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Abstract-Surface temperature and heat flux distributions have been measured on a flat, upward facing, 
constant heat flux surface cooled by a planar, impinging water jet. Data are presented for jet velocities 
between I .8 and 4.5 m s- ‘, fluid temperatures of 30, 40 and 50 C and heat fluxes between 0.25 and 1.00 
MW m ‘. Appropriate length and velocity scales are idcntilied. and results for the stagnation and boundary 
layer flows are correlated by expressions of the form Nu = C Rc” Pr”‘. Measured stagnation convection 
coefIicicnts exceed those predicted by a laminar flow analysis, and differences are attributed to the existence 
of free stream turbulence. Data are sensitive to variations in the stagnation line velocity gradient and the 
Prandtl number. which are known to affect the enhancement of stagnation flow heat transfer when there 

is free stream turbulence. 

INTRODUCTION 

PLANAR jCtS of water are widely used to cool steel strip 
from hot rolling to coiling temperatures, and liquid 
jets arc well suited for dissipating heat generated by 
microelectronic circuits. However, although transport 
processes in impinging gas jets have been studied 
extensively, the data base and predictive methods for 
liquid jets are relatively undeveloped. Clearly, opti- 
mization of current applications and the development 
of future applications for liquid jet cooling will require 
an improved knowledge of transport processes in 
impinging liquid jets. Although dimensional analysis 
suggests that liquid jet cooling can be estimated with 
existing gas jet correlations, experimental verification 
is required. Moreover, gas jet correlations can be 
applied only to submerged liquid jets. 

A submerged jet issues into a miscible fluid of simi- 
lar density and viscosity, and vigorous momentum 
exchange results in expansion of the jet, a reduction in 
the jet velocity, and turbulation of the fluid. Examples 
include gas jets in a gaseous ambient and liquid jets 
in a liquid ambient. In contrast, propagation of a free- 
surface jet is virtually unimpeded by an immiscible 
ambient fluid of substantially lower density and vis- 

cosity, and jet momentum can be efficiently delivered 
to and redirected along a solid surface. A fret-surface 
jet is also subject to acceleration by gravity, with a 
corresponding reduction or increase in the jet cross- 
sectional area. 

Stagnation heat transfer to an impinging jet has 
been modeled under the simplifying assumptions of a 

t Current address : IBM Corporation. Advanced Thermal 
Lab, Department 802, Building 701. Boardman Road, 
Poughkcepsie. NY 12602, U.S.A. 

laminar and uniform flow in the free stream. A planar 

jet impinging on a flat surface resembles the wedge or 
Falkner-Skan class of self similar laminar boundary 
layer flows. A similarity transformation permits solu- 
tion of the momentum boundary layer equation for 
flow over a wedge in which the free stream velocity is 
parallel to the wedge axis [I]. Computed wedge flow 
velocity profiles [2] have been used to develop solu- 
tions to the boundary layer energy equation for sev- 
eral thermal boundary conditions [3, 41. Hiemcnz [5] 
derived a local solution to the Navier-Stokes equa- 
tions, valid only in a small but finite region near the 
stagnation point of a two-dimensional laminar flow 
on an arbitrary two-dimensional body. This analysis 
may be applied without hesitation near the stagnation 
line of a finite width, planar jet impinging on a flat 
plate. In contrast. because this flow is not uniform, 
the Falkner-Skan analysis is not precisely applicable. 
However. when /I = I (an interior wedge angle of rc), 
the Hiemenz equation and boundary conditions are 
identical to those of the Falkner-Skan flow. Hence, 
the similarity analysis for laminar flow impinging on 
an open wedge does apply near the stagnation line, 
even though the analysis does not apply downstream. 
Existing solutions to the wedge flow problem may 
therefore be used to obtain the stagnation line heat 
transfer coefficient. 

Levy [3] has shown that heat transfer coefficients 
for Falkner-Skan flow over constant temperature and 
heat flux surfaces are the same when fl = 1. This result 
permits use of Evan’s analysis [4] for a constant sur- 
face temperature to predict the stagnation flow heat 
transfer on a uniform heat flux surface. Evans reports 
constant values of Nu,/Re$’ for Prandtl numbers 
between 0.7 and IO. These values are closely approxi- 
mated by 
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NOMENCLATURE 

velocity gradient. du,/d.r 
specific heat 
diameter of a circular heated area 
diameter of a circular nozzle 
wire diameter 

volume flow rate 
nozzle discharge to heater spacing 

heat transfer coefficient 
thermal conductivity of fluid 
Nussclt number. hi/k, 

Nussclt number, h/k, 

Nu, for a flow with zero free stream 

turbulence, equation (4) 
Nusselt number. hr,.k, 
Nusselt number, /x/k, 
Prandtl number. pc,,/k, 
heat flux 
nozzle Reynolds number, V,& 
jet Reynolds number, V,rc,/r 
nozzle Reynolds number, V,,~r,,i\, 
plate Reynolds number based on jet 
velocity, V,r/\, 

plate Reynolds number based on jet 
velocity, V,.U/I 

plate Reynolds number based on local 
velocity, u,.Y!\’ 

Re,.,, critical Reynolds numbers 
radial coordinate mcasurcd from the 
stagnation point of a circular jet ; 
exponent controlling heat flux 
distribution 

Stanton number, Nu/(Re Pr) 

fluid temperature 

surface temperature 
turbulcncc intensity 
.l--component of velocity 
local free stream value of u, U(S. a(.~)) 
velocity of the impinging jet 
jet velocity at the nozzle discharge 
width of the impinging jet 

jet width at the nozzle discharge 
streamwisc position measured from the 
stagnation plane 
value of .Y for incipient boundary layer 
turbulence 
coordinate normal to the heated surface. 

Greek symbols 

P measure of interior wedge angle for a 
Falkner-Skan flow; velocity 
distribution parameter, 2~n;(m + I) 
where nz = (.~;u,,)(dtr,):d.~) 

“1 i cxponcnt controlling temperature 
distribution 

6 velocity boundary layer thickness ; 
uncertainty interval 

(5, thermal boundary layer thickness 

/1 dynamic viscosity 
I’ kinematic viscosity 
to, vorticity associated with free stream 

turbulence 

(‘),,p vorticity not in the orientation preferred 
for amplification 

(J$ vorticity in the orientation preferred for 
amplitication. 

The coefficient (0.569) and Prandtl number exponent 
(0.376) were evaluated by forcing the function to agree 
with the theoretical results of Evans [4]. The Falkner 
Skan and Hiemenz analyses assume U, = C-Y, where 
C is the velocity gradient duJd.u. When primitive 
variables are substituted for the Nusselt and Reynolds 
numbers, the heat transfer coefficient is shown to be 
independent of position (Table I). 

