
lnf. J. Herrr Mass Trunuft/. Vol. 27, No. 1 I, pp. 2145 2154, 1984 0017~9310/8413.00+0.00 
Printed in Great Britain Pergamon Press Ltd. 

Heat transfer from impinging jets to a flat plate 
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Abstract-An experimental investigation of heat transfer from round jets, impinging normally on a flat plate 
with exchangeable, heat transfer enhancing protuberances, has been carried out, and the pertinent literature 
surveyed,forReynoldsnumbersrangingfrom 14OOQto67OOO,andnozzlediametersfrom 3.18 to9.52mm.The 
experimental data at the stagnation point indicated laminar flow, and a significant enhancement of heat 
transfer there, due to the introduction of the spike protuberance ; the ring protuberance reduced the local heat 
flux somewhat. Data have also been correlated by means of dimensional analysis and compared with the 

conical flow theory. 

INTRODUCTION 

APPLICATIONS of round jets impinging on 
heated/cooled surfaces, held normal to the axis of flow, 
have been observed to produce relatively high heat 
fluxes. Thus, a substantial increase in heat transfer 
coefficients can be realized in this fashion, in 
comparison with the heat transfer rates obtainable by 
conventionalmethods ofconvective cooling or heating. 
Because of this vigorous local cooling/heating effect, 
impinging jets have attracted the attention of a large 
number ofinvestigators. Among the investigators ofjet 
heat transfer, the majority studied heat transfer 
between cold impinging jets and flat heated surfaces. 

The earlier results on heat transfer from impinging 
jets have been summarized, for example, by Livingood 
and Hrycak [I], Martin [2], and Hrycak [3]. It appears 
that in spite of the existence of substantial theoretical 
foundations [4, 51, a theoretical, explanation of the 
essential characteristics ofheat transfer from impinging 
jets is not possible in all cases, and additional 
experimentation and analysis are indicated. 

Therefore, the experimental approach and semi- 
empirical theory still are often used in the investigation 
of heat transfer from single, round, cold impinging jets. 
This is also the main topic of this paper. In particular, it 
is interesting to find out to what extent heat transfer 
from impinging jets may still be enhanced by addition 
of suitable protuberances to an originally flat target 
plate. Here, a cone protuberance in the center of the 
plate appears as very suitable. A ring protuberance at 
the external edge of the plate, which would enhance 
recirculation of air in the mixing cone of the original 
impingingjet, appeared as another logical choice. Also, 
a combined effect of both protuberances appeared 
worth a cioser study. The experimental test setup is 
shown in Fig. 1. 

Many aspects of impinging jet heat transfer can be 
best understood in terms of the related fluid flow data. 
In particular, flow over a cone has been investigated by 

Leuteritzand Mangler [6] and Evans [7] theoretically. 
This analysis applies also reasonably well to the effect of 
the cone protuberance in the center of a flat target plate 
on the local heat transfer. The region of the separated 
flow in the wall-jet area and the effect of ring 
protuberance cannot be treated analytically at present, 
and resort will have to be made to the dimensional 
analysis. 

The comparison of the data of various investigators 

and analysis of new data are greatly simplified by the 
use of dimensional analysis. Thus, for the local value of 
the Nusselt number, Nu, one can expect, from the 
consideration of all the contributing variables for heat 
transfer from impinging jets, a relation involving Re,, 
Pr, and n + 4 characteristic linear dimensions 

Nu = K R& Prb(Z,/d)c(d, Jd)*(x/d) 

x (W6)‘(Wd)g.. W4” (1) 

where K, a, b, c , . . . , etc., are ordinarily considered 
constants over the restricted ranges of the major 
independent variables, that can be evaluated either 

Instrumented heat 

FIG. 1. Experimental test setup. 
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constant in equations (12a) and (13), 

K*IFp 
significant length [mm] 
distance from the surface of the flat plate 
to the bottom thermocouple [mm] 
distance between the top and bottom 
thermocouples [mm] 
Nusselt number, hL/k 

Prandtl number, cpp/k 

exponent expressing ZJd dependence 
heat flux [W] 
Reynolds number, u,,L/v 

height of lateral surface of the conical 
protuberance [mm] 

temperature [K] 
nozzle exit velocity, also velocity in the 
boundary layer parallel to the wall 
[m s-l] 

u free-stream velocity [m s- ‘1 
X distance away from the stagnation point, 

NOMENCLATURE 

specific heat at constant pressure 
[kJ kg-’ K-i] 
nozzle diameter [mm] 
plate diameter [mm] 
dimensionless stream function 
expression relating cone geometry to the 
given nozzle diameter 
Froessling number, Nu/Re”’ 

dimensionless temperature function 

heat transfer coefficient [W mm2 K-i] 
thermal conductivity [W m- ’ K- ‘1 
constant 

along cone generatrix, also along target 
plate [mm] 

Y distance away from target surface on the 
conical protuberance [mm] 

Z” distance from nozzle to the target plate 

Cmml. 

