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Abstract--Local measurements were made to determine recovery factors and heat transfer coefficients 
resulting from the impingement of transformer oil jets issuing from tiny slot nozzles of 0.091, 0.146, and 
0.234 mm in width. This study focused on initially laminar jets in the range of jet Reynolds number between 
55 and 415, and fluid Prandtl number between 200 and 270. Lateral distribution of local recovery factor 
was measured at various Reynolds numbers and nozzle-to-plate distances. Stagnation point heat transfer 
coefficient was collected and correlated as a function of jet Reynolds number, nozzle-to-plate spacing and 
nozzle width. Twenty seven lateral profiles of local heat transfer were obtained and correlated. Non- 
monotonic variation and unusual behavior of local heat transfer were observed and attributed to possible 
transition from laminar to turbulent regime. Based on the measured local data, integral average heat 

transfer rate was determined and correlated. Copyright © 1996 Elsevier Science Ltd. 

1. II~rRODUCTION 

Experimental investigations of heat transfer under 
planar liquid jets have been reviewed by Webb and 
Ma [1]. In the previous investigations water was most 
extensively employed as the working fluid [2-10]. Only 
two studies were performed with test liquid other than 
water: PAO by Gu et al. [11] and FC-72 by Wad- 
sworth and Mudawar [12]. These investigations have 
focused largely on j,~t Reynolds number ranges for 
which the impinging jet flow at the nozzle exit was fully 
turbulent. Only four reports [2, 1 0-12] were related to 
impinging jets at initially laminar regime. It is also 
noted that all the experimental studies [2-9, 11] in the 
open literature conducted with free-surface planar 
liquid jets, except for the work in Purdue [10, 12] 
aimed at micro-electronic cooling. However, both the 
two reports concerning submerged planar jets are 
related to average heat transfer. The lack of infor- 
mation on submerged planar liquid jets may be par- 
tially compensated I:,y using the experimental results 
of planar air jets, which are available more extensively 
in open literature [13]. Nevertheless, as the Prandtl 
number of liquid may be one or several orders of 
magnitude higher than that of gas, the extrapolation 
of air jet knowledge to the cases of liquid jets should 
be reviewed with caution on this basis alone. The key 
issue is the dependerLce of impingement heat transfer 
on Prandtl number. At present, the Prandtl number 

dependence has not been examined for planar jets. 
Moreover, for large Prandtl number liquid, the recov- 
ery effect may be an important factor in the impinge- 
ment heat transfer process. But it has not been 
reported with planar jets yet. The purpose of this work 
is to fill these gaps in heat transfer data base. Three 
nozzles of small width (B = 0.091, 0.146 and 0.234 
mm) were employed in the experiments with trans- 
form oil as the test liquid (Pr = 200-270). The local 
heat transfer characteristics of submerged planar jets 
were investigated in the range of jet Reynolds number 
between 55 and 415, in which no previous study has 
explored and characterized the thermal process with 
submerged slot liquid jets. 

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

The experimental apparatus and procedure have 
been described in the part 1 of this work. Here we 
only provide the description of the jet nozzle assembly 
in detail. 

Three slot nozzles were constructed and employed 
in the present study. All the nozzles were made of 
Plexiglas. Figure 1 shows the configuration of the jet 
nozzles. The three rectangular ducts have the same 
streamwise length of 35 mm, and different dimensions 
of the cross-sections: 0.091, 0.146, and 0.234 mm in 
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a, ~ empirical constants 
b,/~ empirical constants 
B slot width 
c,e empirical constants 
C o specific heat 
d, a empirical constants 
e, ~ empirical constants 
G velocity gradient 
h local heat transfer coefficient 
H length of target plate 
k thermal conductivity of the fluid 
K empirical constants 
L potential core length 
m, n empirical constants 
Nu local Nusselt number Nu = h" 2B/k 
Nu local average Nusselt number 
p, q empirical constants 
r recovery factor 

NOMENCLATURE 

Re 

rj 
r~ 
U 

V 
19" 

X 

Z 

Reynolds number, Re = u" X/v 
adiabatic wall temperature 
jet static temperature at nozzle exit 
wall temperature 
mean fluid velocity at nozzle exit 
mean axial velocity component 
rms fluctuation in v 
coordinate along the impingement 
surface with origin at the stagnation 
point 
nozzle-to-plate spacing 
kinematic viscosity. 