Local heat transfer downstream of the stagnation 
region has been predicted by boundary layer analyses 
[6-81. The boundary layer equations are readily solved 
once the streamwise pressure variation is known. Press- 
ure in the velocity boundary layer has been evaluated 
by solving Euler’s equation for momentum transport 
in the inviscid free stream [6, 71; the pressure field has 
also been determined experimentally [7, 81. Schach [9, 
IO] studied the streamwise pressure distribution at the 

wall for impinging circular and planar jets. The flow 
field and pressure distribution were evaluated by solv- 
ing Euler’s equation for an impinging slug flow, and 
results agreed with computed values to within k 2%. 

The analysis of Inada rr ul. [7] is based on the 
assumption that the local heat transfer coefficient at 
a distance .\-/n; from the stagnation line is equivalent 
to that for a wedge flow having the same velocity 
gradient (du,,/d.u) at the same distance from the stag- 
nation lint. Levy [3] has dcrivcd an cxprcssion for 
the wedge flow Nusselt number for power function 
variations of free stream velocity (wedge flows) and 
tcmpcrature or heat flux. Inada et d. [7] used Strand’s 
[l I] analysis of velocity fields in a planar impinging 
jet to compute equivalent values of /I for flow at the 
position s/rc,. They predicted local heat transfer in the 
laminar boundary layer by supplying a local value of 
fi to Levy’s result. The model shows that heat transfer 
is affected strongly as the nozzle is moved in close 
proximity to the plate. Values of H/w, < 5 caused 
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the maximum heat transfer coefficient to occur near 

.X$V” = 0.5, instead of at the s~gnation line. Movc- 

ment of the nozzle beyond tjj~~, = 5 had little effect 

on the local heat transfer coefficient. Miyazaki and 
Silberman [6] corroborated this result. 

Metzger et al. [12] measured the stagnation heat 
transfer to impinging, circular water and oil jets, and 
data were correlated by a least squares fit. Hatta et 
al. [13] performed quenching experiments in which a 
circular water jet cools a steel plate from 900 C, and 
radial variations in the non-boiling convection 
coefficients were correlated. Measured impingement 
cooling data for planar jets have also been reported 
17, 8. L&16]. fshigai pr al. 1141 plotted the results of 
their steady and quenching experiments but did not 
suggest a correlation. Miyasaka and lnada [ 151 
reported the stagnation line convection coefficient 
as 12 = l.O3P~‘*‘k,(C/v)‘,’ for lo’< Re, < 1.4x IO’. 
The coefficient predicted by laminar boundary layer 
analysis is 0.569 (equation (I)). Later, however, stag- 
nation line data generated by Inada et rd. [7] with the 
same heat source and Rc, = 940 was in agreement 
with the authors’ aforementioned analytical model. 
Only McMurray et (I(. [16] and Zutnbrunnen ct nl. 

[ 171 reported laminar convection coefficient data 
dowllstrealn of the stagnation line. Miyasaka and 
Inada 1151 and MeMurray ct al. [16/ measured heat 
transfer in the turbulent boundary layer. The cor- 
relations are sumtnarized in Table 1. 

Measured stagnation line convection coefficients 
are in poor agreement with the analytical solution for 
a laminar, impinging jet. Data reported by different 

investigators are also not in agreement. Exper- 
imentalists have shown that, when the pressure gradi- 
ent in a boundary layer flow is zero, increased free 
stream turbulence has no influence on heat transfer 
other than reduction of the critical Reynolds number 

[ 18-201. When a pressure gradient is present, however, 
free stream turbulence can enhance heat transfer in 
the laminar boundary layer by amounts ranging from 
a few percent to more than double [20-221. The 
phenomenon is most commonly observed in stag- 
nation flows, since the pressure gradient can bc large 
in the stagnation region. Increasing the fret stream 
turbulence intensity from 0 to 3% can cause an 80% 
increase in the stagnation heat transfer from a cylinder 
in cross flow [21, 23-261. Similar results arc reported 
for the stagnation region of impinging jets [27-B]. 

Experimental data consistently show that an increase 
in the free stream turbulence intensity increases the 
enhancement factor, which is a multiplier for the lami- 
nar solution that will yield the measured result. 

Kestin [21] makes a dimensional argument that. in 
addition to the Reynolds number, turbulence intensity 
and scale must be matched in order to achieve 

dynamic similitude in a turb~llent flow. When the tur- 
bulence scale is small with respect to an appropriate 
length scale, such as boundary layer thickness, he 

Table 1. Summary of studies addressing heat transfer to an impinging free-surface jet 

Problem 
Authors studied Result Comments 

.._~_ -_- 

Laminar boundary layer 

Levy ]31 P, W, A /I = os69x-~(C;v) 2 Pr” I’& osimilarity solution 
Miyasaka P, S, E, H h = l.O3k,(C/r~)’ ’ Pr’,’ . I,‘, = I cm 

and Inade [I 51 
Levy [3] and P. L, A Nrr, = C(;, /i)Re$’ Pr”“” 

Inada CI al. [7] 
l C(y, [J) and n@) are unique to H/jr; 
*valid for r,, = As’ or y = Dr’ where 

f’= ~-[(l-~)~(2-~)] 
l when SW 2, 5 and r = 0. I 2 fl 2 0 

[C(l) = 0.571 > C(S) > [C(O) = 0.461 

Miydzaki and 
[WI(l) = 0.381 > m(B) > [W(O) = 0.341 

P, L, A, T Nui = f’(.x/‘w,)Re,l~ l boundary layer analysis 
Silberman ]6] 

Nu, = 0,73Rc!, Pr ’ ’ 
l ,f’(xitr,) is unique to ff/Lc, and Pr 

McMurray ct ui. P, L. E, H 

[I61 
l 117, = 0.64 cm 
e0.7 G Pr < IO 

Zumbrunnen P, L, E, Q NUT =./(.y/w,)Rey Pr”’ 
CI ni. (8. 171 

l when 14; = I cm. n = 0.608 and 
L/‘(O) = 0.331 &.f’(s/lr;) > [.f(lO) = 0.109] 

*when IV, = 2.03 cm, n = 0.666 and 

Metzger ct ui. C, Av. E, T Ntk,, = 2.74Rc:; “’ I+” 4x7(~l/5)‘~ 774 
[.l’(O, = 0.1491 > l‘(.XiW,) > L/(S) = 0.060] 

l 3 < r<:D < 25 

1121 *partial boundary layer turbulence is 
likely for large ri!D 

Turbulent boundary layer 
Hatta et LI/. C. L. E, Q NII, = 0.063Rr,nX Pu’ ’ ad-= I cm 

1131 
Miyasaka and P, L, E, H Nu, = O.O33Ra:.’ Pr”’ 

Inada [15] 
o based only on data for .uju; = 2.5 
*unheated upstream flow 

McMurray et ai. P. L, E. H Nu, = 0.037Rr$X Pr’ ’ 

[I61 

P, Planar jet ; C. circular jet; W, wedge flow results; S, stagnation line result ; L, local result; Av. average result ; A. 
analYtica study ; E. experimental study; H, uniform heat flux ; T, uniform temperature ; Q, quench. 
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argues that the time averaged effect of turbulence scale 
on the local transport of mass. momentum, cncrgy 
and species is negligible. For such cases Kestin con- 
cludes that the Nusselt number is a function of the 
Reynolds number, Prandtl number and free stream 
turbulence intensity, Nu = f’(Re. I+, Tu). This result 
has been widely affirmed by experimentalists, who have 
shown that functions of the form (Nu!Nu,,) = 
I +,f’(Rp Tu) and (Nu:‘Rr’ ‘) = f’(Tu Re”‘) arc suit- 
able for correlating data [25. 30, 3 I]. 