Greek symbols 

P parameter related to free-stream pressure 
gradient 

0 dimensionless temperature, 

(T- T,)/(L - L) 
p dynamic viscosity [kg m- ’ sm ‘1 

V kinematic viscosity [m* s- ‘1. 

Subscripts and other symbols 
b bottom thermocouple 
C center of symmetry 
d, s, x dimensionless’parameter with d, s, x as 

the significant length 

eq Nusselt number based on h determined 
from equation (1 la) with T, replaced by 
T w,eqr temperature of the protuberance at 
a reference section, Rush with the flat 
plate surface 

0 origin ; reference target-to-nozzle spacing 

P index indicating target geometry and 
nozzle diameter, Tables 2 and 3 

t top thermocouple 
W conditions at surface of target 

average (mean integral) value. 

theoretically or experimentally. The terms L,, L, may 
be specialized here as the characteristic dimensions of 
the protuberances used, for example. 

THEORETICAL CONSIDERATIONS 

Since the present target plate has a conical 
protuberance with an included angle 24 = 19” at the 
center, one can treat the heat transfer there as resulting 
from the flow over a cone. This kind of flow has already 
received a lot of attention [6,7]. Best known is the case 
of supersonic flow over a cone, where the attached 
shock wave makes the surface pressure gradient zero 
[S]. With the help of Mangler’s transformation, the 
resulting heat transfer is shown to be J3 times larger 
than that on a flat plate at zero angle of attack. For 
subsonic flow over a cone, where for the external flow 
the relation U = Cx” applies, the effect of the cone 
geometry and of the surface pressure gradients would 
have to be included for realistic results, however. The 
exponent n is related to the included cone angle 24 as 

The segmented plate used in the present experiments 
lent itself well to experiments where individual flat 
segments had to be replaced by segments with 
protuberances, as shown in Figs. 2 and 3. 

Parameters investigated were air jets generated by 
nozzles of a diameter d = 3.18,6.35 and 9.52 mm with 
the nozzle-to-plate spacing, Z,/d, ranging from 5 to 20, 
with the nominal nozzle Reynolds number Re, 

= 14 000,26 000,54 000, and 67 000, based on the air 
properties at the nozzle exit. The nozzles used were 
108 mm long, and lip-equipped, with lip thickness, L, 

equal to d (Fig. 4) which were capable of producing a 
nearly flat velocity profile at the nozzle exit (U = 0.96~,,). 
They were insulated externally with tape to insure an 
adiabatic expansion. Air was supplied by a recipro- n = 0.0144454 + 0.4280874’ - 0.064447@ 
eating compressor with a large settling tank, passing 
through a filter, rotameter, plenum chamber, and the for 0 < 4 < n/4 (2) 

nozzle. Individually calibrated thermocouples were based on calculations in ref. [7]. Also, u = Uf’(n), etc., 

used throughout for all heat transfer measurements. where f(q) satisfies the continuity equation and the 
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FIG. 2. Segmented plate with protuberances, top and side 
views. 

momentum equation 

f”’ +fl” + [2n/(3 + n)]( 1 -f’2) = 0 (3) 

with f(0) = f’(0) = 0, and f’(a) = 1. The reduced 
coordinate r) is here 

r] = (y/x)[(3+n)Ux/2v]“2. (4) 

On letting 2n/(3 +n) = 8, equation (3) becomes 
identical with the Falkner-Skan equation. In terms of 
8, n = 3/3/(2 - 6) ; n/l is the included angle in the two- 
dimensional (2-D) potential flow over a wedge, with 
U = CX@‘(‘-~). Here, p reflects the effect of the free- 
stream pressure gradient. 

076mm 
diameter 

FIG. 3. Side view of plate with spike protuberance. 

I 
65 

_ 
2<Redx10m3<67 

FIG. 4. Lip-equipped nozzle detail ; velocity profile at nozzle 
exit. 

The reduced coordinate tl in equation (4) may also be 

expressed in terms of/i’ 

‘I = (~/x)J3c(~v)/(2 - 8)i 1’2. (5) 

It has a 2-D counterpart 

r = (YlXWXM(2 - m 1/z. (6) 

It is seen that ij = ~143. 
The corresponding energy equation is, for constant 

wall temperature and low-speed flow 

g” + Pr fg’ = 0 (7) 

with 0 = g(q); O(0) = 0, Q(co) = 1 if 0 = (T-T,)/ 
(T, - T,). Since q,,, = h( T, - T,), and h( T, - T,) = 
-k(Xr/ay),, the Nusselt number becomes here NM, 
= @x/k) = (g’)w*8q/ay, and there results, in the 
physical coordinates 

Nu, = (g’),J3 * Re;‘2(2 - j)- 1’2 (8) 

on using q from equation (5) in the case of flow over a 
cone,whiletheuseofequation(6)should bereservedfor 
the 2-D flow. Equation (8) shows that a mere change 
from the properly formulated, reduced coordinates to 
the physical coordinates, produced here results directly 
applicable to the axisymmetric flow over a cone, that 
can be evaluated with the help of the already available 
expressions for gk from 2-D Falkner-Skan flow [7]. 

