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Abstract Impinging jets are used in many applications for cooling or heating systems, for example cooling gas turbine blades. 
The je t  impact on a surface and the interaction between the jet  and the f low determine a complex f low field which leads to a high 
heat transfer coefficient. The study of this f low field is thus very important. An experimental f low visualisation study has been 
conducted using several techniques (smoke technique, oil and pigment and the thermotropic liquid crystal technique) to determine 
the f low pattern for a row and a system of jets impinging on a flat plate with subsonic velocity. Some secondary vortexes are 
shown, thus al lowing the heat transfer coefficient distr ibut ion to be understood. © 1999 Editions scientifiques et m~dicales Elsevier 
SAS. 

impinging jets / smoke technique / oil pigment technique / liquid crystal technique / flow visualisation / vortexes interaction 

Nomenclature 

d] jet diameter . . . . . . . . . . . . . . . . . . . . . . .  m 
k thermal conductivity . . . . . . . . . . . . . . .  W.m -1 .K 1 
L distance between jets . . . . . . . . . . . . . .  m 
N u  Nusselt number ( N u  = h dj /k)  
Rej jet Reynolds number ( Rej = uj d j /v)  
uj jet velocity . . . . . . . . . . . . . . . . . . . . . . . .  ni.s 1 
x transverse direction . . . . . . . . . . . . . . . .  m 
z normal direction, distance between jet 

and plate . . . . . . . . . . . . . . . . . . . . . . . . .  m 
p density . . . . . . . . . . . . . . . . . . . . . . . . . . .  kg.m -3  
# dynamic viscosity . . . . . . . . . . . . . . . . . .  Pa.s 
v kinematic viscosity . . . . . . . . . . . . . . . . .  m 2.S- 1 

1. I N T R O D U C T I O N  

T h e  appl ica t ions  of imping ing  je t s  are wide-ranging.  
T h e y  are used for hea t ing  or  cool ing in m a n y  systems,  
such as t he  cool ing of e lec t ronic  componen t s ,  glass pro- 
duct ion,  and hea t ing  for d ry ing  texti les.  I m p i n g e m e n t  
is also used to cool blades of advanced  gas turbines .  

* carca~brun.de.unifi.it 

Je t  imp ingement  on a surface produces  a high hea t  
t ransfer  coefficient near  the  s t agna t ion  point .  The  flow 
field near  the  impingement  point  is very compl ica ted  
because  the  je t  flow can in teract  wi th  the flow around 
itself  (figure 1), and wi th  the  vort ices  formed by 
ne ighbour ing  .jets. Thus ,  flow field analysis is very 
impor tan t .  

Many  studies have been  carr ied out  of air je t s  
impinging  on fiat plates,  par t icu la r ly  wi th  a single 
jet .  In the  present  study, the  in te rac t ion  be tween  
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Figure 1. Scheme of some vortexes for a single impinging 
jet. 

808  



An experimental investigation on air impinging jets using visualisation methods 

impingement jets  on flat plate are s tudied with several 
exper imental  flow visualisation techniques (oil and 
pigment,  smoke and thermotropic  liquid crystal) .  Thus, 
various vortexes can be shown. The aim of the present 
paper  is to compare the results of different visualisation 
techniques, because each one demonstra tes  different 
effects; comparing the results the complete flow field 
of the impinging jet  on a fiat plate with and without  
crossflow can be determined.  When  the vortexes are 
described, the effect of vortexes on the flat plate 
is analysed because these vortexes influence the heat  
transfer coefficient. 

Previous studies  

Numerous papers  have been wri t ten about  free je ts  
and jets  impinging on a flat plate. Downs and James 
[7] carried out an extensive l i terature survey, with 
a summary  of findings. Some research projects  have 
determined the heat  transfer coefficient and recovery 
factor for a single je t  and a row of jets  impinging 
on a flat plate.  Kieger [11] determined the local and 
average Nusselt numbers for a single circular jet  of air 
impinging normally on a flat plate and then obtained 
a correlat ion to determine the local and average heat  
transfer coefficient. Goldstein et al. [8] s tudied the radial  
d is t r ibut ion of the recovery factor and the local heat  
transfer for an axial -symmetr ic  impinging air jet  and 
developed a correlat ion for heat  transfer. Goldstein 
et al. [9] presented the radial  dis tr ibut ions of the 
recovery factor, the effectiveness and local heat  transfer  
coefficient of an air je t  impinging on a flat plate and 
developed a correlat ion for effectiveness. Obot  et al. 
[13] deternfined and compared the Nusselt number for 
a single circular jet  of air impinging normally on a 
flat plate  for some different nozzle shapes. Goldstein 
and Timmers  [10] used liquid crystals  coated on a 
mylar  sheet to determine the heat  transfer coefficient 
dis t r ibut ion on a flat plate  on which either a single je t  
or an array of jets  impinged. 