Interaction between the laminar boundary layer 
and oscillations in the free stream was proposed by 
early investigators as the mechanism for sensitizing 
stagnation flow heat transfer to free stream turbu- 
lencc. Analyses ofa laminar boundary layer with two- 
dimensional, harmonic oscillations in the free stream 
did not predict. however. cxpcrimentally observed 

increases in heat transfer rclativc to values for steady. 
laminar stagnation flow [2l, 32-341. Sutcra CI al. [35] 
proposed that the mechanism for enhanccmcnt of 
stagnation flow heat transfer is amplification of vor- 
ticity caused by the stretching of vortex lines in the 
diverging Row. They developed a mathematical model 
for the case of steady, spatially periodic vorticity that 
is oriented parallel to the streamlines near the solid 
boundary. Only vorticity with this orientation will be 

amplified by stretching [5]. Sutcra et al. predicted 
sensitivity of shear stress and heat transfer to the free 

stream vorticity. The effect on heat transfer was much 
greater than on shear stress. One calculation 
(Pr = 0.74) predicted only a 5% incrcasc in shear 
stress when the heat transfer was increased by 26% 
over the case of no vorticity. This behavior is in agrcc- 
mcnt with results from the experimental portion of 
Sutera et d.‘s study. Others have also conhrmcd 

Sutera cut n/.‘s result [36-391. 
Linear and non-linear stability analyses have been 

used to show that longitudinal vortices are gcncrated 
when free stream vortex lines that are oriented in the 
same direction as the flow acceleration arc amplified 
by stretching [40-42]. The existence of counter rotat- 
ing longitudinal vortices lying close to but outside 
of the laminar stagnation boundary layer has been 
verified by flow visualization for laminar impinging 
jets [40. 431. VanFosscn and Simoneau [43] have 
shown that flow in the boundary layer between the 
longitudinal vortices and the wall is thrcc-dimcn- 
sional. Sheets of temperature sensitive liquid crystal 
were used to show variations in the surface tcmpera- 
ture. Fluid was either directed toward or away from 
the wall between vortices, depending on the direction 
of rotation. The wall temperature was lowest, indi- 
cating a larger convection cocfficicnt, where the vor- 
tices swept fluid toward the wall. However, since vor- 
ticity in a turbulent flow is unsteady in amplitude and 
orientation, the results of idealized studies involving 
steady vorticity cannot bc applied directly to predict 
heat transfer to an impinging jet with free stream 
turbulence. 

Experimentalists have cstabhshed a phenomeno- 

logical relationship between the convection coeffi- 
cient in a laminar boundary layer with a pressure 
gradient and the free stream turbulence intensity. The 
pressure gradient is an important parameter because 
it is coupled to the velocity gradient in the free stream 
through Euler’s equation. Free stream turbulence has 
no effect on heat transfer in a laminar boundary layer 
in the abscncc of a velocity gradient because the 
stretching and amplification of vorticity in the flow 
is caused by acceleration of the flow field along the 
length of a vortex line. 

Sutera [36] has shown that the Prandtl number also 
affects the sensitivity of heat transfer in the laminar, 
stagnation boundary layer to free stream vorticity. 
The sensitivity was greater for Pr = 7 than for 
Pr = 0.7 or 100. In the limit of very large or very small 
Prandtl number, the effect of vorticity amplification 
on stagnation flow heat transfer is small. When Pr + 

0, the thermal boundary layer is much thicker than 
the hydrodynamic boundary layer (8, >> 6). and since 
the temperature gradient near r = 6 is small, vortex 
induced mixing at this location will have little effect 
on heat transfer. As the Prdndtl number increases and 
the thermal boundary layer thins, the sensitivity of 
heat transfer to perturbations of the velocity field 
caused by amplitied free stream vorticity increases. 
Enhancement of impingement cooling does not. how- 
ever, increase monotonically with Prandtl number. 

When Pr + x8. the thermal boundary layer is much 
thinner than the hydrodynamic boundary layer 
(6, << 6). Heat transfer will take place in 2: thin layer 
of fluid that is adjacent to the wall and well removed 
from vortex induced flow disturbances that lie near 
)’ = 6. 

This study addresses steady heat transfer from a 
uniform heat flux surface to a planar, free-surface 

water jet. The objectives are to (I) extend the data 
base, which was previously limited to McMurray et 
d.‘s study, (2) reconcile differences in the length scales 
that have been chosen for various impingement cool- 
ing studies, and (3) examine the data for sensitiv- 
ity to free stream turbulence parameters that theory 
and gas jet data suggest will affect heat transfer. 

EXPERIMENTAL METHODS 

Heat transfer to an impinging water jet was com- 
puted from measured temperature. power and flow 
data. To facilitate thcsc measurements. thin plate 
heaters were made from 304 stainless steel and Haynes 
alloy number 230, H (Fig. I). Each plate was 260 mm 
long and 35.7 mm wide. The thickness was 0.381 mm 
for the 304 stainless steel and 0.635 mm for the Haynes 
230. A I I9 mm long portion of the plate was heated 
by an electric current. and when installed in the heater 
module, the plate was placed in tension to inhibit 
buckling (B, C). Air jets (A) prevent fluid from pass- 
ing through the sliding contact between the hcatcr (G) 
and the enclosure on which it rests (K). 