A polynomial approximation for gk for Pr = 1 and 
0 < fi < 0.5 is 

g:, = 0.469600+0.217945~-0.158373~2. (9) 

Below are given examples on two well-known results. 
Thus, for Pr = 1, and letting Fr, = Nu,lRei’2, one 
obtains for p = 0: Fr, = 43(0.332057); for p = 0.5, 
gL = 0.538979, and Fr, = 0.762232, ‘which result is 
probably more accurate than the well-known 
Sibulkin’s formula for axisymmetric stagnation flow 
[4]. Using Evans’ data, for 0 < B < 0.5 and 
0.7 < Pr < 1.3, the Prandtl number dependence of gk 
may be expressed by multiplication of gL for Pr = 1 
with a factor Pr”.j5, with less than 1% error on the 
average. At p = 0, Prli3 may be used, while at b = 0.5, 
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Pro.38 produces better results, when used together with 
equation (8). 

In the problem at hand, n = 0.0139 according to 
equation (2), p = 0.00922, and Fr, = ,/3(0.332825), so 
that Fr, is here only slightly higher than for the 
corresponding supersonic cone flow. Thus, for a cone 
with 19” included angle, the heat transfer for low-speed 
flow will be still virtually identical to that on a flat plate 
times ,/3. Also, the expression for average heat transfer 
for a cone with a lateral surface height s will be, for air 
with Pr = 0.12 

fi, = (4/43) - 0.333Pr”3 Ref’* = 0.689Ref” (10) 

where s is 33.7 mm long here. In the present experiment, 
Re, = Re,(s/d), ranging from 5 x lo4 to 7 x 105, seemed 

to assure the laminar flow regime on the cone 
protuberance. 

EXPERIMENTAL TEST SETUP 

The experimental apparatus, whose general layout is 
shown in Fig. 1, was made up of a basic flat target plate 
of 152.4 mm diameter, heated from below by 
condensing steam at atmospheric pressure, generated 
in a boiler with an electric immersion heater. The plate 
itself, made of Invar, consisted of five concentric 
segments with a 11 .l mm diameter center cylinder, and 
was 14.4 mm deep. In the target plate, the center 
cylinder and the outer segment could be replaced 
selectively by either of the protuberances shown in Figs. 
2 and 3. Results obtained with the (flat) plate are shown 

‘b \ aRed= 
\ Plate with v =WCCO 

\ cane only D =26cm 

=26KO A 
=I4000 P 

6=9.52 mm 

4 8 14 20 

Z, /d 

FIG. 5. Stagnation point results with cone and ring 
protuberances used, as function of nozzle-to-plate spacing, 
Z./d, and comparison with flat plate results ; d = 9.52 mm. 

505 
a 4 8 I2 16 20 24 

Z,/d 

FIG. 6. Stagnation point results with cone and ring 
protuberances used, as function of nozzle-to-plate spacing, 
Z,/d, and comparison with flat plate results; d = 6.35 mm. 

elsewhere [9], while the effect of protuberances on local 
heat transfer on the segmented Invar plate is shown in 
Figs. 5-8. In the plate shown, the individual segments, 
separated from each other by a 1~6 mm air gap, sealed 
on top by a thin layer of silicone rubber, and equipped 
with thermocouples located 1.4 mm below the surface 
and at the base of each segment in the brass support 

plate, acted as calorimeters. Each segment had one 
bottom thermocouple ; while the center segment had 

only one top thermocouple, segments 1 and 2 each had 

Z,/d=5 

FIG. 7. Local distribution of heat transfer coefficients over a 
plate with protuberances and comparison with flat plate 
results; Nusselt numbers for plate with cone only, based on 
temperatures shown in Table 1, with M/N = 1.108, calculated 

according to equation (11 b). 



Heat transfer from impinging jets to a flat plate with conical and ring protuberances 2149 

& 

5”‘ z 

110 

100 

90 

80 

70 

60 

50 
cf:952 mm 

.7,/d 

40 

30 
. 

20 I I I I I I I 
IO 20 30 40 50 60 70 

Red x 10-S 

FIG. 8. Local effect of the ring protuberance on heat transfer on 
the outer segment. 

two top thermocouples, and segments 3-5 had three top 
thermocouples each, arranged symmetrically around 
the circle forming the mean radius of a particular 
segment. 