Subscripts 
0 stagnation point 
max maximum 
c critical. 

35 m m  

Flow 

Fig. 1. Jet nozzle assembly. 

width, respectively and 12 mm in height. The large 
aspect ratio between height and width eliminates the 
end effect and leads to a situation of truly two dimen- 
sional jets. Great efforts were made to control the 
parallelism of the two larger walls of the rectangular 
tubes. The shape and size of the nozzles were precisely 
measured with the tool maker's microscope of 0.001 
mm resolution. The nozzles, particularly the smaller 
ones of 0.091 and 0.146 mm in width, were recon- 
structed several times until good quality was obtained. 
According to the correlation recommended in ref. 
[14], fully developed laminar profiles of mean velocity 
were obtained for the three nozzles in the entire range 
of the present study. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Recovery factor 
Lateral variation of the wall temperature on the 

target plate was measured when the surface heat flux 

was zero with the three nozzles at a constant jet vel- 
ocity of 15 m s-1 in the range of nozzle-to-plate spac- 
ing between 2 and 32. This measurement provided 
the adiabatic wall temperature. Then, the following 
equation was used to calculate recovery factor : 

~raw- ~ 
r -- - - .  (1) 

u2/2Cp 

Eight profiles of the local recovery are presented in 
Fig. 2. Inspection of these graphs indicates that all 
the profiles are similar with each other. A minimum 
appears at the stagnation point. A pair of maxima, 
symmetrical to stagnation line, are recorded around 
X/B ~ + 3. Beyond the maxima, the recovery factor 
declines gradually with lateral distance from stag- 
nation point. The two profiles in Fig. 2(a) exhibit the 
significant effect of nozzle-to-plate spacing on recov- 
ery factor. It is observed from the figure that the 
recovery factor for Z/B = 20 is almost 90% higher 
than that for Z/B = 32. But this effect seems insig- 
nificant with smaller Z/B. The experimental data pre- 
sented in Fig. 2(b) display slight influence of spacing, 
as well as the jet velocity, on the recovery factor. If 
comparison is made between the present result and 
the experimental data of submerged circular jets 
reported in Part I of this work, it can be observed that 
the maxima of the former are much lower than those 
of the latter. It is also noted that the variation of 
recovery factor of planar jets with the lateral distance 
is much less pronounced than that of circular jets. 
As information of planar jet recovery factor is not 
available in literature, it is impossible to make com- 
parison of the present data with any result from other 
resources. However, a numerical study has been con- 
ducted by the present authors to explore the recovery 
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Fig. 2. Lateral distribution of the recovery factor: (a) B = 0.091 ram; (b) B = 0.146 and 0.234 mm. 

effect of  submerged slot jets. A numerical  profile of  
recovery factor  for I).234 m m  nozzle at  u = 15 m s -~ 
and  Z/B = 4 is presented in Fig. 2(b) for compar ison.  
A general agreement  is seen between the numerical  
result  and  the exper imental  data.  

3.2. Heat transfer at stagnation point 
Stagnat ion  po in t  heat  t ransfer  rates were measured  

and  collected as a fianction of  nozzle size, nozzle exit 
velocity and  nozzle-to-plate spacing. The results are 
exhibited in Figs. 3-5. Figure 3 il lustrates the var ia t ion  
of  s tagnat ion  poin t  Nussel t  n u m b e r  with jet  Reynolds  
n u m b e r  for the three nozzle sizes at  Z/B = 4 and  8, 
respectively. As shown in the figure, there is a distinct 
nozzle size dependence in the funct ional  relat ionship 
of  s tagnat ion  poin t  Nussel t  n u m b e r  with jet  Reynolds  

z 

z/B:a z/a.4 
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oB=~146mm vB=O.148mm --F.q.('¢) 
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Re 

Fig. 3. Stagnation point heat transfer with different nozzle 
widths. 
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Fig. 4. Correlation of stagnation point heat transfer. 

