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normal to a flat surface 
A. K. MOHANTY and A. A. TAWFEKt 

Department of Mechanical Engineering. Indian Institute of Technology, Kharagpur. India 

Abstract-Heat transfer measurements from an isothermal plate due to an impinging air-jet from 3. 5 and 
7 mm diameter circular nozzles were carried out for nozzle to plate distance ratio varied from 4 to 58, and 
the nozzle Reynolds number from 4860 to 34 500. Local heat transfer I’dlCS have been estimated from the 
outputs of three-wire differential thermocouple heat flux sensors. From the highest value at the impingement 
point, the heat transfer rate decays cxponcntially with radial distance. The effective area for a nozzle has 
been delined when a non-dimensional heat transfer rate. H. has dccrcased from unity to e -‘. I? = 0.54 is 

a good average value. 

1. INTRODUCTION 

JET IMPINGEMENT yields higher heat transfer rates than 
arc possible by most other methods of single phase 
forced convection. In a survey articlc, Martin [I] enu- 
merated its utility in annealing of metal and plastic 
sheets, tempering of glass, drying of textiles. veneer, 
paper and film material, curing processes and in the 
protection of surfaces exposed to high local heat 
fluxes. The wide spectrum of applications has called 
for the use of different shapes and sizes of nozzles, 
nozzle to surface distance, angle of impingement and 
coolant fluids. 

In one of the earliest studies, Perry [2] measured 
overall heat transfer coefficients from a hot gas jet to 
a plane surface for jet to plate spacings greater than 
eight jet diameters. and observed a two-fold increase 
in heat transfer compared to parallel flow at the same 
jet velocity. Vickers [3] reported results for low jet 
Reynolds number to a maximum of 950. Gardon et 
al. [4.5] noted that the impingement point heat trans- 
fer in the turbulent regime is maximum when the 
nozzle is 6-7 diameters away from the plate. Huang 
[6] derived empirical correlations for local as well as 
average heat transfer rates of a single jet dependent 
solely on Reynolds number. Vallis et al. [7] used the 
electrolytic mass transfer technique to study the 
radial distribution of convective heat transfer 
coefficients from the stagnation point to the fully 
developed wall jet region, for a range of Reynolds 
number between 3.8 x IO3 to 23 x IO-’ and for nozzle 
to plate distances 5 to 50 diameters. Sparrow and 
Love11 [8] used the naphthalene mass transfer tech- 
nique to investigate the effects of the angle of incli- 
nation of the jet relative to the surface from 30’- to 
90”. Obot et al. [9] reported studies to determine the 
effects of nozzle inlet shape, e.g. contoured and sharp- 
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edged, and nozzle length to diameter ratio on impinge- 
ment heat transfer. Wang et (11. [IO. I I] have reported 
numerical results for a circular impinging jet on a 
solid surface with non-uniform temperature and wall 
heat flux. Litcraturc on slot jets or liquid cooling are 
yet another extensive set. and arc kept outside the 
present study. Reference may be made to a rcccnt 
study by Vadet CI cl/. [ 121, for instance, for information 
on slot jets and water cooling. 

The large number of investigations notwith- 
standing. uncertainties exist in two major aspects of 
impingement heat transfer. One is the transport rate 
value at the stagnation or impingement point, and the 
other on the effective area of cooling. or heating, by a 
jet. Measurements by strip or ring heaters, calorimetry 
and condensation [ 131, or analogy [7] methods are not 
very convenient for estimating heat transfer rates over 
small dimensions. such as the stagnation point. Gar- 
don’s [4, 51 heat flux sensor was a convenient device 
for local measurements. However, Gardon and co- 
workers observed [5] that the sensitivity of their 
sensors were at times 65% off, apparently due to 
conduction leakage. 

