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A Numerical Study of Impingement Heat Transfer 
in a Confined Circular Jet 

In Gyu Park*, Bock Choon Pak** and Young I. Cho*** 
(Received July 8, 1996) 

Heat transfer characteristics of a submerged circular jet impingement with a confined plate 

was studied numerically. The continuity, momentum and energy equations were solved simulta- 

neously. FIDAP, a finite element code, was used to formulate and solve the matrix equations for 

fluid elements. The effects of channel height and Reynolds number on the local Nusselt number 

were considered in the range of H =0.5-1.5 and Re-- 100-900, respectively. It was found that the 

channel height influenced strongly on the surface temperature, shear stress and pressure drop. 

The peak temperature was observed and gradually moved outward to the rim of the heated 

circular plate with increasing the Reynolds number, which may be related to flow recirculation 

region in the channel. It is also noted that the pressure drop increased more than the average 

heat transfer coefficient as the Reynolds number increased. For Pr=7 ,  the Nusselt number was 

much more dependent on the Reynolds number than the channel height, and the magnitude of 

the second peak in the Nusseh number distribution increased as the Reynolds number increased. 

The local Nusselt number calculated based on a mixing-cup temperature was considerably 

different from that using the inlet nozzle temperature for H--0.5 and R e =  100. The present study 

showed that the local Nusselt number of a confined submerged jet was significantly larger than 

that of the unconfined free jet which was available in the literature. 
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Nomencla ture  

A ; Heated plate area 

Cp : Specific heat at constant pressure 

d : Inner diameter of the nozzle (--2r0) 

h : Local heat transfer coefficient 

ff : Average heat transfer coefficient 

H : Dimensionless channel height, H = Z / r 0  

k : Thermal conductivity 

N u  : Local Nusseh number, h d / k  
Nut  : Average Nusselt number, defined as Eq. 

(1) 
Nuh : Average Nusselt number, defined as Eq. 

(2) 
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p : Pressure 

Ap : Pressure drop 

P r  : Prandtl number 

q : Heat flux at the heated plate wall, constant 

r : Radial coordinate 

Re : Reynolds number, defined as pV,.,,d/,u 
T : Temperature 

7~ : Average bottom plate temperature 

V : Velocity 

: Average velocity at jet-to-plate spacing 

z : Axial coordinate 

Z : Channel height 

Greek Letters 
: Viscosity 

p : Density 

r : Local shear stress 

Subscripts 
in : Nozzle inlet 
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mix : Mixing-cup 

w : Wall 

1. Introduction 

Impingement jet is of great practical interest 

since iit can be used as an effective means of  

providing high heat transfer rates in various 

industrial transport processes. Some industrial 

applications include thermal treatment in annea- 

ling process of metals, drying of  textiles and 

paper, cooling of internal combustion engines, 

and more recently, thermal control of  the high 

-heat-diss ipat ion electronic components. 

Impingement jets can be primarily categorized 

into two broad groups : (i) gas jets ; (ii) liquid 

jets by the type of working fluid. Also, it can be 

classified into free or submerged jets depending 

on flow situation, and besides into the unconfined 

and confined cases depending on whether a con- 

finment plate exists or not. 

A m~mendous amount of  technical papers deal- 

ing gas, and liquid jets and recent reviews (Downs 

and James, 1987 ; Webb and Ma, 1995) on that 

subject exist in the literature. However, limited 

information is available for the effect of  the con- 

fined or partially confined plates on impinging jet 

flow and heat transfer characteristics. Further- 

more, no previous studies of an axisymmetric 

liquid jet impingement in the laminar flow, partic- 

ularly for the confined submerged case, has been 

reported. Much useful information can be found 

in closely related studies as summaried in the 

following. 