number. Higher stagnation point transfer rates were 
observed for larger nozzles. The data with nozzle of 
0.234 mm and 0.146 mm width are about 100 and 40% 
higher than those with 0.091 mm nozzle at Z / B  = 4, 

respectively. This observation is consistent with the 
results of planar air jets [15]. This trend was also 
reported for circular submerged water jets by Elison 
and Webb [16] with the nozzle diameter from 0.25 
mm to 0.5 mm in the range of Re  = 300-7000. The 
size dependence was ascribed to reduction of the initial 
turbulence for initially turbulent jets by Gardon and 
Akfirat [15]. They found that the turbulence intensity 
declined from 7.5 to 0.6% with decreasing nozzle 
width from 1/4 to 1/16 in at Re = 1.1 x 104. It might 
be expected that this effect of initial turbulence would 
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Fig. 5. Variation of stagnation point Nusselt number with 
jet Reynolds number at various nozzle-to-plate spacings : (a) 

B = 0.091 mm ; (b) B = 0.234 mm. 

be more pronounced for initially laminar liquid jets in 
the present study. However, to the best knowledge 
of the present authors, there is no information of 
turbulence intensity for planar jets in the initially lami- 
nar regime. Further research is required for the expla- 
nation of this trend, particularly for tiny liquid jets. 

Stagnation point heat transfer data are not avail- 
able with submerged planar liquid jet in open litera- 
ture. In Beijing Polytechnic University, local heat 
transfer has been measured and correlated with FC- 
72 submerged slot jets of 0.21 mm in width [17]. The 
following correlation was recommended for stag- 
nation line : 

Nuo = 0.383Re°577 p r  1/3. (2) 

As shown in Fig. 3, the agreement of equation (2) 
with the present data of B = 0.234 mm is quite good. 
The present results concerning stagnation point heat 
transfer are also compared with the correlations 
developed for free surface planar water jets. It was 
testified in this work that the difference in heat transfer 
at stagnation point between submerged and unsub- 
merged jet was less than 4%. Based on previous stud- 
ies, a stagnation Nusselt number expression was rec- 
ommended for planar laminar jets with Pr = 0.7-10 
by Vader et al. [5] : 

Nuo = 0 .505Re°S  e r  0"376. (3) 

This correlation has been verified with the exper- 
imental data reported by Inada et al. [2] at Re = 940 
for low-turbulence water jet with near-uniform vel- 
ocity profiles. For large Prandtl number liquid, equa- 
tion (3) may be modified by altering the exponent of 
Pr number slightly from 0.376 to 1/3 : 

Nuo = 0.505Re°S Pr  1/3 (4) 

where the power 1/3 was recommended to transformer 
oil jet by Ma et al. [9]. 

Predicted curve by equation (4) is presented in Fig. 
3. The curve lies between the data for the widths 
of 0.146 mm and 0.234 mm, indicating the general 
agreement between the present results and the ana- 
lytical correlation. The experimental data are also 
compared with the empirical correlation presented for 
water jets of 10 mm width at Re = 2 × 104-9 × 104 by 
Vader et al. [5] after the same modification concerning 
Prandtl number dependence : 

Nuo = 0.28Re°58 p r  1/3. (5) 

General agreement is observed between the present 
data and the equation (5) as shown in Fig. 3. Con- 
sidering the significant differences in fluid Prandtl 
number, Reynolds number and nozzle geometry 
between the investigations, the discrepancy between 
equations (2),(4) and (5) and the present data should 
not be beyond expectation. 

It was verified for free-surface planar water jets that 
stagnation flow heat trarLsfer can be expressed by four 
independent variables [7] 
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Nuo = 0.84~'Re°SS4G°36(p'/v)°a63 pr°4. (6) a 

The two terms G znd (v'/v) are included in the cor- 5 
relation attemptinl~; to describe the effects of velocity 
gradient and turbulence intensity on the heat transfer, 4 
respectively. For the tiny jets investigated in this work, 
it seems impossible to make measurements for the two ~.  a 
items. Equation (6) may be modified by displacement 2 
of the two items with dimensionless nozzle width B/H 
to characterize the effect of nozzle width on the flow 1 
and heat transfer at stagnation zone : 