Thermal conductivity ofthe Invar used in fabricating 
the plate was tested separately [lo], and given as 
k, = 13.6+0.019(T-273.15) W m-l K-‘f3%. The 
cone and ring protuberances were made from AISI 302 
stainless steel, with k,ezss = 11.93 +O.l68(T- 300) 
W m-l K-l, taken from the literature. In testing the 
overall heat balance, a flat plate, geometrically similar 
to the one shown in Fig. 3, was also used for the 

purposes ofcomparison. This plate was fabricated from 
AISI 304 stainless steel. It was used to test 
experimentally the overall effectiveness of the 
protuberances in modifying heat transfer from 
impinging jets on a flat plate. The particular metals 
listed here were chosen for their relatively high 
resistance to oxidation and their ability to keep the 
original surface finish. Also, it is believed that they 
represent reasonably well the behavior of alloys used in 
typical applications of jet cooling. A few additional 
details of the present experimental test set-up may be 
found in ref. [9]. 

EXPERIMENTAL RESULTS 

The heat transfer coefficients were calculated from 
the relation 

’ = !$ (G-7;)/(Tw-T,J> 0 
T, = Tb+(17;-Tb)(M/N) (lla) 

that can be transformed for the one-step Nusselt 
number determination into 

Na, = C(~~pJ/(LN)l/‘C(T, - ‘GrMTb - T) - MINI 

Ulb) 

where &, was evaluated at T = )(‘I’,‘,- ii;), and Eair at 
T = %7& + TJ. Here, subscript b refers to the bottom 
thermocouple, t to the top thermocouple, with N the 

5 
652 A d 

316 v v 
4 

15 2 3 4 5 678 

A+& x o4 

FIG. 9. Analysis of stagnation point results for all three nozzle 
diameters, plotted as a function of Re,. Effects of plate 
geometry and nozzle diameter on local heat transfer. 

Comparison with theory (equation (10)). 

distance between IT; and Tb, and M that between T, and 
Tb, respectively. ;i; represents the average temperature 
for the given segment’s 7; readings. Equation (1 la) is 
based on the notion of heat conductance of a typical 
calorimeter as that of a solid prism of metal. Contact 
resistance at all points of contact was reduced by 
application of a layer of silver powder filled high- 

conductivity grease. 
In the present tests, the 11.1 mm diameter center 

segment had a 33.2 mm tall cone protuberance (Fig. 3), 
and the outer segment of the heat transfer plate was 
kept either flat or provided with an 18.8 mm ring 
protuberance (Fig. 2), to test their effect on the local and 
average heat transfer. The stagnation point results are 
shown in Figs. 5 and 6, as a function of the 
dimensionless target-to-plate spacings, 2,/d. With the 
cone protuberance only, nearly a 60% heat transfer 
increase took place, while with both protuberances, 
that increase amounted to nearly 80% at its maximum, 
at the stagnation point for Re, = 54000, for d = 9.52 
mm, in comparison with flat plate results. The 
corresponding local heat transfer shows a substantial 
decline away from the stagnation point, however, as 
seen from Fig. 7, where data ford = 9.52 mm are shown 

for comparison. The local effect of the ring 
protuberance is shown in Figs. 8 and 10. In Figs. 5-7,* 
data applicable for a flat plate are also shown. 

It is of interest to note that, when heat transfer- 

enhancing protuberances were used, the local heat 
transfer coefficient at the center of target plate was 
found to be very closely proportional to Re:/’ ; this fact 
indicates a typical laminar boundary-layer flow over 
the cone protuberance. The correlation, for cone 

* Some additional details ofdata that appear in Fig. 7 can be 
seen in Table 1. 
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FIG. 10. Analysis of heat transfer results for the outer segment 
with the ring protuberance. Comparison with the correspond- 
ing flat plate result: (a) flat plate; (b) d = 9.52 mm; (c) 

d = 6.35 mm ; (d) d = 3.18 mm. 

protuberance only, was found to be, for the data shown 
in Figs. 5 and 6, of the form 

Nn,,,, = K, Re;‘2(Z”/Z,)? (12a) 

NU ,,_, is based on the nozzle diameter and the heat 
transfer coefficient that would have been measured in 
the case of an equivalent flat cylindrical center segment 
without the protuberance, as calculated by equation 
(1 la). Equation (12a) is plotted in Fig. 9 and tabulated in 
Table 2. The index p is associated with the diameter of 
the nozzle used and the geometry of the protuberances. 
Thus, for d = 6.35 and 3.18 mm, the effect of recircu- 
lation provided by the ring is negligible, as K, = K, 
and K, = K,. Z,/d is the reference target-to-plate 
distance used for the particular nozzle diameter and 
the target geometry; (Z,/ZJq reduces data taken at 
various Z, values to a reference target-to-plate distance 
Z,, for the sake of a better comparison. It is seen that q 

gets smaller as recirculation is decreased (as one 
changes from the cone and ring protuberance geometry 
to one with cone protuberance only) and as the nozzle 
diameter size is reduced. 