Discrepancies in the stagnation point value are 
treated to be of minor importance [I], because practi- 
cal interests often hinge on integral average transfer 
coefficients. But then one needs to know the effective 
area of influence of an impinging jet for the purpose 
of averaging. The practice in the literature in this 
respect is some what arbitrary. Sparrow and Love11 
[8] present their average heat transfer values over 4 
and 8 nozzle diameters, whereas Huang [6] used 
l2d. More frequently, the area of the target plate 
is considered for the estimation of the average. For 
instance, Hrycak [ 131 used four nozzles of 3. I8 to 12.7 
mm diameter, z/d ratio from 2 to 20, impinging on a 
plate of D = 152.4 mm diameter. The average value 
for all cases was calculated on the basis of D. Such 
averages do not distinguish the effective radius of 
influence which must be varying for each of the 
configurations. 
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NOMENCLATURE 

sound speed [m SC’] 
Biot number, R’/k,t 
nozzle diameter [m] 
local heat transfer coefficient at any 
radius r wrn-‘K-‘1 
impingement point heat transfer 
coefficient [W mm’ K-‘1 
heat transfer coefficient at the edge of the 
effective area [wm-’ Km’] 
local heat transfer function, 
(h-W(ho--hr) 
maximum value of the heat transfer 
function, Ho = 1 
average value of the heat transfer 
function 
thermal conductivity of the foil material 
wrn-’ K-‘1 
Mach number 

NU 

NUO 

p, 
PO 

rcfi 
R 
Re 

T 

V 
z 

local Nusselt number at any radius r, 
based on nozzle diameter, /Id/k 
Nusselt number at the impingement 
point hod/k 
static pressure [N m - ‘1 
stagnation pressure [N m-‘1 
radial distance along the heat transfer 
surface [m] 
effective radius [m] 
radius of the foil [m] 
Reynolds number, based on nozzle 
diameter, Vd/v 
thickness of the foil [m] 
air temperature at the nozzle exit 
WI 
average nozzle velocity [m s- ‘1 
separation distance between nozzle and 
impingement surface [ml. 

The objectives of the present experiments are to 
overcome the above short comings. Gardon type heat 
flux sensors of 2 mm foil size permitting similar spatial 
resolutions have been used for local measurements. 
The sensor design and calibration have been improved 
and leakage restricted to 1% [l4]. Results for the 
stagnation point and radial variation of heat transfer 
rates are obtained with improved accuracy. A method 
to uniquely determine the effective heat transfer area 
for a jet impinging on a surface has been suggested. 
For the same jet-target configuration and flow rate, 
the effective area can vary depending on the desired 
degree of cooling. For example, the effective area for 
an impingement drying process can be large compared 
to cooling in metallurgical processes or in electronic 
devices. The jet spacings would correspondingly 
differ. Such variations can be accomodated by the 
method we are suggesting. 

2. EXPERIMENTAL SET-UP 

The major components of the experimental set-up 
are : a blower and nozzle arrangement for creating the 
air-flow ; a brass plate with variable heating arrange- 
ment and insulations; flow measuring devices and 
three-wire differential thermocouple heat flux sensors 
[14] for direct measurement of local heat transfer 
coefficients. 

2.1. Flow 
Air at moderate pressure from the blower with a by- 

pass arrangement, Fig. I, is led to the nozzle through a 
gateway-valve for flow control. Three nozzles of outlet 
diameters 3, 5 and 7 mm were used, one at a time, for 
creating the jet flow. The nozzles were machined from 

brass rods 37 mm OD. The diameter of the nozzle 
hole at inlet was 25 mm, tapering to the respective exit 
value. The inlet to outlet area ratios for the nozzles 
were, thus, 70, 25 and 12.8, and the corresponding 
velocity head ratios 4900, 625 and 163. These values 
suggested that the velocity heat at the nozzle inlet 
is negligible compared to the outlet, and the static 
pressure measured at the inlet is, practically, the total 
pressure, P,, for the nozzle flow. The inlet static pres- 
sure measurement was utilized for the estimation of 
the air flow rate at the nozzle exit. An orifice plate 
located on the blower delivery pipe was used as a 
cross-check. 