Nuo = KRemer~(n/B) p (7) 

where the Prandtl number power n = 1/3 was adopted 
for large Pr number liquid jets from refs. [17, 19]. The 
coefficient K and exponents m and p were obtained by 11 
a least-squares technique using all the data of the three 
nozzles within Z/B ~< 8. The values were determined 
t o b e K =  6.546, m = 0.596andp = -0.739. Thecor- ~. a 
relation is within + 10% of 93% of the experimental ~* 
data, with an averz.ge error of + 4.1% and a standard 
deviation of 5.3% as shown in Fig. 4. It is noted that s 
the Reynolds number power 0.596 is almost identical 
with the values of 0.577 for submerged FC-72 slot jets 
[17], 0.58 for free-surface planar water jets [5], 0.6 for 
planar air jets [18], and close to 0.608 and 0.71 
reported for free-surface planar water jets by Zum- 
brunnen et al. [9] zLnd Wolf et al. [7], respectively. 

The comparison of equation (7) with the exper- le 
imental data at different constant nozzle-to-plate ~4 
spacings is presented in Fig. 5. Good agreement is 
observed both for the two nozzles with the data for ~ 12 

o .  

Z/B ~< 8. Beyond this distance, the increase of nozzle- ~* lo 
to-plate spacing likely results in change in the slope 
of NuoPr -]/3 ~ Re curves. As illustrated in Fig. 5, a 
increase in the slope from 0.596 to 0.621 and 0.771 
and decrease from 0.596 to 0.478 and 0.401 are rec- e 
orded with 0.091 mm and 0.234 mm nozzles, respec- 4 
tively. The reason for the difference is not clear at 
present. 

The effect of nozzle-to-plate spacing on the stag- 
nation point heat transfer is examined in greater detail 
in Fig. 6, where the Nuo is plotted as a function of the 
dimensionless separation distance Z/B for different 
nozzles in the range of Re = 55-407. It is seen from 
the figures that the variation of Nuo with Z/B, which 
may not be monotonic, exhibits a complex nature 
depending on Rey:aolds number and nozzle geometry. 
Within a certain dimensionless length of the spacing 
L/B, the Nusselt number is essentially independent on 
the separation distance. The values of L/B seem to 
increase with decreasing of the nozzle width, and are 
approximately determined from the experimental data 
to be 7, 10 and 12 for the nozzle widths 0.234, 0.146 
and 0.091 mm, respectively. Beyond these dimen- 
sionless spacing lengths, a general diminution of the 
heat transfer coefficient is apparently observed with 
increasing separati~on distance. This trend is consistent 
with the results reported for planar air jets [15, 18] 
and circular water jets [16, 20]. Inspection of the data 
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Fig. 6. Variation of stagnation Nusselt number with nozzle- 
to-plate spacing for the three nozzle widths: (a) B = 0.091 

mm; (b) B = 0.146 mm; (c) B = 0.234 mm. 

in Fig. 6(c) reveals non-monotonic variation of Nuo 
with Z/B at Re = 407 and 299 for the nozzle of 0.234 
mm width. These experimental data were reproduced 
several times to ensure the repeatability in this work. 
Similar non-monotonic behavior was also observed 
with planar air jets by Gardon and Akfirat [15] and 
Sparrow and Wong [18] both at the same higher Rey- 
nolds numbers (950 and 650). 

It has been found for planar air jets [15, 18, 21] that 
the variation of stagnation point heat transfer with 
separate distance is affected by two factors : arrival jet 
velocity at the centerline and the turbulence intensity. 
When leaving the nozzle immediately, the jet begins 
to entrain the surrounding quiescent fluid. The width 
of the mixing regime increases continuously. At some 
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distance from the nozzle exit the mixing zone pen- 
etrates to the centerline of the jet. The corresponding 
length of the separate distance is so-called potential 
core length (L). Within the potential core, the jet 
velocity at centerline remains unchanged, being inde- 
pendent of the separation distance and the heat trans- 
fer coefficient should exhibit a corresponding trend. 
Beyond the potential core, the centerline jet velocity 
decreases with Z-'/2 [21], resulting diminution of the 
heat transfer at stagnation point. As to turbulence, it 
was reported in ref. [21 ] that the turbulence generated 
by mixing of planar air jets increases with the nozzle- 
to-plate spacing until reaching a maximum as high as 
an order of 30% in the neighborhood of Z/B = 8, 
then declines progressively. The turbulence sig- 
nificantly enhances the impingement heat transfer. 
The variation of stagnation point heat transfer with 
separate distance is mainly governed by the two con- 
flicting factors. Based on the above discussion, an 
attempt was made to develop correlations for the 
experimental data collected in this work beyond the 
potential core. The correlations are of the following 
form : 

