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Abstract-A numerical study was conducted to characterize the thermal behavior of laminar circular liquid 
jets. The main goal of this work was to clarify the significant recovery effect of large Prandtl number liquid 
jets reported by the present authors. Radial distribution of local recovery factor was studied in numerical 
detail. The (effects of many factors were investigated including Reynolds number, Prandtl number, nozzle- 
to-plate spacing, jet velocity, nozzle diameter and velocity profile at nozzle exit. Very large recovery factors 
over 20 were obtained with high Prandtl number fluid jets at medium velocity. The results exhibited good 
agreement with the experimental data by the present authors, verifying the great significance of recovery 

effect with large Prandtl number liquid jets. 0 1997 Elsevier Science Ltd. All rights reserved. 

1. INTRODUCTION 

Impinging fluid jets can provide very high heat and 
mass transfer rams, particularly with liquid as the 
working medium I:l]. As an attractive cooling option, 
liquid jet impingement has been employed in many 
technical processes. Some industrial applications 
include cooling of internal combustion engines [2], 
thermal treatment of metals [3] and, more recently, 
thermal control of electronic devices [4]. 

It has been established that the difference between 
the wall temperature and the adiabatic wall (or recov- 
ery) temperature is the thermal driving force for 
impinging high speed air jets [5-71 or large Prandtl 
number liquid jets at medium velocity [f&11]. In 
consequence, the heat transfer coefficient h should be 
defined as 

h=L 
r, - r, 

(1) 

where the adiabat:ic wall temperature T,, is calculated 
from 

t 
ii; 

aw = t,+r,. (2) 

The local characteristics of impingement heat trans- 
fer coefficient and. recovery factor have been studied 
with circular transformer oil jets in experiment detail 
[8, lo]. Very large recovery factor up to 20 was 
reported at jet velocity about 20 m s-i. Complex radial 
distribution of the recovery factor was recorded with a 
local minimum at stagnation point and two symmetric 

t Author to whom correspondence should be addressed. 

maxima on each side at r/d x + 1.2. It is hoped that 
these experimental results from Refs. [S-lo] may be 
further clarified by numerical study. However, to the 
best knowledge of the present authors, numerical 
investigations for submerged jets were reported only 
for air jets [12-141 in open literature. 

The objective of this work was to conduct a numeri- 
cal study to characterize the recovery effect and heat 
transfer process with submerged impinging liquid jets 
with Prandtl number between 10 and 1000. The 
emphasis was placed on the investigation of local 
recovery factor. Some results of recovery factor were 
compared with the experimental data obtained in Ref. 
[lo]. In general, the agreement between the numerical 
and experimental results was pretty good. Based on 
the dissipation function [15-171, interpretation was 
presented for the results obtained in this study. The 
influence of recovery effect on impingement heat 
transfer was also explored in this study. 

2. MATHEMATICAL FORMULATION AND 

NUMERICAL PROCEDURE 

The flow geometry and solution domain to be con- 
sidered are shown in Fig. 1. A laminar jet issues from 
a circular tube of diameter d and impinges per- 
pendicularly onto a flat solid surface. The submerged 
jet is injected directly into a miscible atmosphere. The 
impinging jet flows in a region bounded by the target 
surface and nozzle plate as shown in the figure. In the 
present mathematical model, the flow is assumed to 
be laminar, steady and axisymmetric. The effect of 
gravity is neglected. After non-dimensionalization, the 
governing equations for the control volume are ex- 
pressed as follows : 
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NOMENCLATURE 

c* specific heat at constant pressure to the jet static temperature at nozzle exit 
d nozzle diameter u u/G, non-dimensional radial velocity 
EC z$/(Cp* to), non-dimensional group u radial velocity component 
h heat transfer coefficient uo mean jet velocity at nozzle exit 
K empirical constant in equation (6) V u/U,, non-dimensional axial velocity 
k thermal conductivity component 
NU h - d/k, Nusselt number V axial velocity component 
P p/(p * r&m, non-dimensional static x x/d, non-dimensional coordinate 

pressure normal to impingement plate 
P static pressure X coordinate normal to impingement 
Pr v/u, Prandtl number plate 
Q q/pC&t,, non-dimensional heat Z nozzle-to-plate spacing. 