A cartridge-like measurement module (Fig. 2) was 
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A. Plenum and Slot Jet 
B. Male Dovetail 
C. Female Dovetail 
D. Mounting Block 
E. Flexible Connector 
F. Rigid Connector 
G. Heater 
H. Bracket 
I. Movin 

g 
End Power Lug 

J. Fixed nd Power Lug 
K. Dryside Enclosure 

FIG. I Assembly drawing of the heater module. 

designed for insertion into the cavity below the heater 

plate (Fig. 1). Temperatures were measured by spring 
loaded thermocouples at the dry face of the heater. 
The thermocouples were positioned at 5.08 mm inter- 
vals along a line that is parallel to the direction of 
fluid flow and is centered between the edges of the 
plate (Fig. 3). A metal filled silicone paste reduces 
thermal contact resistance between the thermocouple 
junction and the heater. The paste also clcctrically 

isolates the thermocouple circuits from the heater. 
Substrates A and B (Fig. 2), which were pressed 
against the heater by springs, insulated the dry face 

A. Alumina Felt Substrate 
B. Lava Substrate 
C Bakellte Substrate 
D Bakellte Mountlng Block 
E Alumina Tube 
F. Brass Cyknder 
G. Sprmg 

(to load a thermocouple) 
H. Bakellfe Cyknder 
I. set screw 

(to set the thermocouple loadlng) 
J Spnng 

(to load substrates ARC) 
K Substrate Guide Pins 
L set screw 

(to wan substrates ARC) 
M Threaded Insert 
N. Cap Screw 

(to 101” substrates B and C) 

I-‘IG. 2. Assembly drawing of the apparatus for measuring 
the temperature distribution and voltage drop at the heater 

surface. 

of the heater so that the corresponding surface heat 

flux was small compared to the heat flux at the wetted 

face. The temperature and heat flux at the wetted face 
were found by solving the steady heat equation for 

the plate. 
Heat dissipation in the plate was controlled with a 

d.c. power supply, the peak output of which was 15 
kW (I 500 A and IO V). The Joulean heat generation 
term in the energy equation for the plate was com- 
puted from the voltage drop across the heated section 
and the electrical resistivity of the heater material. The 
voltage drop across the heater was measured by a 
differential probe positioned along the heater midline 

Characterizing heat transfer to the impinging jet 
requires knowledge of the jet’s temperature, velocity. 

width and thermophysical properties. The jet tem- 
perature, which was controlled by a heater and 
cooling coil in the water reservoir, was measured in a 
plenum directly above the nozzle entrance. The flow 

system could deliver between I and 7 I s-’ at tem- 
peratures between 20 and 60°C through a IO.2 mm by 
105 mm nozzle discharge. A convergent nozzle, with 

a honeycomb straightener at the entrance was used 
to minimize turbulence in the flow. Jet velocity and 
width were corrected for the effects of gravitational 
acceleration between the nozzle discharge and the 
impingement surface. Although the nozzle width was 
10.2 mm for all experiments, the impinging jet width 
varied between 6.9 and 9.7 mm. The measurement 
system and data reduction procedures are described 

in detail elsewhere [44,45]. 
The standard procedure for computing exper- 

imental uncertainty in single sample experiments [46] 
was applied to the conditions of this study, and un- 
certainties for the quantities of interest are as fol- 
lows: convection coefficient, 100(&/h) = + 12% ; Nus- 
selt number, 100(6Nu/Nu) z + 12%; jet velocity. 
100(6V,/V,) z +3%;jetwidth, lOo(Srr,/~;) z f3%; 
Reynolds number, 100(6Re,/Re,) z +5%, and 
100(6Rr,./Re,e) t-z f 5%. The uncertainties are based 
on 20: I odds and do not account for variations 
caused by system specific parameters, such as free 
stream turbulence intensity. Convection heat transfer 
data were repeatable to within t_ 5%. well within the 
uncertainty band. 

RESULTS AND DISCUSSION 

Impingement cooling data have been gathered over 
the full range of experimental conditions permitted by 
the apparatus. Convection heat transfer is influenced 
by controllable independent variables such as jet vel- 
ocity, fluid temperature and heat flux. as well as by 
other parameters such as free stream turbulence. 
Results of this study focus on non-boiling convection 
data and are concerned with delineating important 
heat transfer mechanisms in terms of the controlled 
variables, q”, V, and T,r, and the free stream turbu- 
lence, which varied but was not controlled. 
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THERMOCOUPLE 
I 

2.54 mm 
I II 

J-L 
I r-1 

5.08 mm 
VOLTAGE PROBE 

____I__!__. 

35.7 mm 

NOZZLE 

wj /2 
FREE SURFACE /I 

FIG 3. Schematic diagram of the experiment 

Surface temperature variations depicted in Figs. 4 
and 5 are typical for non-boiling impingement 
cooling. The symbols represent reduced data points 
corresponding to the position X/N’, of temperature 
sensors placed on the insulated face of the heater. 
Prior to solving the heat equation for the heater plate, 
measured tcmperaturcs wcrc smoothed by a least 
squares cubic spline fit. 

Since the flow velocity is zero at the stagnation line, 
the boundary layer immediately downstream of that 
line will be laminar. Heat is added to the fluid as it 
moves away from the stagnation line. causing the 
thermal boundary layer thickness and the resistance 
to heat transfer between the surface and the free 

50 

40 

g 30 

F 
+ '. 

20 

10 

0 
0 2 4 6 8 10 

stream to incrcasc. Hence, with a nearly uniform heat 
flux, the surface temperature must increase with 
increasing s!l~~,. if the boundary layer remains 
laminar. Boundary layer turbulence is initiated by free 
stream flow disturbances. surface roughness, acoustic 
noise, trip wires or other sources. and transition con- 
sists of a sequence of events which arc distributed in 
the strcamwise direction. Boundary layer turbulence 
enhances fluid mixing near the wall, thereby increasing 
local heat transfer. 

Surface temperatures between the onset and com- 
pletion of the transition to a fully turbulent boundary 
layer are afTected by a turbulence induced increase in 
the local convection coefficient. Growth of the thermal 
boundary layer as heat is added to the flow continues 

FIG. 5. Etl’ect ofjet temperature on local surface temperature 
when (1” = 0.25 MW m- ’ and V, = 2.5 m s ‘. 
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to be a mechanism for increased impedance to heat 
transfer. Turbulent mixing, however, becomes in- 
creasingly vigorous in the streamwise direction, act- 
ing to reduce the impedance to heat transfer by 
increasing the rate at which fluid near the wall is 
exchanged with fluid in the free stream. 

Incipience of the transition to turbulence is marked 
by a reduction in the streamwise rate of surface tem- 
perature increase. When turbulent mixing near the 
wall becomes sufficiently vigorous to reduce the resist- 
ance to heat transfer across the thermal boundary 
layer, the surhtce temperature declines from a local 
maximum. The rate of decline depends on how rapidly 
turbulent mixing increases, and the surface tem- 

perature continues to decrease until the flow is fully 
turbulent. As streamwise increases in turbulent mixing 
near the wall diminish, the resistance to heat transfer 
between the wall and the free stream, and hence the 

surface temperature, increases. 
Although a local maximum and minimum in tem- 

perature do not correspond exactly to incipience and 
full development of a turbulent boundary layer, they 
are commonly used to estimate these events. A unique 
(critical) value of the Reynolds number, Re,.,, = 

u,,.Y,/v, should indicate the onset of boundary layer 
turbulence. As the jet velocity increases, Re,.,c can 
only be constant if the position for transition, -u,,/ 

IV,, moves toward the stagnation line. A similar 
argument applies to the case of increasing temperature 
in the boundary layer, either by increasing the free 
stream temperature or the heat flux. Because the vis- 
cosity of water decreases as temperature increases, 
s,/~t.~ must decrease as the free stream temperature or 
the heat flux arc increased. If .~,./n~, is approximated as 

the position of the maximum temperature occurring 
downstream of the stagnation line, the expected 
response of RP,.., to changes in V, and T, is clearly 
seen in the resuhs of Figs. 4 and 5. 