For an axisymmetric jet impingement with a 

circular nozzle, both the free and submerged cases 

were studied by Womac et al. (1993). The uncon- 

fined submerged jet impingement was investigated 

by De:shpande and Vaishnav (1982), Ma and 

Bergles (1983), Sparrow et al. (1987), and 

Woma~ z et a1(1993). Ma and Bergles (1983) 

experimentally studied heat removal from the 

electrically heated chip-size test sections with 

normally impinging circular submerged jets of R 

- I  13 fluid. They found that high heat flux rate of  

approximately 20 watts/chip could be obtained 

with a subcooled R-I13  jet impingement. Womac 

et al. (1993) found that the average Nusselt 

number (Nut)  of a submerged jet  for Re_<4000 

was lower than under that of  a free jet. For H_< 

8, the average Nusselt number (Nut)  was insensi- 

tive to the channel heights. However., for H >8,  it 

relatively decreased with increasing channel 

heights. 

A confined submerged .jet impingement in 

laminar flow was numerically studied by Saad et 

al. (1977). They reported that the characteristics 

of impinging round jets depended on the inlet jet 

velocity profile (i. e., whether it is a flat or 

parabolic  velocity profile).  For tile fiat inlet 

velocity profile, the heat transfer rate was signifi- 

cantly less along the entire impingement plate 

than for the parabolic velocity profile. Although 

test conditions for Sadd et al. (1977) were similar 

to the present numerical study, their results were 

not suitable for comparison because the Prandtl 

number for air (0.7) in their study was different 

from that ( ~ 7 )  of the present study by one order 

of magnitude. 

lnada  et al. (1981) conducted a theoretical and 

experimental study of  the unconfined impinging 

jet on the laminar-f low heat transfer with con- 

stant heat flux at the wall. They found that the 

heat transfer coefficients reached a peak value at 

the stagnation point (i. e., at the center of disk) 

for dimensionless channel height H =  1.4 and at 

the point of about half  rectangular slot width 

from the stagnation point for H = 0 . 2  - 0.5. 

Stevens and Webb (1991) investigated the local 

heat transfer coefficients for round, single-phase 

free liquid jets impinging normally against a flat 

plate with constant heat flux. They reported that 

the nozzle diameter instead of the channel height 

was a major parameter in determination of the 

local heat transfer coefficient. They also found 

that beyond dimensionless distance r / r0=  1.5, the 

local Nusselt number profile exhibited a sharp 

drop followed by gradual decrease. In some cases, 

a second peak in the Nusselt number occurred 

after this gradual decrease when the Reynold 

number increased. 

In the present study, a confined submerged 

liquid jet was examined in the laminar flow with 

impinging outflow passing beyond tile outer rim 



350 In Gyu Park, Beck Choon Pak and Young L Cho 

of a heated surface. The objective of the present 

study was to investigate the effect of the channel 

height and the magnitude of velocity on tempera- 

ture profile, shear stress, and local Nusselt num- 

ber. 

2. N u m e r i c a l  M o d e l l i n g  

A submerged confined radial jet impingement 

as shown in Fig. 1 schematically was considered 

for the present numerical simulation. Axisym- 

metric, two-dimensional, steady flow with con- 

stant heat flux boundary condition was assumed. 

A circular nozzle of the inner diameter of I cm 

was located at the center of the top surface. The 

working fluid was assumed to be water at 20~ of 

which the density and viscosity are 0.9982 g/cm 3 

and 1.002 mPa. s, respectively. 

To investigate the effect of the channel height 

on heat transfer characteristics, three different 

dimensionless channel heights (H=0.5,  1.0 and 1. 

5) were used. Also, three different Reynolds 

Cylinder 

~ Nozzle i 

Confined plate 

rl = 4~4 ~ P[ 
r2 = 5'0 l 

(a) Top view 

~ Inlet Side wall Flow 

P2 I I ~ /  

 dJJo Channel height, Z ~ ] m plate 

(b) Side view 

Fig. 1 Schematic diagram of a liquid jet cooling 
module for the automobile engine head. All 
dimensions are given in [cm] 

numbers of 100, 500 and 900 were used for each 

channel height in order to examine the effect of 

the Reynolds number. 