To compare the present experimental results with the 
theoretical expression [equation (lo)] they had to be 
converted from being based on d to s (the length of the 
side of the cone used) as the significant length, and 
expressed as an average over the side surface of the 
cone. This is accomplished by multiplying K, in 
equation (12a) by the factor F, = d,,,J(2d~‘2s”2). Then, 
letting FpKp = K,*, this results in the final expression to 
be used for comparison in Table 2 

ad = Kf Re~i2(Z,/Z,)q. (12’4 

The magnitude of Re, <: 7 x 105, indicates still 
laminar flow here; division of the expression Y%i,* 
(Z,/ZJq from equation (12b) by equation (10) shows 
then to what degree the present results deviate from the 

theoretical laminar heat transfer in air over a cone. As 
could be expected, the deviation increases from 8% for 
d = 9.52 mm and the cone and ring geometry, to 34% 
ford = 3.18 mm, due to a decrease in flow velocity at the 
base of the cone and the inevitable flow separation 
there. Otherwise, the agreement between the theory 
(where heat transfer was based on constant wall 
temperature of the cone) and the experimental data is 
remarkably good. The present experimental results on 
heat transfer on the conical protuberance may be 
extrapolated even to a zero deviation between the thory 
and experiment, for a jet nozzle diameter being larger 
than, or equal to the cone diameter (a,,,, < a). The 
calculations, supported by the appropriate measure- 
ments, indicate clearly that a conical protuberance at 
the center of a flat target plate definitively increases the 
heat flux there. In general, the heat transfer data for the 
9.52 mm diameter nozzle show a similar agreement 
with the theory as the in-flight rocket data discussed by 
Knuth in ref. [ 1 I],* for example. The results in Table 2 

* Compare also discussion of similar results on p. 271 of ref. 

181. 

Table 1. Temperature distribution in plate with cone protuberance 

Re, x lO-4 1.4 2.6 5.4 6.7 
T,,, 301.5 301.4 299.0 299.1 

Segment 
No. T: Tb T1 Tb ?; Tb ?; Tb 

0 344.5 375.3 338.5 368.5 332.8 368.0 331.3 371.4 
1 356.2 369.4 350.5 368.0 344.9 367.2 342.8 370.4 
2 360.8 370.5 354.8 369.4 348.5 368.5 346.4 369.7 
3 363.3 371.2 358.4 370.4 352.1 369.4 350.3 368.6 
4 366.0 371.8 360.9 371.4 355.5 370.3 353.6 366.8 
5 367.8 372.3 365.1 371.8 361.4 371.3 359.8 361.1 

* Note : 7; is the average of two readings, for segments 1 and 2, and it is the 
average of three readings, for segments 3-5, symmetrically spaced over each 
segment. All temperatures, taken with copperxonstantan thermocouples in 
millivolts, have been converted to Kelvin. 
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Table 2. Effect of protuberances on heat transfer 

d, 
(mm) 

Comparison 
with theory, Geometry 

41 equation (lo), (C = cone, 

P KP Fp K: .&Id 4, = 0.428 (%) R = ring) 

9.52 1 2.05 0.310 0.636 5 0.6 92.3 C&R 
9.52 2 1.84 0.310 0.570 6 0.34 82.8 C only 
6.35 3 1.35 0.380 0.513 6 0.56 74.5 C&R 
6.35 4 1.35 0.380 0.513 6 0.3 1 74.5 C only 
3.18 5 0.85 0.536 0.456 6 0.53 66.1 C&R 
3.18 6 0.85 0.536 0.456 6 0.23 66.1 C only 

and Fig. 9 show the effect of recirculation on 
enhancement oflocal impingingjet heat transfer : as the 
ring protuberance directs air flow away from the target 
plate, the flow patterns of the air entrained by the jet 
become affected, with the resulting enhancement of 
stagnation point heat transfer with respect to the 
average heat flux. 

The local heat transfer at the outer segment is 
tabulated in Table 3, and is also shown in Figs. 8 and 10. 
It is an average of three readings taken at locations 120” 
apart, which is represented by an equation very similar 
to equation (12a) 

Nud,eq = K, Re~(~,/~,)” (13) 

obtained by the least squares method, with a 
correlation better than 98%. 

