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Abstract-Slot-air-jet impingement cooling flow structure and heat transfer along rib-roughened walls is 
studied experimentally. The flow structure along the ribbed wall is visualized with smoke that is generated 
by vaporizing the oil coated over a heated resistance wire. The effect of different rib protrusions (heights) 
on the impinging flow and heat transfer along the wall is studied, which is achieved by using different sizes 
of nozzles. Two different ribbed walls with different rib pitches are selected which have a rib pitch-to-height 
ratio of 3 and 4, respectively. During the experiments, the Reynolds number varies from 2500 to 11000, 
the slot width-to-rib height ratio from 1.17 to 6.67. and nozzle-to-plate spacing from 2 to 16. Due to the 
protrusion of the rib, the formation of an air bubble enclosing the cavity occurs which can prevent the jet 
from impinging on the wall and reduce the heat transfer. However, some portion of the jet flow in the 
downstream region, especially when it becomes turbulent, can penetrate the air bubble and impinge, and 
recirculate inside the cavity, which significantly increases the heat transfer. In general, the flow structure 
and the heat transfer observed are significantly different from the results of a flat plate. A comparison and 
correlations of the stagnation point Nusselt number under different conditions are presented and discussed. 

1. INTRODUCTION 

IMPINGEMENT cooling heat transfer has been studied 
extensively in the past due to its wide application in 
cooling the walls of a high temperature thermal 
system. The air-jet impinging normally on the wall 

can remove a large amount of heat over a relatively 
small surface area. It has been frequently used in 
cooling the hottest section of a combustion chamber 
or a turbine blade. A good review article on the study 
of impingement cooling flow and heat transfer is avail- 

able [ 1, 21. The impingement cooling jet from a single 
rectangular or round nozzle or an array of nozzles 

over a heated surface has been well studied. Cor- 
relations of stagnation point and local average Nusselt 
number in terms of relevant nondimensional par- 

ameters have been obtained [ 1, 21. 
However, the studies in the past are mostly on a 

flat surface [l-l l] with relatively few over a curved 

surface [12-151. In a practical situation, the surface 
which needs to be cooled may not be smooth or flat. 
In some situations, to enhance the heat transfer, the 
surface may be roughened. In addition, the surface 
may become roughened due to unavoidable corrosion 
or contamination. Therefore, it is interesting to under- 
stand the effect of surface roughness on the heat trans- 
fer along a roughened wall. The current study considers 
the configuration of the impingement cooling process 
over a rib-roughened wall. A review of literature indi- 
cates that a study of the current subject is still lacking. 
Therefore, the objective of the present work is to 
experimentally study and provide impingement 
cooling flow structure and heat transfer data along 
the rib-roughened walls. The heating condition con- 
sidered is a heated flat wall with the placement of 

small rib elements. Therefore, the rib elements actually 

serve as small fins. It is noted that the heating con- 
dition in the current work is slightly different from an 
actual practice, such as turbine blade cooling. The flat 
wall is heated electrically by passing a current through 
a 0.015 mm thin stainless steel foil so that a constant 
heat flux boundary condition along the wall can be 
achieved. The local Nusselt number distributions 
along the ribbed wall are measured. The flow struc- 
ture is visualized with smoke that is generated by 

vaporizing the oil coated over a heated resistance 
wire. During the experiment, a total of four non- 
dimensional parameters, i.e. the Reynolds number, 
the slot width-to-rib height ratio, the nozzle-to-plate 
spacing and the rib pitch-to-height ratio, that affect 
the local Nusselt number distribution are selected to 
vary. For convenience, the variation of the slot width- 
to-rib height ratio is achieved by using different sizes 

of nozzle. Two different cases of the impingement 
cooling process are considered. Case A considers the 
situation when the cooling jet is directed toward the 
rib, while case B considers when it is directed toward 
the center line of the cavity. A comparison and cor- 
relations of the stagnation point Nusselt number 
under different conditions of cooling are made and 

discussed. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURES 

The impinging air jet issued from the nozzle is sup- 
plied with a high pressure blower system which can 
furnish a maximum air flow of 10 m3 min-‘. To ensure 
air quality, a settling chamber with a honeycomb and 
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NOMENCLATURE 

A area of heater strip .Y lateral distance from the stagnation point 
h slot width Z slot-to-plate spacing. 

(‘Q specific heat 
L’ rib height Greek symbols 
I current 1 thermal difTusivity 
x- thermal conductivity P viscosity 
Nu Nusselt number, h&/k v kinematic viscosity. 