2.2. Nozzle and heated plate 
The nozzle was screwed on to a holding-plate with 

a hole, and the assembly held vertical on an angle- 
iron frame as shown in Fig. I. The verticality of the 
nozzle was monitored by a protractor attached to the 
assembly, as well as by a plumb-line. A scale was fitted 
to the frame for measuring the distance between the 
nozzle exit and the hot plate meant for impingement. 
The nozzle inlet was connected to the blower discharge 
through a thick, flexible acrylic pipe. 

The heated horizontal plate was 180 mm diameter, 
6 mm thick and made of brass. The plate was mounted 
flush on a cylindrical asbestos base which also housed 
the heating elements ; one surrounding the other. The 
inner one served as the main heater and other as 
the guard heater; power supply to each controlled 
separately, see Fig. I. The closed-bottom asbestos 
cylinder had a minimum wall thickness of I5 mm and 
a 30 mm base-plate with grooves for accommodating 
the heating elements. When flush-fitted, the distance 
between the heater coils and the plate underside was 
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Legend: 
1 Blower 
2 Bypass 
3 Orifice meter 
4 Oateway valve 
5 U-tube manometer 
6 Nozzle holder 
7 Nozzle 
8 Brass plate 
9 Heater modules 

10 Asbestos casing 
11 Wooden box 
12 Magnesium powder 
13 Asbertor powder 
14 Slotted angle stand 
15 Hetting control unit 

FIG. I. Schematic view of experimental set-up. 

approximately 30 mm. This space was filled with mag- 
nesium oxide powder to eliminate free-convection 
cells, and the heat from the coils was conducted 
through the powder to the plate. Lead wires to the 
heating elements were connected through two holes 
on the base plate. The entire assembly was placed in 
a rectangular wooden box 450 mm x 300 mm and 250 
mm deep. The space between the assembly and the 
box wall was filled with asbestos powder. When placed 
under the nozzle for jet impingement, the hori- 
zontality of the plate was ensured by spirit-level 
measurements. 

2.3. Heat flux sensor 
The theory, design, fabrication and calibration of 

3-wire heat flux sensors have been elaborated in ref. 
[14], and application demonstrated in ref. [15]. Each 
sensor is made of a copper tubing as a base, covered by 
a thin constantan foil at one end. When the assembly 
(sensor) is placed flush in a heated body, the heat loss 
from the foil surface causes a temperature differential 
across the foil centre to its periphery on the copper 
tube. The rate of heat loss, which is also the hot 
body local heat flux, is then measured though the 
differential temperature across the foil radius. 

The sensors used in the present experiments, 17 in 
number, were made of 3 mm OD copper tube, 0.23 
mm thick constantan foil of effective diameter 2 mm. 
Thirty two gage copper and constantan wires were 
used for thermometry readings. 

The sensors, first calibrated on a spherical heating 
apparatus [14], were mounted on the test plate along 
the x and y axes on either side of the plate centre, see 
Fig. 2. The hole diameter on the plate was nominally 
3 mm and a pre-calibrated sensor was first shrunk by 
cold treatment and then fitted snugly onto the plate. 
Care was taken to avoid polishing the sensor foil after 
calibration, for, otherwise, the sensor sensitivity could 
change due to reduction in the foil thickness [ 141. 

It will be noted from Fig. 2 that the locations of the 
sensors were placed equally to the left and right of the 
plate centre so that a cross-check for the readings of 
the local values of h could be made under per- 
pendicular impingement condition. The sensors were 
placed closer (12.5 mm interval) to the plate centre, 
widening to 20 mm near the periphery. Out of the total 
i 7 sensors, six were used along the y-axis covering 20 
to 35 mm intervals. The sensor (thermocouple) wires, 
with teflon sleeves, were taken out through a hole in 
the wall of the asbestos heater module. 
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Constantan foil 
Fibre “la’; / 

wire 

I All dimensions in mm (b) Heat flux sensor 
(Section A-A) 
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(a) Sensor locations 
FIG. 2. Layout of heal flux sensors on plate surface 

3. TEST PROCEDURE 

The variable parameters of experiments with each 
of the three nozzles were the nozzle flow rate, plate to 
nozzle distance, and the plate surface temperature. 