The equation constant K, decreases with the nozzle 
diameter used. The power of the Reynolds number, r, is 
larger for a plate equipped with a cone at the center than 
for the plate with both cone and ring protuberances, 
except for the 3.18 mm diameter nozzle. The average 
value of r here is 0.719, quite close to the experimentally 
obtained power ofthe Reynolds number for the average 
heat transfer on the entire plate in question (without 
protuberances), 0.7 [9]. The Z,/d dependence is also 
much less pronounced than at the center of plate (q2 
< ql). The experimental values in Fig. 10 do not show 
any definitive trends for the Z,/d dependence, but the 
observed powers of the nozzle Reynolds number 
indicate already turbulent flow, typical for a wall jet [ 1, 
21. From Fig. 8, the experimental heat transfer data in 
the wall jet region appear to be only marginally 

dependent on the target-to-plate spacing for ZJd -c 7 

also in the presence ofa sharp discontinuity, and may be 
represented by a single formula, for all three diameters 
tested 

Nu, = 0.902Re0,7’9 Pr”3(d/d,l)‘~o”. d (14) 

Equation (14) shows the effect of the nozzle diameter, d, 
on heat transfer on the outer segment of the target plate 
ofdiameter d,,, if d is varied and d,, stays constant. Also, 
except for a small difference in the numerical constant 
(0.902 vs 1.32) and the power of Red, equation (14) is 
identical with the expression for the average Nusselt 
number for a flat plate, for the same range of Red and 
Z,/d < 7 [9]. On the other hand, the flat plate results 
shown in Fig. 10 and summarized in Table 3 show that, 
in the absence of the ring protuberance, the outer 
segment heat transfer could be up to 35% higher, within 
the limits of the experimental error, estimated here with 
the help of equation (12b) as less than +8x. As an 
example of the present heat transfer calculations, the 
temperatures used in calculating the local heat transfer 
distribution, for the plate with the conical protuberance 
only, are shown in Table 1, with the corresponding 
Nusselt numbers plotted in Fig. 7. 

DISCUSSION OF EXPERIMENTAL RESULTS 

There exist few experimental data on laminar heat 
transfer over a cone (protuberance) at moderate 
velocities, as most published results have been obtained 
at high Mach number speeds (cf. for example, 
Bogdonoff and Vas [12] and Knuth [ll]). For many 

Table 3. Outer segment heat transfer 

4 
Nozzle 

(mm) P KP 

9.52 1 0.0630 0.658 16 -0.132 C&R 
9.52 2 0.0307 0.724 14 0.108 C only 
6.35 3 0.0305 0.695 16 0.116 C&R 
6.35 4 0.0129 0.776 20 0.164 C only 
3.18 5 0.00668 0.760 20 0.375 C&R 
3.18 6 0.0141 0.687 _- 0 C only 
9.52 7 0.0367 0.735 14 0.182 Flat plate 

Exponent 
of 

Re,, r Zold 
q2 

& = 0.116 

Geometry 
(C = cone, 
R = ring) 
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heat transfer applications, lower air speeds are 
desirable. The present experiments, with Re, < 7 x 105, 
show that heat transfer from jets impinging upon a 
conical protuberance follows reasonably well the 
trends to be expected from the laminar heat flow theory 
for flow over a cone, as shown in Fig. 9 and summarized 
in Table 2. In comparison, outer segment heat transfer 
data in Fig. 10 and in Table 3, show a decreased 

dependence of heat flux on the nozzle-to-plate spacing, 
as well as an increase in the applicable power of the 
Reynolds number in the resulting wall jet, trends that 

are similar to what could be also expected with jets 
impinging normally on a flat plate. There is a very 
noticeable increase in the heat flux at the spike 
protuberance, however. While the present experiments 

shed some light on the experimental verification on the 
theory of heat flow over a cone, they also show a 
practical way on how to increase the local heat transfer 
from impinging jets. 

Thus, heat transfer enhancers in the form of spike and 
ring protuberances may substantially increase the local 
transfer intensity, but at some expense to the local heat 
transfer elsewhere, depending on the range of the nozzle 
Reynolds numbers investigated. The total heat transfer 
may not benefit at all from the presence of local heat 
transfer enhancers and changes in the geometry of the 
target plate. An overall heat balance for a plate with and 
without protuberances has been made, with some of 
these results shown in Table 4, but the results are 
inconclusive. The net effect of protuberances, in- 
corporated into the segmented plate, has been a shift 
in local distribution of heat transfer intensity, but an 
overall heat transfer increase may have been prevented 
by formation of air pockets, due to the flow separation 
at the base of the ring protuberance. The elimination of 
‘pockets’ due to flow separation would further increase 
impinging jet heat transfer on a plate with pro- 
tuberances. Flow separation can also occur under 
certain circumstances at the base of the center spike 
protuberance. Fortunately, the extent of this separ- 
ation must be moderate, as the effect of cone 
protuberances on heat transfer here could be analyzed 
successfully with the help of laminar boundary-layer 
theory of flow over a cone. 