P rib pitch 
Pr Prandtl number, c&k Subscripts 

4 heat flux aw refer to adiabatic wall 
Re Reynolds number, U,b/u j refer to jet flow at slot exit 
T temperature 0 refer to stagnation point 
U streamwise velocity W refer to wall 
V voltage co refer to ambient air. 

different sizes of meshes is made and used to reduce 
the turbulence intensity and maintain a uniform air 
flow at the exit. The nozzle is made convergent and 
curved smoothly which allows rapid acceleration of 
fluid without the occurrence of flow separation and 
the generation of turbulence. Therefore, uniform vcl- 
ocity profile associated with a relatively low tur- 
bulence intensity across the nozzle width at the exit is 
obtained. The streamwise turbulence intensity at the 
nozzle exit is measured with a hot wire anemometer 
and is found to be less than 0.7% for a Reynolds 
number ranging from 2500 to II 000. The jet velocity 
is measured with a Pitot tube. A total of four different 
sizes of rectangular nozzles are made, which are 0.35, 
0.6, 1.2 and 2 cm in width, respectivciy. To ensure 
that the second dimension of the nozzle slot does not 
affect the slot-jet flow, all the nozzles are made to be 
long in the direction perpendicular to the nozzle axis 
which is 15 cm in length. 

A schematic of the apparatus is shown in Fig. 1. 
The test section is a rib-roughened wall and has 
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FIG. 1. Schematic of apparatus : (I) square rib, (2) stainless 
steel foil, (3) Plexiglas plate, (4) thermocouples and (5) rec- 

tangular nozzle. 

dimensions of 200 mm wide and 400 mm long. It 
consists of a 5 mm thick Plexiglas, a 0.015 mm thin 
stainless steel foil which is adhered on the top of the 
Plexiglas, and a number of 3 mm square rib elements 
which are mounted and glued in parallel on the foil 
surface. The ribbed wall can be heated by passing an 
electric current through the thin stainless steel foil. 
The layer of glue between the rib and the foil is made 
thin enough so that the thermal resistance is negligible 
while the electrical resistance is large enough to pre- 
vent the electric current circulating through the ribs. 
All the ribs are equally spaced. Two different rib- 
roughened walls having different rib pitches, i.e. 9 and 
12 mm, are made, which have a rib pitch-to-height 
ratio p/e of 3 and 4, respectively. Since the steel foil 
is so thin and the Plexiglas plate has a very low thermal 
conductivity, the heat conduction along the plate is 
negligible. To reduce heat loss to the ambient, the 
heated roughened wall is well insuiated on the back. 
To account for the additional radiation heat loss 
directly from both the foil and the ribs, the total heat 
loss to the ambient is estimated to be less than 3%. 

To measure the temperature distribution along the 
heated wall, a total of 58 thermocouples are inserted 
individually into a number of equally-spaced small 
holes drilled in the PIexiglas plate in order to ensure 
that the thermocouple junction can attach to the 
heated steel foil. Since all the thermocouples are 
placed under the ribs (not on top of them), this allows 
us to study the enhancement of the momentum and 
heat transfer due to the addition of rib elements on 
a heated flat plate. The pitch between two adjacent 
thermocouples is 3 mm. Therefore, there is one ther- 
mocouple located at the position where each rib 
stands. For a ribbed wall havingp/c = 3, there are two 
equally spaced thermocouples in each cavity, while for 
the one having p/e = 4, there are three thermocouples 
in each cavity. One additional thermocouple is used 
to measure the jet temperature at the slot exit. All the 
temperature signals are acquired with a data logger 
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FIG. 2. Typical jet flow structure for Re = 2500 and b = 20 mm. 

and sent into a PC for data processing and plotting. 

Before the experiments, all the thermocouples are cali- 
brated in a constant temperature bath to ensure a 
measurement accuracy of + 0.1 “C. 

To ensure that the stainless steel foil is heated uni- 
formly, the entire foil is cut into a number of narrow 

and long strips. Each strip is heated individually with 
an equal amount of DC power. With the desired volt- 

age V and current I passing through the thin strip, 
the heat flux along the surface can be calculated and 
is equal to VI/A, where A is the area of the strip. The 
local heat transfer coefficient can be determined with 
the following equation : 

ht = q/v, - ~a). (1) 

When the air velocity is so high that the wall-air 
friction can heat up the wall and raise the wall tem- 
perature, equation (1) needs to be modified slightly to 
account for the viscous heating effect. The viscous 
heating effect becomes noticeable when the impinging 
jet velocity is greater than 20 m s-‘. At this time, T, 
in equation (1) is replaced with Ta,,,. The adiabatic 
wall temperature along the surface is measured when 
the foil heater is turned off. 

where vortex formation and pairing due to the mixing 

of the free jet with the ambient can be observed clearly. 
Heat transfer process along the wall can be changed 
significantly when a different region of the jet flow 
structure impinges on the wall. The maximum in heat 
transfer occurs when the nozzle-to-plate spacing z/b 

is close to 8 and the jet flow starts to become fully 
turbulent. For a higher value of z/b, the jet width 

becomes so wide before arriving at the wall that the 
average velocity impinging the wall reduces sig- 
nificantly. This leads to a reduction of heat transfer. 
For z/b > 8, the wall heat transfer decreases mono- 
tonically with increasing z/b. In addition, it has been 

found by Gau and Chung [ 151 that the increase in the 
slot width causes an earlier initiation of vortices in the 
mixing region of the jet which can increase the rate of 
mixing of the jet flow with the ambient air and result 
in the enhancement of heat transfer along the wall, 
especially on the stagnation point. 