flux 
4 heat flux Greek letters 
R radial coordinate n dynamic viscosity 
R* R/d, non-dimensional radial u thermal diffusivity 

coordinate V kinematic viscosity 
r recovery factor V* v/v,, non-dimensional kinematic 
Ra* (,/w - 7)/16 [empirical viscosity 

constant] P density 
Re u. - d/vo, Reynolds number @ dissipation function. 
T (t-Q/to, non-dimensional static 

temperature Superscripts and subscripts 
t static temperature - average values. 
t aw adiabatic wall temperature 0 variables at the nozzle exit 
L wall temperature max maximum value. 

Fig. 1. Physical model and coordinate system. aT aT 1 

‘ax+ ‘dR* = PrRe 

The continuity equation 
+E 

(3) 

The momentum equations 

(5) 

The solution domain is described as OABCDO in 
Fig., 1 with a radius of 15d. The boundary conditions 
are given as follows : 

OA:T=O,V=O 



Submerged circular jets of large Prandtl number liquid 2649 

22 

m 
18 

16 

14 

12 
L 

10 

6 

6 

4 

2 

0 
-10 -8 .6 4 -2 0 2 4 6 6 10 

W 

Fig. 2. The influence of the grid number. 
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Fig. 3. Local recovery factor distributions with different jet 

velocity profiles. 

for R* < Ra* 

U= 
K[l-l.,(Z) 

f0.5 (gs)‘] for R* > Ra* 

where Ra* = (@20/K) -95 - 7)/16 and K is a con- 
stant between 1 and 20/9. Apparently, K = 1 cor- 
responds to uniform velocity profile at the nozzle exit 
and K = 20/9 corresponds to fully developed velocity 
profile. Between the two critical conditions the vel- 
ocity profiles can be considered as semi-developed. In 
this work K = 1.4 was taken in the calculation. 

aT 
AB:%=O, U= V=O 

BC:T=O(V<O)or&=O(V>O), 

u= 0, 
iiR* V 
-aR*=O 

The equations listed above were solved with SIM- 
PLE method. The computations were carried out with 
a non-uniform 50 x 42 staggered grid system which 
was good enough to obtain accurate results in this 
work. Figure 2 demonstrates the influence of the grid 
number. It is see:n from the figure that the com- 
putational result is insensitive to the grid number 
when the number is big. As shown in the figure, the 
computational data are identical for the 50 x 42 and 
42 x 40 grid systems. Under-relaxation factors were 
employed to ensurN: the convergence of the numerical 
solutions. The criterion for convergence was adopted 
that the relative errors for each variable between two 

successive iterations were less than a small value : 10m6 
for T and 10e5 for U and V, respectively. Using the 
transformer oil as working fluid, the basic parameters 
in the present calculation are specified as follows : 

G=20ms-‘,d= lmm,t, =3O”C, 

p = 860kgmp3, C, = 1943 Jkg K-‘, 

v0 =25~10-~m~s-‘,z/d=4 

and Pr = 337, Re = 800. 

In some cases, the parameters were changed in the 
following ranges : 

u. lWOms_ ;dl-1.5mm; Pr lt&lOOO;z/d2-20. 

The physical properties of working fluid were 
assumed to be constant in this study expect for the 
cases of computing the recovery factor and heat trans- 
fer coefhcient for comparison with the experimental 
data in next section paragraph 3.5, in which the vis- 
cosity and Prandtl number were considered as func- 
tions of temperature. 

3. NUMERAL RESULTS AND DISCUSSION 

The computational work was performed using the 
basic parameters presented in the foregoing unless 
pointed out specially. The main body of the numerical 
results is related to recovery factors. 