Mass transfer results have been very helpful in 
explanation of many impinging jet heat transfer 
phenomena [l, 21. It appears, however, that for the 
more complex geometries, for example, like those 

involving the use of protuberances, together with high 
Reynolds numbers, direct heat transfer measurements 
are a practical necessity, for producing experimental 
heat fluxes close to their theoretical limit. It is believed 
that for nozzles that differed more significantly in 
geometry (e.g. those equipped with sharp-edged 
orifices) the results could have been different. It is 
important to remember that the nozzles used in the 
present experiments were of the lip-equipped tube type 

that had relatively good flow characteristics, with a flat 
velocity profile at the exit, and were likely to resemble 
the ones used in some representative applications. They 
produced at the stagnation point heat flux that peaked 
upat Z JD z 7 (cf. also refs. [l-3]). The effect of Prandtl 
number is discussed in the appendix. Although the 
present experiments were carried out with air only, 
comparisons have been made with the theoretical 
results that show a dependence on the Prandtl number. 
It appears that the use of a term like Pr”’ in equation 
(10) is justifiable. Otherwise, the slenderness of the 
present conical protuberance is the reason why 
equation (10) shows a heat flux only 0.2% higher than 
that on a cone in supersonic flow, which result, as 
outlined in refs. [S, 111, is also independent of the cone 
angle. 

The present experimental results depend on two 
parameters, explicitly on the power 4, an index related 
to the strength of the standing toroidal vortex 
generated by the conical outer ring, and implicitely on 
the fin effect of both protuberances. The vortex 
generated by recirculation is obviously due to the 
presence of the outer ring, that increases the 
recirculation, viewed as proportional to q, by 80, 80, 
and 130%, respectively, for each of the three nozzle 
diameters used. It leads also to a systematic and 
substantial increase in the average heat transfer over 
the cone in the center of the plate. This complex flow 
pattern is suggested, for example, by Sommerfeld’s 
description of vortices associated with an ideal jet [ 131, 
and by the ‘smoke wire’ photographs of impinging real 
jets taken by Popiel and Trass [ 141. The phenomenon 
of recirculation is a complex one and merits a separate 
investigation. 

The fin effect of the protuberances used should be 
viewed as an enhancement of heat transfer when 
compared with a flat surface of the plate made of the 
same material, except when flow is separated. It is felt 
that the results obtained are more representative of the 

Table 4. Comparison of heat losses through surface of plate (Q,) with overall heat 
balance results (Q,): nozzle diameter, 9.52 mm 

.&Id Red Type of plate (@) ($) 

4 67000 Flat, made of 304 SS 304 327 
7 54000 Flat, made of 304 SS 245 229 
4 67ooO With conical protuberance, lnvar 286 285 
7 54000 With conical protuberance, Invar 254 257 

Note : Q2 = QheaLer - Q,,,., lDst - QinJui.,ion. 
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effects of impinging jets on heat transfer for the 
geometry at hand, than of the fins made ofmaterial with 
a given thermal conductivity. It is believed that the 
present experiments, the first ones of their kind, shall 
eventually lead to a more detailed investigation of the 
various phenomena described in the present paper. 

An investigation of the fin effect of the conical 
protuberance was carried out. The resulting equation 
was very complicated, and it was decided, therefore, to 
postpone the detailed investigation of the conical fin 
protuberanceeffect on heat transfer from the impinging 
jets to some future time, to be included in a separate 

paper. 

CONCLUSIONS 

Experimental results for heat transfer between a flat 
plate with protuberances, and impinging, turbulent, 
cold air jets have been presented, for conditions 
applicable both inside and outside of the potential core. 
The results show a substantial increase in the 
stagnation point heat transfer, as well as some local 
heat transfer decrease under the ring protuberance. 

For heat transfer at the spike protuberance, the 
experimentally obtained Nusselt number has been 
found to be reasonably close to an expression obtained 
through Mangler’s transformation of the associated 
flat-plate Aow problem. The average heat transfer for 
the entire target plate was found to be relatively little 
influenced by the protuberances used. The effects of the 
present heat transfer enhancers were demonstrated as 
conducive to a more vigorous spot cooling, however. 
Research still needs to be done on the basic mechanism 
of augmentation of heat fluxes resulting from 
impinging jets, for the most effective spot cooling. 
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APPENDIX 

EFFECT OF PRANDTL NUMBER ON HEAT 
TRANSFER FROM JETS 

The effect of Prandtl number on heat transfer from 
impinging jets is often expressed in the form Pr”. Sibulkin’s 
theoretical result [4] has m = 0.4; ref. Cl] suggests m = 0.36 
0.37. Schrader [lS] obtained m = 0.34 from his own mass- 
transfer results (for the average of stagnation region and wall- 
jet results). He also mentions that Sherwood found m = l/3 
based on the survey of a large number of flat plate mass- 
transfer data. In this paper m = l/3 is used for cases with a zero 
pressure gradient (/? = 0), and m = 0.38 is suggested for 
B = 0.5, with fi = 0.35 for 0 < B < 0.5. based on calculations 
of g:, in ref. [7]. Therefore, for small p values, corresponding 
to flow over a slender cone, m = l/3 appears to be appropri- 
ate, for Prandtl numbers in the range of 0.7-1.3. 