3. I. Velociiy 
The nozzle length being short, typically 30 mm, and 

rapidly converging, the air flow through it could be 
considered isentropic for which the stagnation pres- 
sure is the value measured at the nozzle inlet of 25 mm 
diameter. Since the discharge is atmospheric, pressure 
P,, the isentropic relation gives 

M being the Mach number and k = 1.4. 
Equation (I) yields the flow Mach number when 

the measured value of P, is used. The maximum value 
of M, covered by the present experiments was 0.237. 

The temperature of air measured by a thermometer 
at the nozzle exit is its stagnation value, and the static 
temperature is evaluated by using the value of M. 
The nozzle exit velocity is then obtained as V = M * a, 
where a = JkRT is the local speed of sound. The 
range of variations of the jet velocity at nozzle exit 
was 2&85 m s- ‘, and the nozzle distance to diameter 
ratio (z/d) 4.3-58. 

3.2. Heat transfer 
The temperature of the air at the nozzle exit was 3- 

5°C higher than the ambient, because of the work 

done by the blower. The air jet attained ambient tem- 
perature, through diffusion of heat with the sur- 
rounding, at a nominal distance of approximately 120 
mm. In order that the jet temperature at impingement 
was ambient for all sets of experiments, it was necess- 
ary to cool the compressed air before passing it 
through the nozzle, especially when the nozzle was 
located close (< 120 mm) to the heated plate. This 
was done by wrapping sections of the blower delivery 
pipe (uninsulated) with water cooled cotton-waste. 

Power input to the heater assembly could be varied 
by means ofan auto-transformer, resulting in different 
surface temperature for the plate. The measurements 
were carried out at steady state, which was generally 
after 3 hours of switching the power on, and measured 
by an invariance of temperature to within f 0. I” over 
a 30 minute period. A sample measurement condition 
was 42 W input to the main heater, 18 W to the guard, 
plate to ambient temperature difference of 9.8”C, plate 
isothermality within f0.5”C, jet speed 32 m s-‘, 
nozzle distance I7 times the outlet diameter of 7 mm. 

3.3. Local IAt flux 
The three-wire heat flux sensors [ 14, 151 located on 

the plate surface could simultaneously measure the 
local heat flux and plate temperature. The heat flux 
values, sensed through the differential thermocouple 
arrangement, was monitored by a Philips PM 2434 
d.c. microvoltmeter with 0.1 PV resolution, whereas 
the temperature was measured by a Philips PP 9007 
DMM. It will be recalled from ref. [I41 that heat 
flux measurements using the differential sensor do not 
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need the value of the heat input. Heat losses from the 
module also do not influence the heat flux value read 
by a sensor. 

As has been indicated earlier, and elaborated in 
refs. [l4, 151, the calibrations of the sensors involved 
mounting three to four at a time on a thick-walled 
aluminium sphere, of IO cm OD, with an internal 
heater fed from a controlled power supply. The heater 
is placed in a flow field of three pedestal fans to create 
uniform convection condition on its periphery. The 
heat flux on the sphere surface is then used to relate 
the differential thermocouple reading of each sensor. 

pendicular axis of the plate to simulate different z/d 
ratios. The heat transfer coefficient at the location of 
a sensor was obtained from the value of the heat flux 
as well as the plate temperature read by the same 
sensor. 