The average critical Reynolds number for 14 non- 
boiling heat transfer experiments is Re,,, = 3.6 x IO’, 
and the standard deviation is k2.7 x IO4 (_t7.5%). 
McMurray et al. [16], who previously measured 
steady heat transfer to a planar, impinging jet. also 
observed a critical Reynolds number of Re,.,, = 3.6 
x 105. Zumbrunnen [8. 171, however, reported 
Re,,, = 1.9 x IO’, where Re,*.< 2: Re,,, if s,/rl; > 3. 
Zumbrunnen performed quenching (transient) 
experiments in which temperature sensors were 
mounted flush with the surface of a metal plate. 

For the conditions of this study, the heater was 
too short for complete development of the turbulent 
boundary layer. Moreover, for r, = 30 C and 
V’, < 2.1 m s-l. the Reynolds number at the trailing 
edge of the heater did not reach the critical value. 

Figure 6 shows the effect of jet velocity on the local 
heat transfer coefficient for y” = 0.25 MW m .’ and 
T,. = 30 C. The Hiemenz and Falkner-Skan analyses 
have shown that the parameter C = du,,/dx controls 

FIG. h. Effect ofjet velocity on local heat transfer coefficient 
when qfi = 0.25 MW mm’ and Ts = 30 C. 

heat transfer at the stagnation line when thermo- 

physical properties are constant (Table I). Euler’s 
equation for an impinging, finite width, two-dimen- 
sional jet with a uniform free stream velocity was 

evaluated to determine C [44,45] 

(2) 

Clearly it is the value of t<irl;, not 5 alone, that 
should be considered when interpreting the variation 
of stagnation heat transfer in Fig. 6. Notice. for exam- 
ple, that h (x/M~~ = 0) is nearly the same for k’, of 1.8 
and 2.1 m s- ’ This result is not surprising because, 
although the velocities are different, V,/rvj is nearly 
the same (Table 2). An increase in Vi/~; causes a 
corresponding increase in the heat transfer coefficient. 

Figure 7 shows the effect of jet temperature on the 

local heat transfer coefficient for q” = 0.25 MW nl-’ 
and V, = 2.5 m s I. Since the value of C is constant 
for all data in this figure (C = 230 s- ‘), the only 

mechanism for changing the stagnation heat transfer 
coefficient is the temperature dependence of thermal 
conductivity, viscosity and Prandtl number. With k, v 
and Pr evaluated at the film temperature ((r, i T,)/2), 
the increase of h (X//M; = 0) with increasing tem- 
perature is in keeping with the trend predicted by 
Levy’s equation (Table I). 

Stagnation how Nusselt numbers for the data of 
this study are correlated by 

Nu, = 0.28ReT” Pro 4 (3) 

which is presented in Fig. 8. Thermophysical prop- 
erties were evaluated at the film temperature, and the 
range of Rej for the data is 2 x IO” d Rc, < 9 x IO”. 
Because the Prandtl number range, 2.7 < Pr 6 4.5, 

was not sufficient to conclusively establish the Prandtl 
number exponent, a value of 0.4 was chosen to be 
consistent with reported results [ 17.47, 481. 

An expression for the stagnation line Nusselt num- 
ber can also be derived by substituting equation (2) 
into equation (1) and multiplying both sides of the 
results by n:,/s 

Nu. = 0 505Rr,’ ’ Pro”‘. I . (4) 
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Table 2. Jet velocity, width and stagnation plane velocity gradient for various 
flow rates when W, = 10.2 mm and H = 89.7 mm 

~- . 
G(ls ‘) I/, (m so- ‘) V, (m sm. ’ ) IV, (mm) F :W I’ J C:Ioo (s 1) 

-. -. 
I .26 I .23 1.8 
1.74 1.69 2.1 
?.?I 2.13 2.5 
3.15 3.05 3.3 
3.79 3.66 3.‘) 
4.42 4.28 4.5 

0 2 4 6 6 10 

FIG. 7. EfTect of jet temperature on local heat transfer 
coefficient when q” = 0.25 MW m-’ and T,- = 30’ C. 

This expression is included in Fig. 8. Nusselt numbers 
computed from equation (3) are 30-500/b greater than 
the anafytical results of equation (4) for a laminar, 
impinging jet. To understand the discrepancy between 
the stagnation flow heat transfer predicted from first 
principles and measured values, the effects of free 
stream turbulence must be considered. 

Free stream turbulence is known to enhance heat 
transfer through a laminar, stagnation flow boundary 
layer. Experime~ltal variables that affect the enhance- 
ment multiplier. ~~,~~i,~~~, are the free stream tur- 
bulence intensity (TM). the Prandtl number (pr), and 
the velocity gradient normal to the stagnation plane 
(C). The Nusselt number for a turbulence free jet, Nu,. 
can be approximated by equation (4). Enhancement 
multipliers for the stagnation flow heat transfer data 

FK. 8. Correlation of single phase. stagnation flow heat 
transfer data. 

6.9 2.6 2.0 
X.0 2.6 2. I 
X.6 2.9 2.3 
9.3 3.5 2.X 
9.6 4.1 3.2 
9.7 4.6 3.6 

_ 

of this study, which range from I .33 to I .51, have 
been tabulated against Pr, C and Re,, (Table 3). 

Lacking free stream turbulence intensity data, the 
authors looked for a dependence of Tu on the nozzle 
Reynolds nutnber evaluated at the free stream tem- 
peraturc. When Rr, increases, the turbulence intensity 
at the nozzle discharge is also expected to increase. 
When variations in Pr arc small, the data of Table 3 

show a clear trend of increasing enhancement with 
increasing Re,,. This result is consistent with widely 

confirmed reports that. when fret stream turbulence 
intensity increases, stagnation heat transfer rates also 
increase [ 19-293. 

Clearly, the nozzle Reynolds number cannot he a 
substitute for fret stream turbulence intensity data 
when correlating stagnation Row heat transfer data, 
as the relationship between Rc, and 7% is system 
specific. Furthermore. Re,, is coupled to C and, since 
both are temperature dependent, to the Prandtl 

number. The sensitivity of Nu,/Nu,, to each parameter 
can therefore not be determined simply by comparing 
enhancement coefficient data to Ra,,. The mutual 
dependence of Rr,, and Pp. through temperature is 
particularly troublesome, since opposite variations 
occur in response to a change in temperature. 