Carcasci and Carnevale [3] used a smoke technique to 
show the vortex of a free je t  and a single impinging jet.  
Carcasci and Ammanna t i  [4] used some experimental  
visualisation techniques for a single impinging jet .  

Cho et al. [5] determined the heat  transfer  coefficient 
of a single impinging je t  and showed some figures 
concerning flow visualisation by the smoke technique, 
velocity field and turbulence level. 

2. TEST APPARATUS 

In the present study, smoke techniques, oil and 
pigment and thermotropic  liquid crystal  techniques 
are used, so the exper imental  appara tus  needs to be 

changed to obta in  the best  results, because different 
exper imental  techniques should be used for different 
velocities and dimensions. 

2.1. Smoke t e c h n i q u e  

Smoke is injected into the flow field, so tha t  it 
describes the same flow pa t t e rn  as the main flow [15]. 
The smoke can be visualised using a strong light or 
sheet laser [15]. This is a good technique for s tudying 
the flow field for very low speeds, because the best  result 
are obtained when the flow is laminar.  

Hardware and procedure 

To obta in  a Reynolds number (Rej = pujdj/~) 
within the range used in gas turbine applicat ions and 
considering tha t  the je t  velocity should be low to obta in  
good images, je t  diameters  are large. 

The flow pa t t e rn  is uns teady [3], so a video camera 
is used to obtain sequential images. 

Figure 2 shows the experimental  appara tus  for the 
smoke technique. The air is sent into a receiver by a 
compressor. In the tube,  between the compressor and 
the receiver, there is an orifice meter  for the measure- 
ment of the air mass flow rate. Using oil, an electric 
resistance located at  the end of a probe produces smoke 
and is injected into the receiver. The smoke is mixed 
with the air and this mixture escapes through the je t  
hole. A glass rod is used to expand the beam from 
He Ne laser into a sheet to i l luminate cross section 
slices of the flow, made visible by smoke generation. 
Photographs  of the visualised flow pa t te rns  are made 
using a video camera and can be recorded (figure 3). 

~J~ ~ meter ] / 
Oil ~ * Receiver ~ I ~ < i ~  

Electric 
Resistance t ~ ~ , 

Laser ~ Flat Plate I I 
Sheet I 

~ glass .~ ~aeSer ~j~ rod / , / -~- , ,  
. . . . .  Electric 

/ ~  ~enmrugal motor Compressor 

Figure 2. Experimental apparatus for the smoke technique. 
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Figure 3. Analog-digital components description used to 
capture images for the smoke technique. 

The images show the vortexes in the volume between the 
two parallel  flat plates; tile bo t tom flat plate is made of 
t ransparent  mater ia l  (teflon), so the laser sheet can light 
up the vortex zone from the lower part .  There are some 
holes on tile topmost  flat plate,  which determine the 
jets.  This surface is black so as to avoid laser reflection. 
Figure 4 shows tile geometry of holes and volume. The 
je ts  are determined by three cylindrical  holes (diameter  
is dj = 20 mm and the thickness is equal to diameter ,  
without  chamfering), the distance between the holes is 
6 t imes ti le d iameter  (L/dj = 6 ~ L = 120 ram). Tile 
distance between the two surfaces is twice the d iameter  
(z/dj = 2 ~ z = 40 ram). Tile exper imental  appara tus  
is also modified to allow smoke injection in only one 
hole. 

Euro-S tandard  video components  are used, so images 
are taken with a frequency of 25 Hz. Consequently the 
t ime between two sequential images is 0.04 s. Then, 
using a PC, the images can be processed with a 
commercial  program changing contrast ,  brightness or 
using certain filters. 

60  120 : 120 
• I 

o 
(22) 

0 o o :  
' - -"  CD: 

Figure 4. Hole scheme and geometry for the smoke technique. 

2.2. Oil and pigment  technique 

The oil and pigment technique is used to describe 
the flow field on a surface [15]. This technique can s tudy 
the flow field for high speeds and can be used at  discrete 
points or as a uniform paint  application. 

Hardware and procedure 

The exper imental  appara tus  of' black paint  technique 
differs from the smoke technique because tile speed 
should be higher. So, to obtain a Reynolds number 
comparable  with the smoke technique, tile dimensions 
of the jet  d iameter  dj are smaller than previous 
experimental  apparatus .  Figure 5 shows the scheme of 
tile holes. Nine holes are made and the distance between 
tile holes are 6 or 12 t imes the diameter  (L/dj = 6, 12). 
The distance between the fiat plate can be 2, 4 or 
8 t imes tile d iameter  (z/4 = 2, 4, 8). 