4. I. Syttzmetr.~~ 

The calibration constant varied for each of the sen- 
sors, and was between 90 to 175 FV (W cm-‘)-‘. 
A calibration is maintained if the foil thickness is 
not disturbed, and subsequent in situ measurements 
carried out under conditions of Bi < 0.16, where 
Bi = hR’/kI.l [l4]. The above stipulations place a limit 
on the maximum value of the heat transfer coefficient 
that can be measured within the linear range of a 
sensor. Taking R = I mm, I = 0.23 mm and k, = 22 
W m-’ K-’ for the constantan foil, we get the limiting 
value as 

Confidence in the measured values. with each of the 
nozzles, was first ascertained from the readings of the 
sensors placed symmetrically around the plate centre. 
In Fig. 3, typical readings for the 5 mm nozzle are 
given for Re = 24900, :/cl = 58 and Re = 6860 and 
z/d = 15. The symmetric nature of the Nusselt number 
values on either side of the centre-line is noted for 
both cases. The maximum deviation from symmetry 
was 7% for z/d = 58 down to 3% for z/d = 15. The 
Nusselt and Reynolds numbers are defined on the jet 
diameter and the jet velocity at the exit of the nozzle. 

4.2. lmpingemenr point 

km ‘v 810W m-’ K-‘. 

3.4. Uncermin~y analysis 

(2) 

The peak heat transfer rate takes place at the 
location where the jet impinges on the plate. The high- 
est value recorded at this point was nearly the same 
for all three cases: 765, 755 and 770 W m-’ K-’ for 
3. 5 and 7 mm nozzles. Note that these values are less 
than the limiting one given in equation (2). 

From an analysis of the experimental uncertainty, 
it was found that the uncertainty in the determination 
of pressure (PO) was about 0.1% and less than 0.16% 
for the jet temperature. The resulting uncertainty in 
the measured flow velocity was 1.25%. The overall 
uncertainty of the heat transfer coefficient (h) was 
estimated to be 2.14% at the lowest values of flow 
velocity. This decreased with increasing jet velocity. 

Sample variations of impingement point heat trans- 
fer are given in Fig. 4 for the three nozzles impinging 
from a fixed distance of 3 = 75 mm. The jet Reynolds 
number and the distance from the plate were varied 
over wide ranges for each of the three nozzles. It was 
observed that the peak heat transfer rate decreased 
faster with increasing nozzle distance when the nozzle 
outlet diameter was higher. The following correlations 
were arrived at by a regression analysis for each of 
the nozzles, within error limits mentioned alongside. 

4. RESULTS .AND DISCUSSIONS 

1643 

The impinging nozzle was positioned concentric 
d=3mm 

with the heated plate, and was moved along the per- (i) Nu, = 0.150Re”~70’(z/d)-0~‘s0 (3) 

120- 

100 - 

80- 

t 60- 
s 

40- 

20- 

FIG. 3. Symmetry of sensor readings around the plate-centre. 
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Re - 

FIG. 4. Sample variations of impingement point heat transfer for z = 75 mm. 

for 10 < z/d < 16.7, standard deviation (SD) = 2% 

(ii) Nu,, = 0.170Reo70’(z/d)-0~‘8’ (4) 

20 < z/d < 25, SD = 2.3% 

both (i) and (ii) for 4860 < Re < 15 300. 

t/= Smm 

Nuo = 0.388Re0~h9h(z/d)-0..‘45 (5) 

6<z/d,<58,6900<Re<24900,SD=4.1% 

d=7mm 

Nu, = 0.615Re0~670(z/d)-0~380 (6) 

9 < z/d < 41.4, 7240 < Re < 34500, SD = 0.8%. 

4.3. Radial variations qfh 
The three-wire heat flux sensors located along the 

quadrature axes, Fig. 2, about the impingement point 
yielded information on the radial variations of the 
heat transfer coefficient with changes in z/d and Re 

values. Sample results for the 5 mm nozzle at 
Re = 17 900 are given in Fig. 5 when z/d was varied 
from 13.0 to 39.6. In Fig. 6, experimental results are 
presented for the 7 mm nozzle with I/d = 9 and Re 
varied from 8600 to 34 500. 