( t / n ~  q 
Nuo/Nuo . . . .  = ~ Z ~ ]  ( 8 )  

where the empirical constant q was obtained from 
experimental data with LIB being set equal to the 
values mentioned in foregoing section. The values of 
the constants and the errors of the correlations are 
given in Table 1. 

Comparison of equation (8) with the experimental 
data normalized to the maximum Nusselt number is 
presented in Fig. 7. The data and the curves clearly 

Table 1. Constants and errors in equation (8) 

Nozzle width [mm] 0.091 0.146 0.234 

L/B 12 10 7 
q 0.584 0.329 0.433 
Average error _ 7.2% _ 3.7% ___ 7.5% 
Standard deviation 10.4% 5.9% 9.0% 
Maximum deviation 23.5% 7 . 2 %  16.6% 
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Fig. 7. Correlation of stagnation Nusselt number with 
nozzle-to-plate spacing at constant Reynolds numbers. 

indicate the presence of the potential core, the general 
decline of the stagnation point Nusselt number 
beyond the potential core, and the slight increase of 
Nuo with the spacing inside the potential core in sev- 
eral cases resulted from the turbulence enhancement. 
For lack of information concerning the flow charac- 
teristics with tiny jets of large Prandtl number liquid, 
it seems difficult to provide explanation for the non- 
monotonic behavior observed in this work. 

3.3. Lateral variation of local heat transfer 
Lateral distribution of local heat transfer was mea- 

sured with the three nozzles. The effect of jet velocity 
and nozzle-to-plate spacing was examined in exper- 
imental detail. At total, 27 profiles were obtained in 
the range of Re = 67-414 and Z/B = 2-32. The exper- 
imental data are plotted in Fig. 8 after normalization 
to the heat transfer coefficient at stagnation point 
where the maximum occurs. 

As shown in the figures, all the profiles are generally 
of bell shape with a peak appearing at stagnation 
point. The heat transfer coefficients, excluding those 
at X/B > 5 in Figs. 8(c)-(e), decrease monotonically 
with increasing the lateral distance from stagnation 
point. This trend is apparently resulted from the thick- 
ening of the wall jet flow along the target surface. 

In order to examine the local variation of heat trans- 
fer coefficient in more detail, some profiles are rep- 
resented in Fig. 9 without normalization. As illus- 
trated in Fig. 9, humps of the heat transfer distribution 
curves are clearly observed with all the 12 profiles at 
different Reynolds numbers. For six profiles, both a 
local minimum and a maximum are recorded with a 
same curve. The local Nusselt number declines from 
the stagnation point until the local minimum appears, 
then increases with increasing of lateral distance 
reaching a second peak. Beyond this peak the local 
heat transfer coefficient decreases again. Similar heat 
transfer phenomenon was reported with planar air jets 
by Sparrow and Wong [18], and attributed to the 
free stream turbulence generated by the mixing of the 
impingement flow with the quiescent environment or 
the possible transition from laminar to turbulent 
regime. It may be noted in this work that although the 
flow Reynolds number is low (Re < 414), the absolute 
flow velocity between 4.86 and 13.53 m s -] is much 
higher than those in many previous studies with planar 
liquid jets [5, 7, 9]. The minimum and maximum might 
be the symptoms of the onset and completion, respec- 
tively, of the possible transition. For the other six 
profiles shown in the figures, only the minimum is 
observed. Probably, the heaters were too short at these 
conditions for complete development of the turbulent 
boundary layer. The incipience of the turbulent 
boundary layer may be estimated by the local Rey- 
nolds number based on the lateral distance from the 
stagnation point to the location corresponding to 
minimum heat transfer coefficient : 

U'X 
Rex,c = (9) 

V 
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Fig. 8. Lateral profiles of the normalized local Nusselt number: (a) B = 0.091 mm; (b) B = 0.234 mm 
(Z/B = 4-8); (c) B = 0.234 mm (Z/B = 2); (d) B = 0.146 mm (Z/B = 4); (e) B = 0.146 mm(Z/B = 8). 