Sutera’s analytical study [36f showed greater sen- 
sitivity of stagnation line heat transfer to free stream 

Table 3. Enhancement of stagnation line heat transfer over 
the value for purely laminar flow 

y”/ 10h 
(W me‘?) PI C/l00 (s ‘) Re,,;lO” I%‘1 Nu,/Nu,, 

0.25 5.43 2.0 1.55 160 1.33 
0.49 5.43 2.0 1.55 161 1.33 
0.73 5.43 2.0 1.55 162 1.33 
0.25 5.43 2.3 2.69 224 1.41 
0.49 5.43 2.3 2.69 229 I .43 
0.73 5.43 2.3 2.69 229 1.42 
1.00 5.43 2.3 2.69 227 1.40 
0.25 5.43 3.6 5.41 335 1.49 
0.50 5.43 3.4 5.41 335 I .48 
1 .OO 5.43 3.6 5.41 339 1.48 
1.23 5.43 3.6 5.41 347 1.51 
0.24 3.53 2.3 3.92 222 1.37 
0.48 3.53 2.3 3.92 221 1.36 
0.25 4.32 2.3 3.92 224 I.39 
0.25 5.43 2.1 2.13 187 1.33 
0.25 5.43 2.8 3.85 270 1.43 
1 .oo 5.43 2.8 3.85 21x I .43 
I .oo 5.43 3.2 4.62 308 I .45 
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turbulence when Pr = 7.0 than when Pr = 0.7. The 
data of Table 2 are in agreement with this prediction. 

When the Prandtl number decreases from 5.43 to 3.53, 
the enhancement coefficient decreases, even though 
the Reynolds number increases from 2.7 x lo4 to 
3.9 x 104. 

Sutera assumed a temperature independent Prdndtf 
number in his analysis. The proper temperature for 
the Prandtl number data of Table 3 is not obvious. 
Sensitivity of the enhancement coefficient to Prandtl 
number can be explained by variations in the relative 
thermal and hydrodynamic boundary layer thick- 
nesses. This trend suggests the use of a film tem- 
perature to characterize Pr. The expected dependence 
of Nu,/Nu,, on Pr, however, was seen only when the 
Prandtl number was evaluated at the free stream tem- 
perature. Over the temperature range considered in 
this study, Prandtl number values indicate a velocity 
boundary layer thickness that is greater than the ther- 

mal boundary layer thickness (I .5 < 6/b, ,< I .8). Fur- 
thcrmore, enhancement of stagnation flow heat trans- 
fer has been attributed to a flow instability that arises 

close to, but outside of, the laminar, velocity boundary 
layer [4&43]. When Pr > I, it is the free stream tem- 
perature that characterizes the properties of fluid sub- 
ject to the instability, which may explain why the 
Prandtl number based on free stream temperature 
better predicted variations of Nu,/Nu,, than did the 
Prandtl number based on film temperature. 

By introducing a tlow disturbance near the nozzle 

inlet for one set of experiments, the sensitivity of heat 
transfer to free stream turbulence was investigated. 
Other measurements were made in which turbulence 
in the jet was enhanced close to the nozzle discharge. 

To determine the effect of perturbing the flow at the 
nozzle entrance, the honeycomb flow straightener was 

replaced with a square mesh screen (787 x 787 wires 
per meter). With a wire diameter of 0.41 mm and a 
0.86 mm square opening, the free flow area of the 
screen was 46.2”/0 of the total cross-sectional area. Com- 
parative results are shown in Fig. 9. With jet velo- 
cities of 1.8 m s ’ (V,, = 1.2 m s- ‘) and 2.5 m s-’ 

26 
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FK. 9. EfYect of perturbing the flow by placing a screen at 
the nozzle inlet (q” = 0.50 MW mm’ and Tf = 30 C). 

(V” = 2.1 m s- ‘), stagnation heat transfer was 

only slightly greater when the flow straightener was 
replaced by the screen. This result is not surprising, 

since the nozzle was designed to minimize turbulence 
at the inlet and to partially relaminarize the flow 

between the inlet and the discharge [44, 451. Since the 
velocity at the inlet is only VJ5, the Reynolds number 
for a screen wire in cross flow, V,d, iv, is 120 and 
210 when V, is 1.8 and 2.5 m s ‘. respectively. Since 

turbulence downstream of the screen is reduced as 
flow is accelerated through the convergent nozzle [499 
511, the small increase in stagnation heat transfer 

resulting from use of the screen is attributed to a small 
net increase in free stream turbulence intensity at the 
nozzle discharge when the jet velocity is low. The 
increase is larger for a screen Reynolds number of 
440 (V, =4.5 m s-‘, V, = 4.28 m s- ‘). indicating 

increased turbulence downstream of the screen. The 
stagnation heat transfer coefficient for this condition 

is increased 14%. 
The effect of perturbing the flow near the nozzle 

discharge was also investigated. Although screens of 
various mesh sizes were considered, all of them caused 
the flow to break into a coarse spray when placed 
immediately downstream of the nozzle discharge The 
jet remained coherent, however. when passing 
through an array of parallel wires. Experiments in 
which an array of wires was placed between the nozzle 
discharge and the heater surface were scaled from a 
similar experiment described by VanFossen and 
Simoneau [43], who performed heat transfer and flow 
visualization studies in the stagnation region of a cyl- 

inder in cross flow. The air flow for these experiments 
was conditioned to maintain the free stream tur- 
bulence less than 0.5%. Vorticity was then added to 
the flow by passing the air over an array of 0.5 mm 
diameter parallel wires, which had a dimensionless 
pitch of 12.5 and were placed 547.5 wire diameters 
upstream of the cylinder. The wires were oriented in 
cross flow to the free stream but normal to the cylin- 
der’s axis, so that the vorticity of the laminar wake 
behind a wire would have the preferred orientation for 
amplification. Wakes behind the wires were laminar 
when the Reynolds number based on wire diameter 
was less than 120. In this case the authors observed 

pairs of counter rotating, longitudinal vortices in the 
stagnation region on the cylinder. When the Reynolds 
number exceeded 120, the wakes became unstable and 
longitudinal vortices were not observed. 

In this study an array of 0.076 mm diameter wires, 
with a dimensionless pitch of 10.4 and positioned 500 
diameters upstream of the heater, was deployed. Since 
the wires stretched from prolonged exposure to the 
jet, experiments were limited to V, = 1.8 m s ‘. The 
wire Reynolds number was 17 1, which would indicate 
a periodic laminar wake if the turbulence intensity 
upstream of the wire were small. One set of exper- 
iments was performed with the wires oriented normal 
to the impinging jet and parallel to the flow on the 
heater surface. If laminar wakes form downstream of 
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FIG. 10. EtTect on stagnation heat transfer of superimposing 
vorticity q, on (0, when I’, = I .8 m s ’ and T, = 30 C. 

the wires, the vorticity wP would be oriented in the 

preferred direction for amplification by stretching of 
vortex lines. As shown in Fig. 10, the stagnation heat 
transfer coefficient was approximately 27% greater 
for this condition than for conditions corresponding 
to the vorticity (0, associated with the natural free 
stream turbulence. 