Sparrow and Love11 [8] presented radial variations 
of NulNuo for z/d = 10 and Re = 5000 using a 6.35 
mm round nozzle and measurements by a naphthalene 
sublimation technique. In our experiments a low 
Re = 4860 could be simulated only with the 3 mm 
nozzle. Fixing the z/d at 10, we obtained a similar 
trend in the variations of Nu/Nu, as in ref. [8] and 
shown in Fig. 7. Quantitative deviation, small though 
it is, could be due to the difference in the diameters of 
the nozzles used in the two studies. We note for high 
Re at a given z/d = 9 in Fig. 6, that the heat transfer 
rate exhibits a local peak towards the plate edge. This 
phenomenon can be attributed to the tendency of the 
jet to reattach far from the point of impingement. 
Similar observations are made in Fig. 5, at z/d = 13 
and a moderate Re = 17 900. 

I I I I I I I I I I 
0 2 4 6 8 10 12 14 16 18 

r/d - 
0 

FIG. 5. Variation of Nusseh number for different z/d ratios, Re = 17 900. 
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60 - 

40 - 

20 - 

I I I I I I 
0 2 4 6 a 10 

rid - 
FIG. 6. Variation of Nusselt number at fixed :/d ratio and different Reynolds number. 

Far away from the point of impingement, where 
the jet-effect is negligible, the heat loss from the plate 
is due to free convection. We denote this rate by 
/rn and attempted a correlation for a heat transfer 
function 

/I-h, HZ---- 
h, -hr (7) 

h is the local value and k, is that at the stagnation 
point. If in practice there is a parallel flow, hr may be 
assigned the value due to the parallel convection. 

In arriving at the value of H, we used h, from 
equations (3)-(6) depending on the flow parameters, 
h measured at radius r and lrr from free convection 
correlations for horizontal heated circular plates, a 
recent summary of which is given in ref. [16]. The 
advantages of the definition for H, equation (7), are 

obvious. Its value is unity at the impingement point 
andiszeroasr- co. 

From the measurements point of view, the impinge- 
ment point is really of finite dimension ; at the least it 
is equal to the size of the sensor (3 mm OD). When 
the nozzle is placed closed to the plate, however, the 
effective size of the impingement becomes larger, and 
we take it equal to the nozzle diameter. 

The correlations given in each of the Figs. 8,9 and 
IO are made between r = d/2 to r 5 00. The impinge- 
ment point heat transfer rate h, is deemed to remain 
constant r = 0 to d/2. The correlations for the vari- 
ation of local heat transfer are summarized here from 
Figs. 8,9 and IO in the manner 

H = A e-mW) 

where A and m are listed in Table 1. 

(8) 

0 
I I I I I 

5 10 15 20 25 : 

rid - 
FIG. 7. Local heat transfer distribution. 
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1.o46 e-‘J.W (r/d) h - 4 _ 

0.8 10~ r/d<25 

4860 < Re < 15 300 
0.7 SD = 3.1% 

0.6 

x 0.5 

0.4 

0.3 

0.2 

0.1 

I I I I I 
0 5 10 15 20 2s 30 

r/d - 

FIG. 8. Local heat transfer for a 3 mm nozzle 

Note that the correlation reproduces H at r = d/2 
excellently for the 3 and 5 mm nozzles and with 2% 
deviation for the 7 mm nozzle. 

4.4. Effective rudius 
We have indicated earlier that the effective cooling 

area due to an impinging jet has been chosen arbi- 
trarily by different authors [6, 81. We wish to propose 
a norm. 

The exponential decay of H in equation (8) can be 
rewritten expressing the coefficient A = e”, as 

H = e-q (9) 

where (/ = n -~n(r/d). 
We define the effective radius for an impinging jet 

by setting q = c, the value of c being a designer’s 
choice. For instance, with c = 1, the value of H is 
0.368 at r = relfr with c = 0.5, H is 0.606, while with 
c = 2, His 0.135. 

0.9 

0.8 

I 

0.7 

0.6 

H _ h - hf _ , ,ogo e-o.146 b/d) 

ho - 4 

6.5 < s/d 5 58 

6900 < Re < 24 900 

SD = 3.2% 

I I I I I 
0 5 10 15 20 

rid - 

FIG. 9. Local heat transfer for a 5 mm nozzle. 