3. RESULTS AND DISCUSSION 

3.1. Flow visualization 

For impingement cooling over the ribbed wall, two 

different cases of jet impingement cooling process, i.e. 
case A and case B, are considered. Case A considers 
the situation where the cooling jet is directed toward 
any one of the ribs, while case B considers that the jet 
is directed toward the center line of the cavity. It is 
expected that the impinging jet flow and the heat 
transfer process along the ribbed wall for case A and 
case B is different. Case A is considered first. 

The jet flow structure and its mixing with ambient In general, the impinging jet flow structure along a 

air is identical to the one observed in the refs. [9, 15, ribbed wall is significantly different from that along a 
161, except in the region close to and along the rib- flat plate. When the slot width is large and the nozzle 
roughened wall. The jet flow structure can be divided is close to the ribbed wall, as shown in Fig. 3(a) for 
into three different regions, i.e. the potential core, b/e = 6.67 and z/b = 4, upon arriving at the edge of 
the mixing region and the fully developed turbulence the rib, the jet does not move into the cavity, but it 
region. A typical jet flow structure is shown in Fig. 2 turns horizontally and moves along the edge of the 
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FIG. 3. Wall jet flow structure along the ribbed wall for h:c = 
6.67, Rr = 2500. p/r = 4 and (a) z;h = 4 and (b) _‘h = X. 

ribs. It appears that close to the stagnation point, the 
pressure inside the cavity is significantly higher than 
outside, and formation of an air bubble enclosing 

the cavity occurs which prevents the air jet from 
penetrating into the cavity. The formation of an air 
bubble may occur in several cavities downstream along 
the wall until the wall jet becomes turbulent which 
can penetrate into the cavity. As the wall jet moves 
away from the stagnation point, the pressure inside 
the cavity decreases which allows penetration of a 
small amount of jet air from the outside. However, in 
the region of the laminar wall jet this could not be 
observed clearly in the photograph. It is expected that 
the amount of air penetrating and recirculating inside 
the cavity increases as the wall jet moves downstream. 
As the wall jet becomes turbulent, a relatively iarge 
amount of air penetrating and recirculating inside the 
cavity can be visualized clearly. Further downstream, 
the wall jet actually separates from the rib and reat- 
taches, and recirculates inside the cavity. It is expected 
that the heat transfer at the point of reattachment can 
be significantly enhanced. 

When the nozzle-to-plate spacing is large, as shown 

in Fig. 3(b) with Z//J = X. the jet flow before arriving 
at the wall becomes diffused and turbulent. The highly 
turbulent jet how can penetrate the air bubble cnclos- 
ing the cavity and reattach. recirculate inside, a recir- 
culation cell inside each cavity can be observed clearly. 

For a narrow slot, the jet impinging on the wall can 

rebound and move away from the wall, as shown in 
Fig. 4(a), due to the protrusion of ribs. and a vacuum 

can be created in the downstream region. In addition. 
the vacuum created can suck the air flow and make 
the jet move back toward and reattach to the wall 
again. This peculiar phenomenon does not occur for a 
wider slot in the case of/~:‘o = 3 as shown in Fig. 4(b). 

For a higher p/r. i.e. p/r > 4, the rebound of the air 
jet is expected to occur for a jet from a wider slot. At 
this stage, the heat transfer in the downstream region 
where a vacuum is created is expected to reduce sig- 
nificantly. The rebound of the jet flow and the vacuum 
created downstream occurs for z/h < 8. As the 
impinging jet becomes fully turbulent and wide, i.e. at 
z/h > 8, the rebound of the jet flow does not occur. 
At this stage, the wall jet moves along the ribbed wall 
like the case of the wall jet from a wider slot. 

When the jet is directed toward the center line of 



Impingement cooling 3013 

FIG. 5. Wall jet flow structure along the ribbed wall for case 
B with h/e = 2. RL’ = 2500 and (a) z/b = 8 and (b) i/6 = 12. 

the cavity, flow visualization of jet impingement from 
a narrow slot is shown in Fig. 5. When the jet is 
laminar before arriving at the surface, a similar kind 
of air bubble enclosing the cavity which prevents the 
penetration of the jet flow from the outside is 
observed. Penetration of the wall jet flow into the air 
bubble and recirculation cell inside the cavity is not 
observed until the wall jet becomes turbulent. When 
the nozzle-to-plate spacing z/b is large and the 
impinging flow before arriving at the wall becomes 
turbulent, the turbulent jet can penetrate into the 
cavity and recirculates inside, as shown in Fig. 5(b). 
Therefore, the impinging flow structure for case B 
is very similar to case A. 

3.2. Heat transfer 

3.2.1. Effect qf slot width on the flat plate heat 

tram@. For the purpose of comparison, the local 
Nusselt number for the case of impingement cooling 

over a flat plate is also measured and presented in Fig. 
6. The local Nusselt number has a maximum value at 
the stagnation point, which decreases monotonically 
toward downstream. When the impinging jet is lami- 
nar before arriving at the surface, a second peak in 
the Nusselt number occurs at a location close to 
x/b = 7, as shown in Fig. 6(a), due to the occurrence of 
a transition from a laminar wall jet into a turbulent 

one. The Nusselt number on and around the stag- 
nation point increases, as expected, with increasing 
slot width. This is due to the fact that a wider slot 
causes an earlier initiation of vortices in the mixing 

region of the jet which leads to an earlier termination 
of the potential core and an increase in the momentum 
transport in the jet. The increase of the stagnation 
point Nusselt number with increasing slot width is 
also found in the work of others [l-S]. In the down- 
stream region, however, the local Nusselt numbers 

for different slot widths approach approximately the 
same value. 