3.1. The generalfeature and influence of velocity profile 
It was found that the recovery factor was sig- 

nificantly affected by the velocity profile at the nozzle 
exit. As shown in Fig. 3 the fully developed profile 
resulted in much higher recovery factors than those 
with uniform profile. The former may be three times 
larger than the later. However, the two radial dis- 
tribution curves demonstrate similar shape : a valley 
appears at the stagnation point and two symmetric 
peaks exist at around R/d = + 1.2. This result is con- 
sistent with the experimental data reported in Refs. 
[9, lo]. In the present work a semi-developed velocity 
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profile (K = 1.4) was adopted resulting in a radial 
distribution of recovery factor between the two critical 
cases as exhibited in Fig. 3. The general feature of 
recovery factor associated with high Prandtl number 
liquid jets can be explained by means of dissipation 
function [15]. The dissipation function, defined and 
described in some classical works [16, 171, indicates 
the energy dissipated into heat by friction. In the pre- 
sent case the dimensional dissipation function can be 
expressed by 

It has been included in the second term on the right- 
hand-side of equation (5). At stagnation point we 
certainly have &@R = av/aR = 0 because of velocity 
profile symmetry and v = 0 because of velocity stag- 
nation. Also, we can assume au/ax = &/ax = 0 at 
the stagnation point on the wall. In consequence, the 
dissipation function becomes zero at stagnation point. 
It means that the wall temperature increase, owing to 
frictional heat, is zero or the recovery factor is zero at 
this point. In contrast to the circumstance at stag- 
nation point, very large velocity gradient appears in 
the vicinity of this point, resulting in a large dis- 
sipation function. For large Prandtl number liquid 
jets, the dissipation function is even greater in this 
area because of the large magnitude of dynamic 
viscosity. So, large recovery factors exist around the 
stagnation point as shown in Fig. 3. The large differ- 
ence in recovery factors between uniform and fully 
developed velocity profiles can also be explained by 
the variation of dissipation function. In reality, the 
parabolic velocity profile yields a much greater value 
of velocity gradient than uniform velocity jets. As a 
result, a larger dissipation function or recovery factor 
can be obtained. More detailed information about the 
relationship between the recovery factor and dis- 
sipation function is reported in Ref. [ 151. 

Fig. 4. Local recovery factor distributions for various jet 
Reynolds numbers. 
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Fig. 5. Local recovery factor distributions for various nozzle 
diameters. 

3.2. Effect of Reynolds number L 

Numerical study was conducted to investigate the 
effect of Reynolds number. The result is presented in 
Fig. 4. It is observed that the recovery factor dis- 
tribution is very slightly affected by Reynolds number. 
This trend is in agreement with the experimental 
results both of impinging liquid [9, lo] and air [7] 
circular jets. The effect of varying nozzle diameter or 
jet velocity was also studied under constant Reynolds 
numbers. As shown in Fig. 5, the effect can be neg- 
lected in the range of the parameters investigated in 
the present work. 

Fig. 6. Local recovery factor distributions at various Prandtl 
numbers. 

3.3. Influence of Prandtl number 
Significant influence of Prandtl number on recovery 

factor was determined in this study. Fig. 6 presents 
the radial distributions of recovery factor for constant 
Prandtl numbers between 10 and 1000. The dis- 
tribution curves display the same contour, but they 

are very different in magnitude. It is seen from the 
figure that recovery factors increase significantly with 
increasing Prandtl number. The peak value of the 
recovery factor can be correlated as a function of 
Prandtl number by the following equations : 
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r,,, = 1.20 Pro.’ for 10 < Pr < 200 (7) 
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Fig. 7. Variation of maximum recovery factor with Prandtl 
number. 

rmax = 3.46 AV3 for 200 < Pr < 1000. (8) 

Equations (7) and (8) are within f 3 and + 1.5% 
of the correspondent numerical data, respectively. A 
single correlation was also developed for all the data 
over the entire range of Prandtl number from 10 to 
1000: 

r,,, . = 1 51 I’ro.437 for 10 < Pr < 1000. (9) 

This correlation presents all the data within f 14%. 
Very good agreement is seen from Fig. 7 between the 
numerical data and the predicted curves by equations 
(7) and (8). Presented in the figure are also the two 
correlations developed both for laminar flow along a 
flat plate [16, 171: 

r=J% (10) 

r = 1.9*Pr”3. (11) 

Equation (10) was reported to be a good approxi- 
mation for parallel flow with Prandtl number between 
0.6 and 15 [16]. Equation (11) was proposed for large 
Prandtl number between 100 and 1000 [ 171. As shown 
in Fig. 7, the two correlations, particularly the former, 
may be used as a first approximation to estimate the 
maximum recovery factor associated with impinging 
jets of large Prandil number fluid. 