TRANSFERT THERMIQUE POUR DES JETS FRAPPANT UNE PLAQUE PLANE 
AVEC DES PROTUBERANCES CONIQUES ET ANNULAIRES 

RbumC-On conduit une recherche exptrimentale sur le transfert thermique pour des jets ronds qui frappent 
normalement une plaque plane munie de protutirances augmentant le transfert thermique, pour des nombres 
de Reynolds allant de 14000 B 67000 et des diamktres d’orifice entre 3,18 et 9,52 mm. Les mesures au point 
d’arret indiquent un tcoulement laminaire et un accroissement de transfert thermique dd $ I’introduction de la 
protubkrance pointue ; la protutirance annulaire r&duit quelque peu le transfert de chaleur. Les donnies sont 

corrtlkes au moyen de l’analyse dimensionnelle et comparees avec la thtorie de 1’Bcoulement conique. 
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DER WARMEtiBERGANG VON PRALLSTRAHLEN AN EINE EBENE PLATTE 
MIT KONISCHEN UND RINGFGRMIGEN ERHEBUNGEN 

Zusammenfassung-Eine experimentelle Untersuchung des Wlrmeiiberganges von runden Strahlen, die 
senkrecht auf eine ebene Platte mit austauschbaren, den Warmeiibergang erhiihenden Erhebungen treffen, 
wurde fur Reynoldszahlen zwischen 14000 und 67000 und Diisendurchmesser von 3.18 bis 9.52 mm 
durchgefiihrt und die dazugehiirige Literatur gesichtet. Die experimentellen Daten am Staupunkt zeigten 
laminare Striimung an. Der Warmeiibergang am Staupunkt wurde durch die konischen Erhebungen 
wesentlich erhiiht, wihrend sich bei den ringformigen Erhebungen eine geringfiigige Erniedrigung des lokalen 
Wlrmestromes einstellte. Dte Daten wurden mit Hilfe der Dimensionsanalyse korreliert und mit der Theorie 

der konischen Stromung verglichen. 

TEHJIOIIEPEHOC OT Y~APIIIOIIJMXCII CTPYH K IlJlOCKOH IlJlACTMHE C 
UlEPOXOBATOCTbKl B @OPME KOHMqECKMX II KPYl-JIbIX BblCTYHOB 

AHHoTa~Ha~~~lpoBeneHo ?KCIlepwMeHra.lbHoe MCC:le:LOBaHMe Ilepekioca lelula 01 KpyrxblX crpyi?, 

I,ilUd,O",HX l,OLl IlpRMbN yr,IOM Hil IIJIOCKytO ILl~CTHHy. Hil KOlOpOti IIOMeUWlWCb CMeHHble 3jleMeHIbl 

U,epOXOBilTOCW MHTeHCH+Wfpy,NUMe TellJlOnepeHOC. ,&lH 06?Op OIIy6JIMKOB~HHblX ,WHHblX &1R 

CnyW‘2B.B KOrOpblX YMC."O Pe~HO.lb~C~ W?MeHR,TOCb B Lll(illlilSOHe 01 l-i000 SO 67000 M LWiMeTpOB 
c011.x 0T 3.1X ~0 9.52 MM. 3KcllepHMeHranbtcbie mHHbie. noJly~teHHble B Iowe loph4oxeHtin. cBwe- 

Wi,bCTBy,OT 0 ,Iil,MMH;IpHOM XLipaKTepe TeLleHMn M 0 3HiIWre,TbHOii MHTCHCM~HKLWIH TelL'IOnepeHOC~i 

"p" NCIIOJlb'3OB~illHM BblCIyllOB OCrpOi? KOHWleCKOti IUepOXOBaTOClH: Kpyr3ble BblCIyllbl HeCKOlbKO 

CHMWJTM Be:IWIHHy 1101iiljlbHOrO IellJlOBOrO IIOlOKil. nOAyWHHbIe ililHHble pmMilTpHB&IWCb l:iKN 

C ,,OMOU,b,O 3HilllH'3i, pa3MepHOCTefi H CpiiB"HBiL7HCb C pe3y,,b,~ll~,MH. ,lO:ly',e""b,M,, MS peUleHMS4 