Comparison of the present data with the results of 
others [3, 41 are also made as shown in Fig. 6. The 

current data agree well with the results of Schlunder 
in ref. [2]. However, the data of Gardon and Akfirat 

are significantly lower than the current data. Becko 
[2] mentions that the data from Gardon and Akfirat 
are 20% lower due to an experimental error. There- 
fore, a 20% increase of Gardon and Akfirat’s data 
can make their results approach the current ones. 

3.2.2. Effect of slot width-to-rib height ratio on the 

local Nusselt number. For impingement cooling over 
a rib-roughened wall, the protrusion of the ribs has 
the effect of promoting turbulence in the wall jet. In 
addition, the wall jet passing through the cavity can 
separate from the rib, reattach to the bottom, and 
recirculate inside the cavity. When the wall jet 

becomes thicker, due to an increase in slot width, the 
wall jet separating from the rib can reattach to the 
next rib and recirculate inside the cavity. Therefore, a 
significant enhancement in heat transfer along the 
ribbed wall can be expected. In addition, the pro- 
trusion of the ribs increases the local area at the 
location where the rib stands, which can increase the 
total heat transfer rate. This leads to an increase in 
the heat transfer coefficient that is calculated based 
on the base area of the rib. 

However, the rib has an opposite effect in reducing 
the momentum in the wall jet, which leads to a 

reduction in heat transfer. Figure 7 shows that the 
local Nusselt number distribution for the ribbed wall 
deviates drastically from the one for a flat plate. For 
the purpose of comparison, the Nusselt number 
results over a flat plate for the slot width b = 3.5 mm 
are also plotted and presented in Fig. 7. When the slot 

width-to-rib height ratio is small, the wall jet layer is 
relatively thin as compared with the rib height, the 
momentum of the wall jet is significantly reduced by 
the ribs. This leads to a significant reduction in local 
Nusselt number, which is lower than the results for a 
flat plate. Figure 7 indicates that there are many spikes 
in local Nusselt number, each of which is located at 
the second measurement point of the thermocouple 
downstream in the cavity. The spikes in Nusselt num- 
ber are apparently due to the wall jet that reattaches 
to the bottom of the cavity. At the stagnation point, 
the Nusselt number is significantly lower than for a 
flat plate. This is due to the formation of an air bubble 
enclosing the cavity which prevents penetration of the 
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FIG. 6. Local Nusselt number for the case of flat plate and comparison with the results of others. 

wall jet from the outside. This has been shown in 
the flow visualization experiments. Since the bubble 

enclosing the cavity is almost stagnant, this results 
in a very low value of Nusselt number. However, a 
significant spike in the Nusselt number at each of 

the second measurement points of the thermocouple 
downstream in the cavity suggests that some of the jet 
flow can penetrate the bubble and impinge on the 
bottom wall. 

As the jet moves horizontally along the top of the 

ribs, the amount of jet air penetrating into the cavity 
increases, especially when the wall jet becomes tur- 

bulent, penetration and recirculation of the jet air 
inside the cavity can be clearly observed in the pre- 

vious photographs. This leads to a gradual increase 
in the average Nusselt number which reaches a 
maximum at approximately .x/h = 4. In addition, the 

maximum in the Nusselt number at -Y/II = 4 suggests 
the occurrence of a transition of the wall jet from 
laminar to turbulent flow and that a relatively large 
amount of the jet flow can pcnetratc the air bubble and 
recirculate inside the cavity. Due to the rib protrusion, 
however, the transition for the ribbed wall occurs at 

an carher stage than for the flat wall. As the wall jet 
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FIG. 7. Local Nusselt number distribution at different slot width-to-rib height ratios for the case ofp/r = 3. 
Re = 5500 and (a) z/h = 4, (b) z/h = 8 and (c) z/h = 12. 
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moves further downstream along the ribbed wall, the 
Nusselt number decreases significantly due to the 
increase in the wall jet layer thickness. However, 

the rate of reduction in the Nusselt number along the 
ribbed wall is higher than along the flat plate. This is 
apparently due to the rib protrusion that can reduce 
the horizontal momentum of the wall jet. As the 
nozzle-to-plate spacing z/b increases and the imping- 
ing jet is turbulent before arriving at the wall, the 

maximum in Nusselt number moves gradually toward 
the stagnation point. At this stage, the maximum in 

Nusselt number is not due to the occurrence of a 
transition of the wall jet into turbulent flow. For the 

turbulent jet, a relatively large amount of the jet flow 
can readily penetrate and impinge on the bottom of 
the cavity and increase the heat transfer, especially in 
the region around the stagnation point. This has been 
observed in the flow visualization experiments. How- 

ever, the Nusselt number at the stagnation point is 
still lower than in the cavity around the stagnation 

point, due to the effect of air bubble formation enclos- 
ing the cavity. 