Additional measurements were made in which wires 

were oriented normal to the impinging jet and normal 
to the flow on the heater surface. If laminar wakes 
form downstream of the wires, vorticity in the down- 
stream flow, t0,,r. would not be amplified, since the 
vorticity amplification model indicates increased heat 
transfer only when vorticity is added in the preferred 
direction for amplification. In this study, however. 
differences between stagnation heat transfer for the 
cup and (II,,,, conditions were small (Fig. I I), suggesting 
that turbulent wakes behind the wires produce some 
vorticity in the preferred orientation. regardless of the 
wire orientation. 

Models that relate vortex line stretching to heat 
transfer enhancement in a stagnation flow indicate a 
strengthening or weakening of the effect in accordance 
with an increase or decrease of the velocity gradient. 
The difference between the local convection coefficient 
for one level of free stream turbulence and another is, 
therefore, expected to diminish as u/rr, increases and 
the boundary layer remains laminar. This trend is 

20 

Since proper scales for heat transfer and fluid flow 
in an impinging jet are difficult to identify, it is not 
surprising that there are inconsistencies among exist- 
ing heat transfer correlations for the laminar bound- 
ary layer portion of a stagnation flow. For example, 
McMurray et al. [16] suggests a correlation of the 
form NM, =.f(Re,*, Pr), while Zumbrunnen [S] sug- 
gests the form Nu, = ,q(Re,, Pr, .x/w;). McMurray et ul. 
base Nusselt and Reynolds numbers on the distance x. 
which is measured in the streamwise direction from 
the stagnation line, and the velocity u,,, which is the 
local free stream velocity just outside of the boundary 
layer. Although McMurray et cd. define a Reynolds 
number in terms of V,, it appears in the correlation 
only with the multiplier 9 = u,,/V,, making u,, the 
effective velocity scale. Zumbrunnen’s length scale for 

Rc and Nu, however. is kr, and his velocity scale is V,. 
A scaling analysis, following the methodology of 

Krantz [52], was performed on the equations that 
govern fluid flow and heat transfer in the wall jet. The 
results show that, when Re,.: and Re,. Pr 2 100, the 
governing equations reduce to the boundary layer 
form. Furthermore. the analysis shows that. when 
the boundary layer equations apply, .Y and u,, are 
appropriate scales for both the impingement and par- 
allel flow regions. 

FIG. Il. Stagnation heat transfer for free stream vorticities As shown in Fig. 12, data from this study were 

of q, and w,,, when V, = I .8 m s- ’ and T, = 30’ c‘. correlated by 

clearly seen in Fig. 10 for values of .x/M~, < 2. Down- 
stream results for the wP and (tinP flows agree for heat 
fluxes of 1.00 and 1.23 MW mm’ because vigorous, 
boiling induced mixing in the boundary layer became 
the dominant heat transfer mechanism, thereby mini- 
mizing the importance of upstream conditions, Since 
the literature deals only with stagnation flows. differ- 
cnccs between convection coefficients in w,, and cl,,, 

flows for large sirr, and low heat flux cannot be 
explained in terms of the current understanding of 
heat transfer enhancement by vorticity amplification. 
Undoubtedly, a three-dimensional laminar boundary 
layer that is established in the stagnation region will 
continue to affect heat transfer several jet widths 
downstream. although specific quantitative and quali- 
tativc features of such effects arc unknown. 

Heut tramftir in the lunhu houndq~ Iqw 

Three flow regimes can be identified in the vicinity 
of an impinging jet : (i) stagnation flow, u,, = C-Y, (ii) 
impingement flow, (u,/V,) =,f(.r/~\;), and (iii) uni- 

form parallel flow. (u,/ V,) % I. An approximate ana- 
lytical solution to the energy equation for stagnation 
flow is NM, = 0.505Re,‘,’ Pr” “‘, which suggests that 
rr, is an appropriate length scale in that regime. How- 
ever, the streamwise distance measured from a real or 
effective leading edge is widely accepted as the length 
scale for uniform parallel flow over a flat plate. Hence. 
correlation of heat transfer data that spans all three 
regimes is impeded by the apparent existence of 
different length scales in the stagnation and parallel 
flow regimes. 
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10’ 05 106 
Rex. 

FIG. 12. Correlation of single phase data in the laminar 
boundary layer (0.25 <q” < 1.00 MW mm’, 

30 $ Tr < SOT, 1.8 < V, < 4.5 m s- ‘). 

Nu, = 0.89Re0-4X Pro.” I* (5) 

with thermophysical properties evaluated at the film 

temperature. The range of Re,. on which the cor- 
relation is based is 100 < Re,. < 105. Equation (3) 
should be used to compute the stagnation heat trans- 
fer (Re,.. < IOO), while equation (5) may be used for 
Reynolds numbers up to the critical value for each 
experiment. The McMurray et al. correlation [ 161 

Nu, = 0.75Rey.5 Pr”.j3 (6) 

which is also valid in the impingement and parallel 
flow regions, is in reasonable agreement with equation 

(5). Since the value of Pro 4/Pr0 33 was nearly constant 
for the present study, the McMurray et al. correlation 
could be plotted with equation (5). With increasing 
heat flux, boiling downstream of the single phase heat 
transfer region disrupts the boundary layer, thereby 
reducing Re.,*,c below the value of 3.6 x 10’ observed 
for non-boiling flow over the entire heater. The value 
of Re,,,, then depends on the position of boiling incipi- 
ence on the heated surface. To illustrate this phenom- 
enon, some data for Re,. > Re,*,C, which clearly devi- 
ate from the correlation, were plotted. 

The successful use of both Nu, = f (Re,., Pr) and 
Nuj = .q(Rej, Pr, .x/w,) as correlating functions, in spite 
of the different length and velocity scales, is readily 
explained. Since u,,/V, is a function of only x/w,, the 
quantity u,+/ V,w! can be expressed as some function 
of X/W,. Hence Re,. can be written as 

and the correlation of laminar flow data can be recast 
as 

Nu, = 0.89 [ ReJ (:,>r”” Pr0.4. (8) 

Application of the laminar flow correlation, equa- 
tion (5), requires knowledge of the local free stream 
velocity, ud, which may be approximated by solving 
Euler’s equation for an impinging, planar, slug flow. 

The following function that approximates the solution 
was derived by the authors [44,45] 

;=;; (O<X/Wj< 1) 
J J 

45 
- = tanh d 
v, 0 

(x/w, > 1). (9b) 

The error incurred by using these expressions 
approaches zero when x/w, >> 1 or x/wj z 0. The error 
for x/u) = I is approximately 5% and quickly dimin- 
ishes to less than 2% for x/w, greater or less than 1. 

SUMMARY 

Local convection coefficients were measured for 

heat transfer from a heated plate to a planar, im- 
pinging water jet. One correlation is introduced for 
the stagnation Nusselt number (Nu, = 0.28Re:,‘* 

x Pro.“) and another for the local Nusselt number when 
Re,.. < Re,a,C (Nu, = 0.89Rey?8 Pr” ‘). Stagnation 
convection coefficients were correlated by a least 
squares fit of the data to the same functional form as 
the exact, laminar flow solution. Because un/Vj is a 
function of x/wj only, either (x, ug) or (w,, V,.) may be 
used as the length and velocity scales. 

