbulence on
molecular conduction herein the boundary layer : shear stress
is 7 = p(dr/dz), and heat transfer g/4 = —K(dT/dz). Their
ratiois, afterletting K'/p’ = ¢, Pr™™Re™", where the exponents
m and n are yet to be determined experimentally

(q/At) = —c, Pr™™ Re™" dT/dv. (A1)

On separation of variables and integration (v = v,at T = T,
v=20 at T=T,) while keeping g/t = q,/1,, = const., one
obtains

q,v/At, = c(T,—T,) Pr~™ Re™", (A2)
with q,/[A(T, — T..)] = h; afier dividing by pv2, it gives

h T, _

=—=Pr7" Re™",
cppvs pvs

(A3)

or
St Pr" Re" = Cif2,

where the Stanton number isdefined as St = (hD/k)/(Pr v,D/v)
and v, = ax,the potential flow velocity at the stagnation point.
Now, from Froessling’s solution [14], d2¢(0)/d{* = 1.312.
Since dp/dl = vfv,, and { = . f{a/V)z, one can write C¢/2
= (/p) E(v/v)/E(zv) = 1.312 (av/v})*? = 1.312 [\/(a*/Rep)]
(u,/v,), with a* = aD/u,.. Consequently, withm = 0.6,and n
=0, in analogy to results in refs. [1, 2, 141, and equation (3),
one gets for flow of a gas with Pr close to unity

Nu,p = 1.312 Rel* Pr®* Ja*, (Ad)
which is sufficiently close to the experimentally obtained
values on the flat plate, equation(3),for Z,/D —+ 1and D > D,,
while the exact theoretical solution [14] represents actually
the lower limit for a {009 laminar, stagnation point flow:

Nu,p =0.763 Rel/* Pro* Ja¥,

where the numerical constant is proportional to
[d24(0)/d2]'3, and is 429 lower. The form of C; used above,
justified by the essentially laminar character of the flow near
the stagnation point found experimentally [5], is also
suggested by the measurements of the boundary-layer
thickness there [16] and is similar to equation (21-55a) in
Schlichting [15] applicable to all similar solutions in the
Falkner-Skan flow; equation (A4) is likewise related to
equation (12-56), ibid., and is an example of the laminar
boundary-layer techniques extendable to turbulent flows
[15, p. 289].

APPENDIX B

DERIVATION OF AVERAGE NUSSELT NUMBER IN THE
WALL JET REGION

Theuse of the Colburn analogy, with f(Pr) = Pr?3,and ofa
suitable friction coefficient, makes it possible to calculate heat
transfer in the wall jet region. Therefore, let ustry C;/2 = 0.123
(0,0/v)~0-26810~0-878%° 4 formula due to Ludwieg and
Tillmann [21]. The displacement thickness is defined here as

s
o*¥=2 J (1-v/v,)x dz/D,, (B1)
)
in a form appropriate for axisymmetric flow, and likewise, the
momentum thickness is

3
0=2 _{ (v/v,)(1 —r/v)x dz/D,. {B2)
0

One can further define the Stanton number = (hD/k)/(Pr



v, D/v). Through substitution of expressions for v/v,, v, and &
applicable to axisymmetric wall-jet flow [equations (9) and
(10)withn = 14]into the L-Tformula, one gets C;/2 = 0.0206 Nu = 1.50Re7 Pri3(D/p )07+
(0,0/¥)~%2%8 This form of C,/2, set equal to St Pr¥3, SORep ™ Prit(D/Dy)"
generates here the local Nusselt number for the wall jet, that
integrated over the entire plate, and divided by D§/4, results
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wherefor 14000 < Rep < 67 000isequivalent within +3% to

(B3)

Equation (B3) includes the effects of the experimentally
determined terms v,, and 6, and of the correct inner-layer

velocity profile. The error in extending the wall-jet region

Nu = 1.07 Re®732 Pri(DjD,)* "%, down to x = 01s less than 4%,

TRANSFERT THERMIQUE POUR DES JETS CIRCULAIRES FRAPPANT UNE PLAQUE
PLANE

Résumé—Cette étude concerne le transfert thermique pour des jets circulaires frappant normalement trois

plaques planes avec des distances variables entre orifice et plaque, des nombres de Reynolds compris entre

14 000 et 67 000, des diamétres d’orifice entre 3,18 et 12,7 mm. Les données expérimentales correspondant au

point d’arrét sont précisées avec une attention particuliére. Les données au point d’arrét et le transfert

thermique moyen ont été représentés par le moyen deI'analyse dimensionnelleet elles sont comparées avecles
calculs et avec les résultats disponibles dans la littérature.

WARMEUBERGANG VON RUNDEN STRAUSTRAHLEN AN EINER EBENEN PLATTE

Zusammenfassung— Eine Untersuchung des Warmeiibergangs von runden Strahlen, die senkrecht auf drei

ebene MeDBplatten auftreffen, wurde fiir verschiedent Abstinde der Diise zur Platte mit Reynolds-Zahlen

zwischen 14 000 und 67 000 und Diisendurchmessern von 3,18 bis 12,7mm durchgefiihrt. Den experimentellen

Werten am Staupunkt wurde besondere Aufmerksamkeit gewidmet. Die Versuchsdaten am Staupunkt fiir die

ebene Platte und der mittlere Wirmeiibergangskoeffizient wurden mit Hilfe der Dimensionsanalyse korreliert
und mit Berechnungen und Ergebnissen aus der Literatur verglichen.

NMEPEHOC TEIUIA OT HATEKAIOIIHX HA TJIOCKYIO IJIACTUHY KPYTJIBIX CTPYH

Antorauws—MHMccienyercs nepeHoc Tenaa oT KPyMabIX CTpPYil, HATEKAXOUIHX M0 NPAMBIM YIJI0M Ha

TpH cHaOXKeHnble JaTYHKAMH NFIOCKHE ILTACTHHBI, HAXOAKIHECS HA PA3THYHBIX PACCTOSIHHAX OT COMna, B

[Hana3oHax n3MenenHs yHc1a Pelinossnca ot 14000 oo 67000 u anasertpa conna ot 3,18 no 12,7 .

Oco6oe BHIMaHHe OGpALEHO HA JKCEpHMEHTAbHblE OaHHbIE, MOJyYeHHble B KPHTHYECKOil TOYKE.

C noMoUIBIO aHATH3A PA3MEPHOCTH BBIABIEHA B3AHMOCBA3L MEAKLY OTHMH JAHHBIMH M CPEOHHMH

3nayeHnayMn  koagduuHeHTOB TenuonepeHoca M MpPOBEAEHO CpaBHeHHE C  OnNyG.IMKOBAHHBLIMH
pe3yaAbTaTaMH PAcueTOB H OMNBITHBIMI JaHHBIMH.