The increase in the slot width can gradually increase 
the pressure distribution in the cavity around the stag- 

nation point. This leads to the result that pene- 
tration of the impinging jet into the air bubble enclos- 
ing the cavity becomes relatively difficult and the heat 

transfer inside the cavity around the stagnation point 
is lower than at the stagnation point. This is also true 

when the nozzle is far away from the plate and the 
impinging jet becomes turbulent before arriving at the 

plate. 
For a wider slot, the wall jet is thicker, and the 

protrusion of the ribs becomes relatively small as com- 

pared with the wall jet thickness. The local Nusselt 
number at the location where the rib stands starts to 

increase while the one at the second measurement 
point downstream in the cavity decreases. For the case 
when b/e > 4, the spike in Nusselt number occurs 

frequently at the location where the rib stands, as 
shown in Fig. 7. This is due to the fact that the thicker 

wall jet can impinge on and reattach to the next rib 
as it separates from the previous rib. 

As the slot width increases, the average Nusselt 
number increases rapidly with an increasing slot 

width-to-rib height ratio, especially when the jet 
impinging on the wall is turbulent or when a transition 
of the wall jet from laminar to turbulent flow occurs 

(i.e. at x/b = 4). For the case when b/e > 2, the Nus- 
seh number results along the ribbed wall are signifi- 
cantly higher than along the flat plate. However, when 
the impinging jet is laminar, which can create an air 

bubble enclosing the cavity near the stagnation point, 
the Nusselt number there is lower than for the flat 
plate. When the Reynolds number increases, the Nus- 
selt number distribution along the ribbed wall is very 
similar, as shown in Fig. 8, except that the local spike 
in the Nusselt number is higher. This fact indicates 
that the impingement and the reattachment of the wall 
jet on the rib or on the bottom of the cavity can 

enhance the heat transfer more effectively at a higher 
Reynolds number than at a lower one. 

For the case when the cavity width increases, the 
spike in the Nusselt number occurs, in general, at the 
location where the rib stands, as shown in Fig. 9 for 
p/e = 4, even when the value of b/e is relatively small. 
The spikes in the Nusselt number for p/e = 4 are 
significantly higher than for p/e = 3. This is due to 

the fact that the amount and the velocity of the wall 
jet penetrating into the cavity are higher for p/e = 4 
than for p/e = 3. As the slot width increases, the local 

spikes of the Nusselt number at the ribs increase sig- 

nificantly. However, the rate of increase of the average 
Nusselt number distribution with the slot width for 
p/e = 4 is not as rapid as that for p/e = 3. This fact 
suggests that as p/e increases, the effect of the slot 
width on the average heat transfer distribution 

approaches the results of a flat plate. However, the 
maximum in the average Nusselt number for z/b = 4 

occurs approximately at x/b = 3. It appears that the 
transition of the wall jet from laminar to turbulent 
flow for a wider cavity can occur at an earlier stage 
than for a narrow one. 

For z/b > 8, the maximum in average Nusselt num- 

ber moves gradually toward the stagnation point. 
When the cavity becomes wide, the impinging flow 
can more readily penetrate the air bubble enclosing 
the cavity and impinge on the wall. This causes a 
significantly higher heat transfer in the stagnation 
point than in the region around the stagnation point. 

However, a peculiar phenomenon occurs for the 
case when b/e = 1.17. The maximum in averaging the 

Nusselt number distribution does not occur at the 
condition when the nozzle-to-plate spacing is 8 but 

does when z/b = 12. This is due to the fact that when 
the nozzle-to-plate spacing is small, i.e. z/b 6 8, the 
jet impinging on the wall rebounds backwards and a 

vacuum can be created in the downstream region, as 
shown in the previous flow visualization. The occur- 
rence of a vacuum downstream of the rebounding jet 
for z/b < 8 leads to the result that the Nusselt number 
in that region is relatively low. When z/b = 12, the 
rebound of the air jet does not occur, and the wall jet 
moves horizontally along the ribbed wall. The Nusselt 
number at the current stage increases significantly so 

that the average Nusselt number is even higher than 
for the case along a flat plate. 

When the impinging jet is directed toward the center 

line of the cavity, the Nusselt number distribution is 
very similar to the case when the impinging jet is 
directed toward the rib, as shown in Fig. 10, except 
in the region around the stagnation point where the 