The continuity, momentum and energy equa- 

tions were solved simultaneously. The governing 

equations used in the present numerical study are 

presented in vector forms as follows : 

Continuity equation 

V . u = 0  (1) 

Momentum equation 

p u ' V u  = - V p +  ~V2u (2) 

Energy equation 

pCpu. V T = k V  2 T (3) 

where the viscous dissipation and buoyancy 

terms were assumed to be negligible. Adiabatic 

walls were assumed at the confined plate and the 

side wall of a cylinder (see Fig. 1). 

FIDAP, a commercial finite element code, was 

used to formulate and solve the matrix equations 

for fluid elements. Grids which were non-uniform 

for both z and r directions, consisted of a set of 

orthogonally intersecting straight lines with dense 

grids near the walls. For the case of H=0.5,  grid 

of 47 • I 15 was used; grid of 51 • 115 for H = 1.0 ; 

grid of 57 • for H =  1.5, respectively. A qua- 

dratic boundary element (3 nodes) was used in 

the heat flux boundary condition, and a quadratic 

quadrilateral element (9 nodes) was used else- 

where. The number of iteration steps required for 

convergence was less than 10 ; only successive 

substitution method was used. For the final 

results of the present numerical computation, the 

solution procedures were repeated with the fol- 

lowing convergence criteria for both the velocity 

and residual force norm : 

II u , -  -i-,ll -<0.015 (4) 
Ilu,ll 

and 

IIRill -<0.05 (5) 
IIR011 

where is the ith iteration solution vector and is 

the initial residual force vector. The iteration was 

terminated when these convergence criteria were 

satisfied simultaneously. 

The two average Nusseh numbers over the 
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heated bottom plate were determined from the 

following equations : 

qwd (6) 
Nu r = - s  ~ _  Ti.) 

and 

N u h - -  (7) 
k 

where T and IT were calculated by the follow- 

ing equations : 

where A is the bottom plate area and h is the 

local heat transfer coefficient, which is defined as 

h = q w / ( T w - T i n )  (11) 

Also, the Reynolds number was defined as 

Re = O Vi.d/,u (12) 

3. Results  and Dieuss ion 

3.1 Temperature variation on impingement 
surface 

Figure 2 presents the results of the heated plate 

temperature vs. dimensionless radial  distance at 

the different Reynolds numbers of  100, 500 and 

900. At the low Reynolds number, the tempera- 

ture increases monotonically regardless of the 

channel height, which is a typical temperature 

profile,' for impingement cooling reported in the 

previous literature. However, the peak point 

begins to be appeared in the intermediate flow 

region at the higher Reynolds number. Further- 

emore, it moves out radially with increasing 

dimensionless channel height and the Reynolds 

number. 

Since most axisymmetric submerged flow 

studies considered the dimensionless radial dis- 

tance (r/ro) less than 6 and dimensionless chan- 

nel heiight (Z/ro) greater than 3, it is hard to find 

data which can be compared with the present 

results. It is of note that the present data were 

obtained for the dimensionless distance of 0 <  r~ 
r0< 10 and the dimensionless channel height of 0. 

5< H <  1.5 with a 180 degree turn in outflow (see 

120 I 
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~ I i,0 
I - -  2 0  t" . . . . .  ~ , - -  , , I 
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12~ Re= lOO I 
100 t . . . . .  . ,=~oo ] 

40 
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(b) H =1.0 

1 2 0 I  Re= 100 
100-{ Re = 500 / 

~ a01 ....... Re = 900 J , 

40 "<~ 

20 
0 2 4 6 8 10 

r/ro 

(C) H = 1.5 

Fig. 2 Variation of the heated plate temperature 
along impingement surface at different 
Reynolds number 

Fig. 1). In electronic packaging, compactness is 

an important requirement. Thus, the channel 

height should be minimized as much as possible. 