The data of Rex,¢ collected in this work are plotted as 
a function of jet Reynolds number  in Fig. 10. These 
data of Rex,c can be well correlated by an empirical 
formula : 

Rex,c = 0.482Re T M .  (10) 

Presented in Fig. 10 are also the data quoted from ref 
[18] for comparison. The trend exhibited by the critical 
Reynolds number  Rex,c from the present work is gen- 
erally consistent with that reported by Sparrow and 
Wong. But the present data are higher than those 
by Sparrow and Wong. The discrepancy is certainly 
resulted from the big difference in working fluid and 
nozzle geometry between the two investigations. Both 
the two results pertaining to Re~,c are much lower than 
the critical Reynoh:ls number  of 1.9 x 105 [9], 3.6 x l06 
[3, 5] and (1.5-4.61) x 10 6 [8] reported for free-surface 
planar water jets of 10 mm width. It is seen from the 
figure that the value of Rex,c significantly increases 
with increasing the jet Reynolds number. This 

phenomenon is also observed from Fig. 9. The local 
minimum appears at smaller lateral distance with 
decreasing the jet velocity. This anomalous variation 
is entirely different with the results reported for planar  
water jets [3, 5, 9]. The accelerating transition might 
be presumably due to the destabilization of laminar 
wall jet flow, which likely intends to occur at lower 
Reynolds number. For  lack of any information of 
experimental result pertaining to the flow charac- 
teristics associated with submerged slot liquid jets issu- 
ing from tiny nozzles, it seems very difficult, if not  
impossible, to provide a convincing argumentat ion to 
explain this heat transfer behavior. 

Another  anomaly observed in this work is the non-  
monotonic  variation of local heat transfer with Rey- 
nolds number.  The dependence of Nusselt number  
on Reynolds number  was examined for the profiles 
plotted in Fig. 9 at X/B = 5, 12 and 16. The exper- 
imental data are represented in Fig. 11. Before the 
onset of the transition (X/B = 5), the two curves exhi- 
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Fig. 9. Lateral variation of local heat transfer coefficient : (a) 
B = 0.146 mm Z/B = 4; (b) B = 0.146 mm Z/B = 8; (c) 

B = 0.234 mm Z/B = 2. 

bit normal Reynolds number dependence: Nusselt 
number is approximately proport ional  to the square 
root of  Reynolds number as shown in the figure. After 
the transition, anomalous variations of  Nusselt num- 
ber were recorded at X/B = 12 and 16 where higher 
Reynolds numbers couid yield lower Nusselt numbers. 
It is also noteworthy in Fig. 11 that heat transfer 
coefficient at larger lateral location X/B = 16 may be 
higher than those at smaller location X/B = 12. The 

non-monotonic  trend of  decline in Nusselt number 
with increasing Reynolds number and decreasing lat- 
eral distance may be ascribed to the variation of  tur- 
bulence intensity associated with the laminar- tur-  
bulent transition. Stronger turbulence intensity might 
be induced by the accelerating transition at lower Rey- 
nolds numbers, and consequently reduced the im- 
pedance to local heat transfer, resulting in the anom- 
alous heat transfer characteristics in the wall jet  zone 
after the transition. Further  research is still required 
to clarity the enhancement mechanism. 

An attempt was made to develop an empirical for- 
mula for correlating the local heat transfer data, 
excluding those affected by the possible transition. 
The correlation can be expressed by : 

Nu ~Ftanha(X/B)]~ 
~Zo-[L ~ -J 

-~[c'(x/n)d]e} lie forX/B > 0 (11) 

where the coefficients a, b, c, d and e were determined 
by a least-square technique from the experimental 
data. The values of  the coefficients and the correlation 
errors are given in Table 2. 

The correlation curves are presented in Fig. 8. Good  
agreement is seen between the data unaffected by the 
transition and the correlation curves. 