Measured stagnation convection coefficients ex- 

ceeded values predicted for a laminar free stream 
by factors of 1.3-l .5. Similar results have been widely 
reported for stagnation flow heat transfer when the 
free stream is turbulent. Previous experiments show 
that the enhancement factor (NuJNu,) increases as 
the free stream turbulence intensity (Tu) increases. 
Theoretical studies of this phenomenon suggest that 
the stretching of vortex lines in the impingement 
region induces three-dimensional flow disturbances 
just outside of the velocity boundary layer. These 
vorticity amplification models indicate that the 
Prandtl number Pr and velocity gradient C in the 
stagnation region affect heat transfer in addition to 
the free stream turbulence intensity. Although the free 
stream turbulence intensity was not measured, quali- 
tative analysis of the data corroborates the depen- 
dence of NuJNu, on TM, Pr and C. 

The enhancement of stagnation region cooling by 

vorticity amplification is system specific. If all pa- 
rameters except Tu are held constant, cooling will vary 
significantly from one system to another in response 
to variations in Tu. New correlating functions are 
needed that account for vorticity amplification effects. 
Development of these functions requires that tur- 
bulence intensity measurements also be made. Cor- 
relations that treat TU as a variable have been 
developed for impinging gas jets. The gas jet cor- 
relations do not, however, account for the influence 
of Pr and C on enhancement. 
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TRANSFERT THERMIQUE LOCAL PAR CONVECTION SUR UNE SURFACE POUR 
UN JET PLAN D’EAU IMPACTANT 

R&urn&-Les distributions de temperature parietale et de flux thermique sont mesurees sur une surface 
plane, tournee vers le haut et a flux constant, refroidie par un jet d’eau. Des rtsultats sont present&s pour 
des vitesses entre I ,8 et 45 m s- ‘, des temperatures de fluide de 30.40 et 50°C et des densites de flux entre 
0,25 et I,00 MW mm-‘. Des Cchelles appropriies de longueur et de vitesse sont identifites et les resultats 
pour les ecoulements d’arret et de couche limite sont unifies par des expressions telles que Nu = C Rr” Pr”‘. 
Des coefficients mesures de convection au point d’art%% depassent ceux prtdits par une analyse d’ecoulement 
laminaire et les differences sont attribuees a I’existence de la turbulence de I’ecoulement libre. Des donnees 
sont sensibles aux variations du gradient de vitesse sur la ligne d’arret et du nombre de Prandtl qui sont 

connues affecter I’accroissement du transfert a I’arret quand il y a une turbulence d’ecoulement libre. 

DER ORTLICHE KONVEKTIVE WARME~~BERGANG VON EINER BEHEIZTEN 
OBERFLACHE AN EINEN AUFTREFFENDEN EBENEN WASSERSTRAHL 

Zusammenfassung-An einer ebenen, gleichmarjig von unten beheizten Oberfllche, die durch einen ebenen 
auftreffenden Wasserstrahl gekiihlt wird, werden die Verteilungen von Oberflachentemperatur und Warme- 
stromdichte gemessen. Es werden Ergebnisse fur Strahlgeschwindigkeiten zwischen 1,8 und 4,5 m s- ‘, 
Fluidtemperaturen von 30; 40 und 5O’C und Wlrmestromdichten zwischen 0,25 und I,0 MW rn- ’ 
vorgestellt. Geeignete Bezugslangen und -geschwindigkeiten werden festgelegt, dies ermoglicht eine 
Korrelation des Warmehbergangs in der Staupunkts- und Grenzschichtstriimung in folgender Form: 
Nu = C Re” Pr”‘. Die gemessenen Warmeiibergangskoeffizienten im Staupunkt iiberschreiten diejenigen, 
welche fur laminare Stromung berechnet werden--die Ursache wird im Vorhandensein von Freistrahl- 
turbulenz gesehen. Die Ergebnisse hlngen stark von Variationen des Geschwindigkeitsgradienten in der 
Staulinie und der Prandtl-Zahl ab. Dies sind bekannte Einfliisse auf den Warmelbergang im Staugebiet 

bei Freistrahlturbulenz. 

JIOKAJIbHbIR KOHBEKTkfBHbIR TEIUIOl-IEPEHOC MEmAY HAI-PETOR 
I-IOBEPXHOCTbIO ki I-lA&iIOIQEti IIJ-IOCKOR BOARHOfi CTPYER 

ziHliOT~lUU-BbIITOnHeHbI H3MepeHHK paCtIpeneneH&iii TeMIIepaTyp H TeIJJIOBbIX IlOTOKOB Ha IUIOCKOir 

06patIleHHOii BBepX IlOBepXHOcTH C IIOcTORHHbIM TeIUIOBbIM IIOTOKOM, OX.IIZKnaCMOti ILlIOCKOii IIZI)JalO- 

LLV?k BOnKHOii cTpyefi.npwBeneHbInaHHbleans wcMeHeHancKopocTHC~pyH ~&niTepBaneo~ 1,8no4,5 M 
C-',TeMIIepaTypbI XWJKOCTH BenH'IHHOii 30,40,50”C l, H3MeHeHHR TelE'IOBOrO IlOTOKa B E,HTepBaJIe OT 

(425 no 1,00 MBT M-‘. Qnpeneneribr cooTeeTcTBymume MaCIIITa6bI AJIHHM H CKOPOCTH,H c nOMOUlbIO 

BbIpaweHBii B&iAa Nu = C Re"Pr"'cornacoBaHbIpe3ynbTaTbI&nrTeseHHii B soHeTopMomeH&in anorpa- 

HAYHOM cnoe. 3HaqeHsn 3KcnepeMeHTanbHo 0npeneneHHbIx Ko+$siweHToB KOHB~KQHH B 30He TOPMO- 
meHAK npeBocxonrT TeopeTwiecKse 3HaYeHq nonyqeaabre Ha ocHoBe npermonomeHan 0 
naMBHapHWTB TeSeHIIII. 3TO pa3nllWe 06bXCHKeTCR CyUeCTBOBaHHeM Typ6yneHTHOCTH CBObOJJHOrO 

nOTOKa. YcTaHoBneHa 3aBHCBMOCTb nonyveHHbIx LIaHHbIX OT rpanrieura JIHHeiiHoii CKOPOCTH B 30He 

TOpMO)KeHBRH 'IHCna npaHL,TnK,KOTOpbIC, KBK B3BeCTHO,BnEWIOT HaHHTeHCH@K~TeIInOnepeHOCa 

B30HeTOpMO~eHHII~pUH~U~UTyp6yneHTH~HCB060~HO~O~OTOKa. 