Many authors such as Sparrow et al. (1987), 

Womac et al. (1993) showed that the submerged 

jet data depended critically on the dimensionless 

channel height (H)  more than the free surface jet 

data did. 
Figure 3 shows the streamline plot and the 

corresponding temperature profile for H = I . 5  

and Re=900 .  The surface temperature of the 

heated bottom plate was maintained below 30~ 

for r/ro<5.5, which can be explained by the 

radial  flow acceleration along the bottom plate 

due to the recirculation zone on the confined 

plate. At r/ro~-6.0, the surface temperature of the 

bottom plate suddenly increased to 57~ caused 
by presence of the flow recirculation zone on the 
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heated bottom plate. Since this sudden increase 

can cause a locally hot spot, one must design flow 

impingement to avoid this flow recirculation zone 

on the bottom plate. 

Figure 4 shows maximum surface temperatures 

as a function of Reynolds number at three differ- 
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Fig. 4 

Streamline plot 
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Comparison of the heated plate temperature 
with streamline profile for Re =900 and H =  
1.5 
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Values of the local maximum heated plate 
temperature in the confined area (0< r < rl) 
and overall area (0< r <  r~) 

ent dimensionless heights. Two heated bottom 

areas were considered to select the maximum 

temperature in this figure. The solid line repre- 

sents the maximum surface temperature in the 

overall area from the center to the rim of the 

bottom plate (0< r <  r~), and dashed line indi- 

cates the maximum surface temperature in the 

area occupied by the top confined plate (0< r <  

r~). As shown in Fig. 6, the maximum surface 

temperatures were located mostly outside of the 

confined area. The maximum surface temperature 

decreased sharply when the Reynolds number 

increased from 100 to 500. The maximum 

temperature then gradually decreased as the 

Reynolds number further increased to 900. 

3.2 Pressure  e f fects  to heat transfer 

Figure 5 shows the relation between pressure 

drop and average heat transfer coefficient, where- 

as Fig. 6 shows the corresponding relation 

between the shear stress and local heat transfer 

coefficient. Figure 5 (a) presents the pressure drop 

between the nozzle inlet, p~ and the channel exit, 

P2, (see the points p~ and P2 in Fig. l) as a 

function of Reynolds number at three different 

E 
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Pressure drop and average heat transfer co- 
efficient as a function of Reynolds number 



A Numerical Study o f  Impingement Heat Transfer in a Confined Circular Jet 3 5 3  

dimensionless channel heights. Figure 5(b) 

shows the average heat transfer coefficient as a 

function of Reynolds number. The pressure drop 

across the impingement system was calculated 

between the point p, and point P2, which were at 

z = 1.2 cm near the nozzle inlet and at r-----4.1 cm 

near the tip of the confined plate, respectively. 

Figures 5 (a) and 5 (b) show that the small dimen- 

sionless channel height, i. e., H = 0 . 5 ,  caused a 

significant increase in the pressure drop more 

than in the heat transfer coefficient, an observa- 

tion which is consistent with that reported by 

Miyazaki and Silberman (1972). 

Figure 6(a) presents the local shear stress as a 

function of dimensionless radial distance for three 

different dimensionless channel heights for Re =  

900 (given here again for reference), whereas Fig. 

6(b) shows the corresponding local heat transfer 

coefficient. The local heat transfer coefficient 

consistently decreased along the radial direction 

for H = l . 5 . F o r  H = 0 . 5  and 1.0, the local heat 

transfer coefficient decreased up to a certain 

radial distance and then increased, reaching a 

second local maximum value, which might have 
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Shear stress and local heat transfer coefficient 
distribution along the dimensionless radial 
distance for H=0.5, 1.0 and 1.5 (Re=900) 

come from the recirculation flow along the heated 

bottom plate. From the present results, it is 

recommended to increase both Reynolds number 

and the channel height in order to increase heat 

transfer coefficients without substantially increas- 

ing pressure drop. 

3.3 Local Nusselt  number 

3.3.1 Local Nusselt  number based on the 

inlet temperature 
Figure 7 presents the local Nusselt numbers as 

a function of dimensionless radial distance for 

Reynolds number of 100, 500, and 900. For each 

Reynolds number case, the local Nusselt number 

profiles at three different dimensionless channel 

heights were given. The local Nusselt number was 

defined as N u = h d / k ,  where h is the local heat 
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Fig. 7 Nusselt numbers as a function of dimension- 
less radial distance for Re--lO0, 500 and 
1000 
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transfer coefficient, d is the inner diameter of  

nozzle, and k is the thermal conductivity of fluid. 