Nusselt number is significantly low. This is due to the 
formation of an air bubble enclosing the cavity around 
the stagnation point that prevents the air jet from 
impinging on the wall. As the slot width increases, 
which leads to an increase of the pressure distribution 
around the stagnation point, this makes the pene- 
tration of the jet into the cavity more difficult, even 
when the jet becomes turbulent before arriving at the 
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wall. Therefore, the Nusselt number at the stagnation 
point is lower than in the region around the stagnation 
point. For the case of b/e = I. 17, due to the occur- 
rence of an air bubble enclosing the cavity around the 
stagnation point, the jet impinging on the wall does 

not rebound and create a vacuum, but it moves hori- 
zontally along the ribbed wall. Therefore. the Nusselt 
number distribution in the downstream region for 
z/h ,< 8 is higher than in the case when the jet is 

directed toward the rib. 
3.2.3. Stagnation point Nusselt number. The stag- 

nation point Nusselt number for the case of the ribbed 
wall is compared with the case of the flat plate as 
shown in Fig. 11. The stagnation point Nusseh num- 
ber for both the ribbed wall and the flat plate increases 
with increasing slot width. However, due to the for- 

mation of the air bubble enclosing the cavity around 
the stagnation point, which can prevent the impinging 
jet from penetrating into the bubble, the stagnation 
point Nusselt number for the ribbed wall is much 
lower than for the flat plate. This is true for the jet 
issued from a narrow slot, or a wider slot when z/b is 
less than 8. When the slot width becomes wider and 
the impinging jet becomes turbulent before arriving 
at the wall, the jet can readily penetrate the air bubble 
and impinge on the wall. This can significantly 
increase the stagnation point Nusselt number which 
is higher than in the case of a flat plate. The maximum 
Nusselt number at the stagnation point for the ribbed 
wall occurs at the nozzle-to-plate spacing z/h = IO, 
while for the flat plate it occurs at z/b = 8. This is 
apparently due to the effect of rib protrusion and the 
formation of an air bubble enclosing the cavity. At 
high Reynolds numbers, a similar distribution of stag- 
nation point Nusselt number is found except that for 

b/e < 2, the Nusselt number is relatively low due to 
formation of an air bubble [17]. 

The stagnation point Nusselt numbers for p;e = 3 
and p/e = 4 are compared in Fig. 12, both of which 
increase with increasing b/r. However, the stagnation 

point Nusselt number for p/r = 3 is, in general, lower 
than for p/r = 4. This is due to the fkct that the air 
bubble enclosing the cavity around the stagnation 
point for p/e = 4 is relatively large as compared with 

the cast for p/e = 3 when the impinging jet can mom 
readily penetrate the air bubble and impinge on the 
wall. This leads to a higher Nussclt number at and 
around the stagnation point for p/e = 4. The 
maximum Nusselt number at the stagnation point for 
both pie = 3 and pie = 4 occurs at Z/C!? = IO. For 
the case of h/r = 6.67, the stagnation point Nusselt 
number for both p/r = 3 and p/c’ = 4 approaches the 
same value. Similar results have been obtained for a 
higher Reynolds number. cxccpt that the maximum 
in the stagnation point Nusselt number for hjr = 6.67 
occurs at z/b = 8, which approaches the results of the 
flat plate [l7]. 

The stagnation point Nusselt numbers for the case 
when the impinging jet is directed toward the rib and 
the case when it is directed toward the center line of 
the cavity are compared in Fig. 13. In general, the 
stagnation point Nusselt number for case A is higher 
than for case 8. This is due to the fact that the 
impinging jet for case A can more readily penctratc 
the air bubble enclosing the cavity and impinge on the 
wall. In addition, the protrusion of the ribs increases 
the local surface area at the location where the rib 
stands, which can increase the total heat transfer rate 
and the heat transfer coefficient that is calculated 
based on the base area of the rib. For case B, however, 
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FIG. 9. Local Nusselt number distribution at different slot width-to-rib height ratios for the case ofpje = 4, 
Re = 5500 and (a) z/b = 4, (b) z/b = 8 and (c) z/b = 12. 

the maximum Nusselt number at the stagnation point 
for higher values of b/e occurs approximately at 
z/b = 8, which approaches the results of the flat plate ; 
while that for lower values of b/e occurs at z/b = 10, 
which approaches the results of the ribbed wall. This 
is also true at higher Reynolds numbers [ 171. 

3.2.4. Correlation of stagnation point Nusselt 
number. The stagnation point Nusselt number 
increases monotonically with an increasing slot width- 
to-rib height ratio at both low and high Reynolds 
numbers. Correlations of iVu, in terms ofthe Reynolds 

Nu 
70 

Nu 
60 

0 
0 5 10 15 

X/b 

number, the slot width-to-rib height ratio, the nozzle- 
to-plate spacing and the rib pitch-to-height ratio 
can be made. However, better correlations can be 
obtained as follows if the correlations for z/b < 10 
and z/b > 10 are made separately : 

For case A with 2 6 z/b d 10, the least square fit of 
data is 

Nu, = 0.143(b~e)*-3z(p~e)“~~~(~e)o~s(z/b)o~~~ (2) 

where the standard deviation of the data is 0.05. 

0 5 10 15 

X/b 

Nu 

OOW 15 

X/b 

FIG. IO. Local Nusselt number distribution at different slot width-to-rib height ratios for case B with 
p/e = 4, Re = 5500 and (a) z/b = 4, (b) z/b = 8 and (c) z/b = 12. 



FIG. I I. Comparison of stagnation point Nusselt number 
between the case of flat plate and the case of ribbed wall for 

Rr = 5500. 

‘LL i I 
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Z/b 
FIG. 12. Comparison of stagnation point Nusselt number 
between the case of p/c’ = 3 and the case of p/a = 4 for 

Re = 5500. 