H _ h - 4 _ I ,07 e-~. 179 (r/d) 

ho - “f 

9-z zld<41.4 

7240 < Rc < 34 500 

I 0.7 0.6 

s: 

0.5 

0.4 

0.3 

0.2 
I 

oL-L-d-L 
0 2 4 6 8 10 

rid - 

FIG. IO. Local heat transfer for a 7 mm nozzle 

2 

WC set c = I to define the effective radius and obtain 

n-m(r/d) = - 1 

or 

1 +n 
1’,(T = 

(6) 
d. m (10) 

The values of n and m are read from Table I, yielding 
I,,~/c/ = 12.15, 7.34, 5.96 respectively for 3, 5 and 7 
mm nozzles. 

We observe that expression (IO) for effective radius, 
derived with a physical criterion that H,,, = e-‘, 
covers the value of rC,/d = 4-8 given by Sparrow and 
Love11 [8], and rCa/d = 12 given by Huang [6]. These 
lend support to the choice of c = I. 

4.5. Averuge heat transfer coefficient 
The identification of rCIT in equation (10) now 

affords a logical spatial limit for estimating the aver- 
age heat transfer coefficient 

fi=$[H,$+~~~?rrHdr] (11) 

Ho = 1 corresponds to the uniform heat transfer rate 
between r = 0 to d/2 in Figs. 8, 9 and IO. In order to 
seek a convenient expression for fl we extend the 
exponential curve to r = 0 and write equation (I I) as 

2nrH dr. 

Table I. Heat transfer correlation parameters 

(12) 

cl(mm) A m SD Hatrld=O.S n 

3 1.046 0.086 3.1% I.001 0.0449 
5 1.090 0.146 3.2% I.010 0.0862 
7 I .070 0. I79 3.7% 0.978 0.0676 
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The error caused by this simplification is the near 
triangular area of the H-r curve. over the rectangular 
zone between I’ = 0 to (l/2. The ratio of the area of the 
trainglc to the rectangular for the uniform zone is 
(A - 1)/2H,,. which has a maximum value of 0.045 for 
the 5 mm nozzle. Taken over the total area of the H- 
I’ curve. the error introduced is insignificant. 

Substitution of H = e”-“““” and integration yields 

or 

when expression (IO) for r,tT is utilized. 
Note that I? is independent of the index 171 of the 

exponential decay of the jet-effect. Reading the values 
of II from Table I, we get A = 0.5379, 0.5467 and 
0.5428 for the 3. 5 and 7 mm diameter nozzles. The 
value of I? = 0.5284 is attained for II = 0, i.e. .4 = I. 
A comparison of the values. suggests a value of 
/? = 0.54 as a convenient design choice. 

5. CONCLUSIONS 

Local measurements of heat flux and tempera- 
ture on a heated isothermal plate in the presence of 
an impinging jet quantified the dependence of the 
impingement point heat transfer coefficient /I, on 
Reynolds number and the plate to nozzle distance. 
Beyond d/2, the heat transfer rate varies exponentially 
with the radial distance. 

It is convenient to define an effective radius where 
the non-dimensional heat transfer rate H has 
decreased to ec’. The definition H = (/I-/~,)/(/~,-/~,-) 
duly accounts for the transport rates at impingement 
point and far away from that location. An average 
I? = 0.54, over the effective zone, applies well for all 
the three nozzles and flow rate conditions. 

When multiple nozzles are intended to be used their 
pitch can be selected equal to 2r,,. The effective radius 
can be smaller or larger depending on the choice of 
the value of c, where c = n-m(r/rl), as warranted 
by the severity of heat removal condition. The heat 
transfer coefficient /I~ can be utilized to model con- 
vections prevailing at the outer edge of the effective 
area. For example. /I~ is assigned free convection value 
for a single nozzle, but should have the parallel flow 
transport rate value, if such a flow was present. hr can 
be assigned the value due to a neighbouring nozzle, 

when the zones of influence of two closely spaced 
nozzles overlap such as in the case of c < I. 
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