It is of  note that in the calculation of  a heat 

transfer coefficient, one needs to use temperature 

difference as shown in Eq. (5). In this section, the 

local heat transfer coefficient was calculated using 

the temperature difference between the bottom 

plate temperature Tw and the nozzle inlet temper- 

ature T,n, which has been used by almost all the 

previous investigators. Later, however, a new 

method will be shown to calculate of the local 

heat transfer coefficient by using the local mixing 

-cup temperature. 

The results in Fig. 7 shows that the local 

Nusselt number is more sensitive to the Reynolds 

number than the channel height. Since the local 

heat transfer coefficient increases with decreasing 

temperature difference between the bottom plate 

and the nozzle inlet, the increase in local heat 

transfer coefficient is magnified as the bottom 

plate temperature approaches the nozzle inlet 

temperature. As shown in Fig. 2, the bottom plate 

temperature was close to the nozzle inlet tempera- 

ture at the dimensionless radial distance r/ro<-- 
4.0, resulting in high Nusselt numbers. The Nus- 

selt number did not vary much at r / r  o>_6.0 
because there was a large temperature difference 

between the bottom plate and the nozzle inlet. 

For  R e = 1 0 0 ,  the local Nusselt number rea- 

ched a peak value at r / r o ~ l ,  and gradually 

decreased along the radial direction. However, for 

Re  =900, the local Nusselt number had generally 

two peaks as mentioned earlier in Fig. 6 (b). The 

location of the second peak was moving outward 

radially as the Reynolds number increased and 

the dimensionless channel height became large. 

The two peaks were also observed for circular 

liquid jets in laminar flow by Faghri et al. 

(1993), in both laminar and turbulent flows by 

Liu et al. (1991), in turbulent flow by Stevens 

and Webb (1991), and for circular air jets in 

turbulent flow by Mohanty and Tawfek (1993) at 

r/ro>_20. In addition, Sparrow and Wong 

(1975) also reported this hump in the local 
Nusselt number profile. 

Liu et al. (1991) and Stevens and Webb (1991) 

considered the second peak as a result of  transi- 

tion from laminar to turbulent flows. Mohanty 

and Tawfek (1993) regarded the peak as the 

tendency of  the jet to reattach far from the center. 

Faghri et al. (1993) explained that the wall tem- 

perature decreased due to the intersection of two 

thermal boundary layers forming on the disk. The 

first boundary layer develops from the jump loca- 

tion and grows downstream. The second bound- 

ary layer develops from the end of flow recircula- 

tion region and grows upstream due to the direc- 

tion of  the recirculating flow. In this present 

study, the second peak was attributed to flow 

recirculation. 

Figure 8 presents heat transfer results in the 

form of N~/.Pr ~ vs. Reynolds number, where the 

average Nusselt number was defined as Eq (6). 

Open circles represent the present calculation, 

whereas open triangles represent the results repor- 

ted by Womac et al. (1993), who used an uncon- 

fined jet impingement. Since most data in Womac 

et al. were obtained at Re=2000, only the aver- 

age Nusselt numbers for the range of  dimension- 

less distance r/ro=2.34 could be compared 

u n d e r / ? e = 9 0 0  as shown in Fig. 8. The compari- 

son of these two results indicates that the heat 

transfer for the present confined jet impingement 

at H = 1 . 5  was slightly larger than that for the 

unconfined jet impingement ( a t / / = 6 . 0 ) .  It is of  

note that the difference in H did not influence the 

32-  
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24. 
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2 0 -  

-.--.o--- r/ro = 2.34 (Present) j &  

-----/x---- r/ro = 2.34 (Womac) 