FE. 13. Comparison of stagnation pomt Nusselt number 
between case A and case B for RP = 5500. 

For case A with 10 < z/h < 16. 

Nu, = 0.639(b/e)” ‘3(p/e)” “(Re)” “(z/b)~~” ” 

where the standard deviation of the data is 0.04. 

For case B with 2 d Z//J 8 8, 

Nu, = 0.154(h/r)” “(p/e)” **(~e)“‘“(z/b)” ” 

where the standard deviation of the data is 0.04. 

(3) 

(4) 

FIG. 14. Correlation of the stagnation point Nusselt number 
for case A with 2500 < Re < 11000, 1.17 < b/e < 6.67, 

3 <p/e < 4, and (a) 2 < z/h < 10, (b) IO < z/h < 16. 

For case B with 8 d z/b < 16, 

Nu, = 0.335(b/e)““(p/e)” ‘(Re)“-“(~/h)~ ” ” (5) 

where the standard deviation of the data is 0.02. 

The above correlations are valid for 2500 d 
Rr < 11000, 1.17<h/rd6.67 and 3<p,‘e<4. 
In addition, the above correlations indicate that the 
stagnation point Nusselt number for case .4 is more 

sensitive to the change of p/e than for case B, since 
the power of p/r in equation (2) for case A is signifi- 
cantly larger than in equation (4) for case B. The 
fact that Nu, is proportional to the Reynolds number 
to the one half power for z/b < 10 agrees with the 
analysis from Hrycak [13] and the experimental cor- 

relation of others [3, 41 for the case of tlat plate. 
The typical least square fit of data is presented in Figs. 
14(a) and (b). 

4. CONCLUSIONS 

An experimental study of the impinging jet flow 
structure and heat transfer along the rib-roughened 
walls is made, the results are significantly different 
from the ones along a flat plate. Due to the protrusion 
of the ribs, the formation of an air bubble enclosing 
the cavity is visualized which can prevent the jet flow 
from impinging on the wall and reduce the heat trans- 
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fer. However, some of the jet flow along the top of 

the rib in the downstream region, especially when it 
becomes turbulent, can penetrate the air bubble and 

impinge, and recirculate inside the cavity, which can 
significantly increase the heat transfer. An increase of 
the slot width-to-rib height ratio leads to the results 
that the wall jet can separate from the rib, reattach 
to the next one and recirculate inside the cavity. 
The reattachment and recirculation of flow can sig- 

nificantly enhance the heat transfer, especially at the 
location where the rib stands. 

In addition, the effect of the Reynolds number, the 
gap width-to-rib height ratio and the location of the 
impinging jet on the flow and heat transfer along the 

ribbed wall is also studied. It is found that the Nusselt 
number at the stagnation point is relatively low and 
is significantly affected by these parameters. The 
maximum in the stagnation point Nusselt number 
occurs mostly at approximately z/b = 10, which is 
different from the results of a flat plate. Correlations 

of the stagnation point Nusselt number for the jet 
directed at both the rib and the center line of the cavity 
are obtained. 
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STRUCTURE D’UN ECOULEMENT IMPACTANT ET TRANSFERT THERMIQUE LE 
LONG DES PAROIS NERVUREES 

R&sum&--On &die exp&imentalement la structure de I’impaction d’un jet d’air sortant d’une fente et le 
transfert thermique le long de parois nervurkes. L’kcouiement est visualist avec de la fumke form&e en 
vaporisant I’huile d&pos&e sur un film chauffk. L’effet des protusions (hauteurs) des nervures sur 
I’&oulement impactant et le transfert thermique est &tudiC en considkrant plusieurs tailles d’injecteur. 
On choisit deux parois nervurkes avec diWrents pas de nervures et avec un rapport pas/hauteur de 3 et 4. Le 
nombre de Reynolds varie de 2500 g 11000, le rapport largeur de la fente/hauteur de la nervure allant de 
I ,I7 B 6.67 et la distance fente-plaque allant de 2 $ 16. A cause de la hauteur de la nervure, il se forme une 
bulle d’air entourant la cavitt‘, ce qui empEche le jet de frapper la paroi et ce qui rCduit le transfert thermique. 
Toutcfois dans la rtgion en aval, spicialement quand I’Ccoulement devient turbulent, celui-cl recircule dans 
la cavitC, ce qui accroit fortement le transfert thermique. En g&&l la structure de 1’Ccoulement et le 
transfert thermique observks sent significativement dig&rents du cas d’une plaque plane. Une comparaison 

et des formules pour le Nusselt au point d’arrit sont pr&sent&es et discutkes. 