3.4. Average heat transfer 
The local heat transfer distributions were numeri- 

cally integrated over different areas of  the plate to 
determine the variation of  the average heat transfer 
coefficient. After  integration, the non-monotonic  vari- 
ation associated with local heat transfer profiles in 
Fig. 9 was somewhat smoothed. In consequence, all 
the average heat transfer data, including those affected 
by laminar- turbulent  transition can be correlated by 
a formula o f  the same form of  equation (11) 

-N-flu _ ~rtanha(X/B) ]6 
Uuo ~LX-~-J 

i _?] I/~ 
+ r:.(X/B)aJ I forX/B > 0 (12) 

where the coefficients a, b, e, a~ ~ were obtained from 
the integral results f rom experimental data. Table 3 
presents the values of  these coefficients and the errors 
of  the correlation. 

Table 2. Empirical constants in equation (11) and the correlation errors 

Nozzle Average Standard Data points percentage 
width [mm] Z/B a b c d e error deviation inside+ 10% range 

0.091 20-32 1.189 0.468 1.49 -0.483 - 9  +4.48% 6.36% 91.2% 
0.146 2-8 1.189 6.681 1.327 -0.644 - 1 7  +3.91% 5.26% 95.2% 
0.234 2-8 1.189 6.681 1.327 -0.644 - 1 7  +3.91% 5.26% 95.2% 



Impingement heat transfer and recovery effect--II 1499 

100(30 

10(13 

100 
100 

i i i h i i i i 

Fig. 10. Variation of critical Reynolds number Rex,c. 

10 

c 

v 

o 

B=O,234mm Z/B=2 
o oX/B=S 

iX/B=12 
,x/a=la 

B=(1148mm Z/B=8 
~, X/B=5 
,X/B=12 

lOO lOOO 
Re 

Fig. 11. Normal and anomalous variation of Nussett number 
with jet Reynold ~ number at various lateral locations. 

A comparison of  the correlation and the integral 
results obtained from the experimental data is pro- 
vided in Fig. 12, where the vertical bars present the 
ranges of  the data scatter. I f  comparison is made 
between Figs. 12 and 8 or  Tables 2 and 3, it will 
be found that the agreement between average heat 
transfer results, including the data affected by the 
transition, and equation (12) is better than that 
between local data and equation (11). 

4. C O N C L U S I O N S  

(1) Experimental study was performed to investi- 
gate heat transfer and recovery effect with impinging slot 

,2[ 
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Fig. 12. Correlation of local average Nusselt number. 
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Table 3. Empirical constants in equation (12) and the correlation errors 

Nozzle Average Standard 
width [mm] Z/B a {~ g ct ~ error deviation 

0.091 20-32 0.5 0.05 1.255 - 0.226 - 11 + 3.46% 5.27% 
0.146 ~ 8  0.829 - 1.027 1.302 -0.377 - 13 ___2.09% 3.16% 
0.234 ~ 8  0.829 - 1.027 1.302 -0.377 - 13 +2.09% 3.16% 

jets of transformer oil in the range of  Re = 55~15.  
The nozzle width was from 0.091 m m  to 0.234 ram. 
The jet exit velocity was between 4.86 and 13.53 m s- t .  

(2) Lateral  var ia t ion  of  local recovery factor was '  
determined at different Reynolds  numbers  and  nozzle- 
to-plate spacings. Two symmetrical  peaks were re- 
corded near the stagnation line. The experimental data 
were found to agree well with  the numerical  result. 

(3) S tagnat ion  po in t  heat  t ransfer  rates with  the 
plate within the potent ia l  core can  be well correlated 
by equat ion  (7) for the nozzles of  different widths. 
The effect of  nozzle-to-plate spacing can be evaluated 
by equa t ion  (8). 

(4) Bell-shaped lateral d is t r ibut ion of  heat  t ransfer  
coefficient can be correlated by equat ions  (11) and  
(12) for local and  average values respectively. Non-  
monoton ic  var ia t ions  of  Nussel t  n u m b e r  with lateral 
distance and  Reynolds  n u m b e r  were recorded in wall 
jet  zone, and  ascribed to possible t rans i t ion  from lami- 
nar  to tu rbulen t  regime. 
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