16 
400 660 860 lo'oo 12oo 

Re 

Fig. 8 Comparison of the average Nusselt number 
between the present results with the confined 
impingement and Womac et al. (1993) with 
unconfined impingement under the submer- 
ged jet conditions 
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heat transfer results when the average Nusselt 

number was computed on a small surface area (i. 

e., 0 < r/ro<2.34). 
Figure 9 presents the local Nusselt number as a 

function of dimensionless radial distance for R e =  

100, 500 and 900. For  each Reynolds number 

case, Nusselt number profiles at three different 

channel heights were plotted together with the 

prediction from Wang et al. (1989) which were 

obtained from free jet impingement. The compari-  

son of the present confined jet impingement data 

with Wang's free jet impingement showed that the 

heat transfer in the confined jet impingement was 

much ]larger than that in free jet impingement in 

the region of  r/ro<4.0. 
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Fig. 9 Comparison of the local Nusselt numbers 
between the present results with confined 
impingement and Womac et al. (1993) with 
unconfined impingement under the submer- 
ged jet conditions 

3.3.2 Local Nusse l t  number based on the 
local mixing-cup temperature 

Figure 10 presents the local mixing cup 

temperature as a function of dimensionless radial 

distance for three different Reynolds numbers. 

The inlet temperature was given in dashed line for 

comparison. The local mixing-cup temperature 

Trot• ( r )  can numerically be calculated according 

to the standard definition, which is 

- -  (12) 
Tm,x (r)  = A ] /  f VdA 

Once, Tm~x(r) is calculated, the local heat 

transfer coefficient, hmlx, can be calculated as 

follows: 

q,,=hm,x( T o -  Tm~x) (13) 

The mixing-cup temperature in the present 

study was obtained using the concept of energy 

balance as follow: 

q,,A = pCpzcro z V,n ( Tm,x- T,n) (14) 

The right hand side term, pCp V,n ( T~•  Ti~), 
represents the energy removed by fluid from the 

heated bottom plate. It is of note that the mixing- 

cup temperature does not depend on the channel 

height because Vin is constant for all H and a 

given Reynolds number, and the mixing-cup tem- 

perature becomes greater at Re = 100 than that at 
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Fig. 10 Local mixing-cup temperature at three differ- 
ent Reynolds numbers. Dashed line, inlet 
temperature, was provided for comparison 
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Re =900 because the inlet velocity is small for the 

low Reynolds number. 

As mentioned earlier briefly, there are several 

choices for the fluid temperature used in the 

calculation of the local heat transfer coefficient. 

In an external flow, the temperature of the cooling 

fluid far away from a heated surface is usually 

known or may be a constant, which justifies the 

use of the inlet nozzle temperature in the calcula- 

tion of the local heat transfer coefficient. How- 

ever, in a confined jet impingement like present 

study, there is usually no well-defined tempera- 

ture except the inlet temperature. Hence, the con- 

cept of the mixing-cup temperature given in Eq. 

(12) can be applied. 

Figures 11 and 12 present the local Nusselt 

numbers as a function of dimensionless radial 

distance for Ne =100 and 500, respectively. For 

each Reynolds number case, the local Nusselt 

number profiles at two different dimensionless 

channel heights were plotted for both cases using 

the mixing-cup and the inlet temperatures. The 

Nusselt number profiles given in these figures 

show that the local Nusselt numbers calculated 

using the mixing-cup temperature method were 

consistently greater than those calculated using 

the nozzle inlet temperature, although the differ- 

ence became smaller with increasing Reynolds 

number. The difference between the two Nusselt 

numbers also became large with increasing r/ro.  

When compared with the temperature difference 

between the inlet and the heated bottom plate, the 

temperature difference between local mixing-cup 

and heated bottom plate decreases along the 

radial direction because the mixing - cup temper- 

ature increases radially as the cooling fluid picks 

up heat from the bottom plate. Since the heat flux 

at the bottom plate was constant, the heat transfer 

coefficients calculated with the mixing-cup tem- 

perature method became greater than those calcu- 

lated with the inlet temperature method. 