STRUKTUR UND W.&RMEUBERGANG IN EINER AUF EINE BERIPPTE WAND 
AUFTREFFENDEN, KijHLENDEN STRi)MIJNG 

Zusammenfassung-Slruktur und Wirmetibergang in einem schlitzfiirmigen Luftstrahl, der auf eine 

berippte Wand auftrifft, wird experimentelI untersucht. Die Striimung wird mit Rauch sichtbar gemacht, 
der durch Verdampfen van ii1 an der Oberfl~che eines beheizten Drahtes erzeugt wird. Der EinfiuB 
unterschiediicller Rippenh~hen auf Str~mung und W~rrne~~rgall~ entlang der Wand wird un~ersucht. 
Hierfiir werden unterschiedliche D~senabmessun~ell verwendet. Zwei Wandgeometrien mir unter- 
schiedlichen Teilungsverhlltnissen der Rippen (VerhCltnis von Rippenabstand zu RippenhGhe 3 und 4) 
wurden ausretihlt. Die Revnolds-Zahl wird zwischcn 2500 und I IO00 variiert. das Verhsltnis van 
Schlitzbreite-zu Rippenhiihe ;wischen I.17 und 6.67 und das Verhlltnis des Diiscnabstandes zum Rip- 
penabstand zwischen 2 und Ih. Infolgc der Rippcn kann eine Stagnationszone in den Vertiefungen 
zwischen den Rippen entstehen. die ein Auftrcffcn des Strahls auf die Wand verhindert und dadurch den 
W~rlne~bergang beeintr~chti~t. Andererseits kann ein Teil des Strahls in die S~dg~tionszone eindringen. 
auf die Wand auftreffen und einc Zirkulationsstr~mung in der St~~gn~~tionsz~~ne hervorr~fen. was den 
WIirmciibergang verbessert. Dies gilt vor ailem. wenn die Srriimung turbulent wird. lm ailgemeinen 
unterscheidcn sich die Strijmungsstruktur und dor Warmetibergang deutlich von denjenigcn fiir eine ebenc 
Platte. Die Nusselt-Zahl am Stagnationspunkt wird fiir unterschiedliche Bedingungen verglichen und 

korreliert. 

CTPYKTYPA HAFETAIGLQEI-0 OXJIAxfiAIo&EI-0 ITOTOKA ‘iI TElI_QOiIEPEHOC Y 
OPEsPEHHbIX CTEHOK 

AHHOTa~n-3KCucpAMeHTanbHa EiCCJIeAyMTCfl CTpyKTypli Ha6eramweti OXJIW.WOLI@ IlJlOCKOfi 

CTPYH eo3Ayxa H Tennoneperioc y Ope6peHHbI.X cTeHoK. lIp0B0flHTCfl mdMoBax easyami3auerr CTPYK- 

fypbr Teqefflfa 8AoDnb ope6peseoii cTeHmi,oCyLuecTBJf5[eMa8 3acre-r rrcnapeHw4 MaCna,noKpbmaio4ero 

npOBOn0Ky.C ~CnO~qb3OBaHUcM COEIeii pa3.JIUWbIX pa3McpOB HccmxyeTCz B~~~HHe pa3JfH’IHOi% BbICOTbI 

pe6ep Ha Ha6eraIotdi IIOTOK II TennonepeHoc y cTeHK~.B~6paHbr ZBa BziAa ope6pe~w51cTeeK~ c pas- 

JIH'iHbXM paCCTO%iHeM MexAy pe6paxlrr II OTHOLU~HlleM 3TOrO PXCTOSHHS K BbICOTe, COCTaB,IRZO~IIM 

COOTBeTCTBeHHO 3 M 4. B ,TpOuCCCe 3KCnepHMWTOB YUC,IO P&iOlIb)YPX H3MeHlleTCII OT 2500 A0 llm, 

OTHOIIIeWHe LUE%p&XHbIK BbICOTe pe6pa-or 1,17AO 6,67,apaccTOa~sa MeXAy COnnOMH I'U‘aCTHHOti--oT 

2 A0 16. 6JIarOnapx H~JIUIBYUH) pe6ep npoecxo,nwT 06pa30BaHHe Bo3AymiOrO ny3blpbKa, STO MOxeT 

IIpeIIHTCTBOBaTb Ha6erawxo CTpyH Ha CTeHKY fi CIiKTaTb TeIUIOlIepeHOC. %HaICO HCKOTOpar 'GXTb 

CTpyfiHOI-0 TfYieHEiS Ha YWCTKC, PaC~O~O~eHHO,~ BHE13 no IIOTOKY, OCO6eHHO E&Xi ef0 'ry~ynU3a~~U, 

MO%%?T npOHHKaTb 8 BO3~y~Hbt~ Iiy3bI&%X If nOEk3,lWTb Ha CTetIKy, a TaKXC ~U~pKy.~OBaTb B 

IIOJlOCTN,Yl'O FIpHBOASiT K C)'IL‘ccTBeHHOii ~TeHC~~~Ka~~~ TenJIonepeHoca. TaKIIM o(ipasoM, rIOJ?yseH- 

Hble 3NHHbIe II0 CTpyKTypf! TVIeHNIf A TeIUIOIIepeHOCy 3Ha'iHTeRbHO OTJIWiaIOTCII OT pe3ynbTaTOB .&WI 

IIJIOCKOfi n,IaCTAHbI. npHBOnXTCX W o6cyxcAaFoTcrr pe3ynbTaTbI CpaBHeHHR" o606ruamuee CoOTHOUle- 