Prandtl number may vary from liquid to liquid by 
several orders of magnitude. The Prandtl number is 
the ratio of kinematic viscosity and the thermal 
diffusion. Large Prandtl number is associated with 
greater magnitude of dynamic viscosity ~1, or greater 
dissipation function. Consequently, a larger amount 
of heat generated by friction can be obtained with 
higher Prandtl number. On the other hand, larger 
Prandtl number should indicate smaller rates at which 
heat may diffuse through the fluid, resulting in less 
loss of frictional heat. The above discussion provides 
the interpretation for the relationship between recov- 
ery factor and Prandtl number illustrated in Figs. 6 
and 7. 
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Fig. 8. Local recovery factor distributions at various nozzle- 
to-plate spacings. 
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Fig. 9. Variation of maximum recovery factor with nozzle- 
to-plate spacing. 

3.4. Effect of nozzle-to-plate spacing 
Seven distribution curves of recovery factor are 

plotted in Fig. 8 for corresponding constant z/d. In 
general, the variation of nozzle-to-plate spacing does 
not change the curve shape. However, the maximum 
r,,, is affected by the spacing. Non-monotonous vari- 
ation of rmax with z/d is exhibited in Fig. 9 with a 
maximal value at z/d = 4. Beyond this peak the recov- 
ery factor decreases with the increase of spacing. 

3.5. The influence of recovery effect on heat transfer 
In Fig. 10 two radial distributions of local heat 

transfer coefficients are presented at constant heat 
flux q = 10’ w m-*, corresponding to the cases with 
recovery effect included and neglected, respectively. 
Apparently, the local Nusselt numbers calculated 
from recovery temperature are somewhat higher than 
those with recovery effect neglected, particularly in the 
stagnation zone (R/d < 2). It is noted that a significant 
valley appears at the stagnation point resulted from 
the recovery effect. Beyond R/d = 3 the difference 
between the two curves can be neglected. 
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3001 I 4. CONCLUSIONS 
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Fig. 10. Local heat transfer distributions with and without 
recovery effect. 

3.6. Comparison with experimental data 
In order to make a comparison with the exper- 

imental data from Ref. [lo], numerical work was per- 
formed using the parameters identical with those in 
the reference: & = 23.2 m s-‘, d = 0.987 mm, 
t, = 37S”C, Pr = 263, v0 = 19.08 x 10m6 m* s-’ and 
z/d = 4 or 8. The comparison of the numerical result 
with the experimental data is demonstrated in Fig. 11. 
In general, the agreement is pretty good between the 
computed curves and the experimental data. At the 
stagnation point the experimental data are much 
higher than zero value by the calculation. It can be 
attributed to the fact that the measured wall tem- 
perature in Ref. [lo] is not exactly a local value, but 
an average one over a small range due to the definite 
size (@O.S mm) of the thermocouples and the lateral 
thermal conduction along the metal foil. The dis- 
crepancy between the numerical and experimental 
data is also caused by the difference in jet con- 
figurations. In the presented work confined jets are 
considered which are different from the unconfined 
jets in Ref. [lo]. The agreement shown in the figure 
should further clarify and confirm the local charac- 
teristics of recovery factor revealed by the present 
authors [8-lo]. 
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Fig. 11. Comparison of numerical result with experimental 
data. 

A mathematical model for evaluating the thermal 
behavior of laminar circular impinging liquid jets was 
constructed. Numerical investigation was conducted 
with emphasis on the recovery effect with large Prandtl 
number liquid jets. Radial distribution of the local 
recovery factor was determined with the variation of 
Reynolds and Prandtl numbers. The influence of jet 
velocity profile at nozzle exit and nozzle-to-plate spac- 
ing was also examined numerically. The results con- 
firmed the great importance of recovery effect in the 
thermal process with impinging large Prandtl number 
liquid jets. Good agreement between the present 
results and available experimental data was observed. 
The general characteristics of recovery factor revealed 
in this work were interpreted by means of dissipation 
function. 
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