The results in Figs. 11 and 12 also give the 

effect of the channel height on the local Nusselt 

number. The Nusselt numbers for H = 0 . 5  was 

larger than those for H =  1.5. This is because the 

mixing-cup temperature does not depend on the 

channel height while the bottom plate tempera- 

40 
- -  H = 0 .5  (inlet) 

. . . . . . .  H = 1.5 (inlet) 

H = 0 .5  (mix ing-cup)  

3 0 -  - . . . . . .  H = 1.5 (mix ing-cup) 

~ 204 

1 0 .  ',',. 

0 

r / t o  

Fig. 11 Comparison of the local Nusselt Numbers 
calculated using the mixing-cup and inlet 
temperatures for two different dimensionless 
channel heights at Re =  100 

80- 
- -  H = 0.5 (inlet) 

....... H = ] .5 (inlet) 

= {mix ing-cup)  H 0.5  
6 0 -  

. . . . . . .  H = 1,5 (mix ing-cup)  

~ 4[I- 

Z 

~ 20- 

0 
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Fig. 12 Comparison of the local Nusselt Numbers 
calculated using the mixing-cup and inlet 
temperatures for two different dimensionless 
channel heights at Re=500 

ture decreases due to high velocity for the small 

channel height case. 

As evident in Fig. 10, the mixing-cup tempera- 

ture is almost identical to the inlet temperature for 

the case of large Reynolds number, where the 

convective heat transfer is strong. In this case (i. 

e., the large Reynolds number case), the local 

Nusselt numbers calculated using the mixing-cup 

temperature method are almost the same as those 

calculated using the inlet temperature method. In 
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summary, when the Reynolds number is less than 

1000, the local Nusselt number should be calcu- 

lated using the mixing-cup temperature method. 

4. Conclusions 

The present numerical analysis was carried out 

to investigate the heat transfer behavior of  a 

steady, axisymmetric, laminar impingement flow 

with a confinement plate. To examine the effects 

of  both channel height and Reynolds number, 

three different dimensionless channel heights ( t I  

=0.5,  1.0, and 1.5) and three different Reynolds 

numbers (100, 500 and 900) were used. A brief 

summary of  the present findings is given as fol- 

lows : 

(1) In a confined impingement flow, recircula- 

tion zones influencing the local flow and heat 

transfer behaviors appeared near the confined and 

the heated bottom plates as Reynolds number and 

dimensionless channel height increased. Because 

of  these recirculation flows,, the bottom plate 

temperature showed a local maximum value, 

where~.s the local heat transfer coefficient and 

local Nusselt number curves showed a local 

minimum value. 

(2) Due to the recirculation flow attached to 

the confined plate, the impingement flow acceler- 

ated along the bottom plate near the core area (i. 

e., 0 <  r / r 0 < 5 ) ,  resulting in a large variation of 

the pressure drop and the local wall shear stress. 

Those were more dependent on the channel 

height than on the Reynolds number, whereas the 

local Nusselt number was in the inverse trend. In 

order to increase the heat transfer coefficients 

without substantially increasing pressure d r o p ,  it 

is recommended to increase both Reynolds num- 

ber and channel height (i. e., / ? e=900  and H = 

1.5), 
(3) Since the mixing-cup temperature, in- 

dependent on the channel height, became much 

larger than the inlet temperature for R e =  100, the 

local Nusselt number should be calculated using 

the mixing-cup temperature method in the case of 

the low Reynolds number. 
(4) Since the mixing-cup temperature, in- 

dependent on the channel height, became much 

larger than the inlet temperature for _h'e = 100, the 

local Nusselt number should be calculated using 

the mixing-cup temperature method in the range 
of low Reynolds number. 

(5) Among three dimensionless  channel  

heights (0.5, 1.0 and 1.5) tested, the case of H =  

0.5 produced the best heat transfer enhancement 

due to high velocity. It is also concluded that the 

local Nusselt number was substantially larger 

with a confined submerged jet than with an 

unconfined free jet. 
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