A mixture of oil (motor oil) and pigment is prepared. 
Their rat io in tile mixture depends on the flow speed. 
Then, contact  paper  is put  on the surface and painted 
mfiformly with the already prepared mixture. The 
surface is placed (steady pins are used to determine 
tile exact posit ion of bo t tom fiat plate in respect to the 
topmost  one) below tile jet  for 20 40 min, thus the flow 
drags the oil with pigment and leaves less pigment in the 
zones where the shear stress is bigger; so, in this zone, 
tile black intensity is less. The bo t tom flat plate with 
the sheet of paper  is moved to a bench equipped with a 
quartz-iodine lamp (figure 6). Then the image obtained 
is captured with a camera and processed on a computer  
to produce a file, from which tile black intensity value in 
each point of the image can be determined and plotted.  

In some studies, the film is not painted uniforinly, 
but  with discrete dots, so when tile surface is put  below 
the jet ,  tile mixture in each point produces a trace [12]. 

It should be noted tha t  if tile speed is too low, the 
flow cannot move tile mixture and a good result cannot 
be obtained.  
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Figure 5, Hole scheme and geometry for the black paint 
technique. 
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Figure 6. Analog-digital components description used to 
capture images for the black paint technique. 

2.3.  T h e r m o t r o p i c  l iqu id  crysta l  

Thermotropic liquid crystal (TLC) behaviour 
changes according to temperature, as does its colour 
[15]. Using TLC, the spatial and temporal tempera- 
ture distribution of a surface can be obtained; so, from 
the local temperature distribution, the heat transfer 
coefficient can be determined [15]. 

Using the analogy between the heat transfer and 
momentum equations, the heat transfer coefficient can 
be related to skin friction. 

Hardware and procedure 

The experimental apparatus is similar to the black 
paint apparatus, the main difference being in the bot tom 
surface. It consists of three elements (figure 7): there 
is a transparent flat plate (teflon); on which there 
is a thermotropic liquid crystal sheet (consisting of 4 
elements: glue, black layer, TLC and transparent sheet); 
finally there is a sheet steel (0.05 mm thick) to obtain a 
higher temperature than that  of the impinging air jet. 
The high temperature is generated by an electric current 
supplied by a controlled constant-current source. 

Holes / : \  
topmost fiat plate 

F 
li 

fly / /  

Brass 
terminal stub 

, /  ~¢ \, \~\ 
TLC / Steel sheet Brass 

terminal stub tr~.nsp.arent 
nat plate 

Figure 7. Bottom surface made of 3 elements. 

The thermotropic liquid crystals used the range from 
29 to 33 °C and cross the following colours: black 
(33 °C) b l u e -  g r e e n -  red black (29 °C). 

The jets impinge on the hot sheet steel, cooling it 
according to the heat transfer coefficient. Thus, the 
temperature decrease is visualised by liquid crystals. 
The images are captured by a CCD colonr video camera, 
placed on the bot tom of the transparent flat plate, 
and are stored in a video recorder. The experimental 
apparatus is shown in figure 8. Finally, the images can 
be digitised by a PC. 
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II AC power a u ~  Compressed Air 

, ~ m Com)er-Constantan 7" r l II 

oooooooo 

I ....... j i - - i  Analogto Digital 

Quartz-iodine r ~  Vi(leo Camera lamp ~ )  ~/CCDC°l°r 
. o  

i : ~  S-VHS 
i~  - - -  ~ Video-recorder 

o !1 o ,," , li 

AC/CC ~ :: - Converter 

Figure 8. Analog-digital components description used to 
capture images for thermotropic liquid crystal technique. 

3. RESULTS A N D  D ISCUSSION 

3.1. S ing le  j e t  

The aim of this experiment is not to study a single 
impinging jet, although the latter is fundamental for 
other effects. Figure 9 shows a single jet using the smoke 
technique; on the right-hand side a rising vortex on the 
free jet impacts on the surface, while another vortex 
rises upstream. Thus, the phenomenon is unsteady. 
Therefore, a video camera is needed to study these 
vortexes. 

The vortexes have a ring shape, so, when tile nozzle 
is close to surface (z/dj is small), the highest effect of 
the impinging jet on the surface is not at the centre 
line, but in a ring around it. Figure 10 shows tile image 
and the black intensity level of a single jet. Two clear 
peaks around tile centre-line are found with a minimum 
at the centre-line. Cho et al. [5] found a minimum of 
Nusselt number on the centre-line for a small jet height. 
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Figure 9. Visualisation of a single jet using the smoke 
technique. 

Tile maximum value of Nusselt number  is located at 
about  x/dj -- 0.6 [5], similar to the black intensity 
result determined by figure 10. Tile velocity near the 
surface accelerates at about  x/dj = 0.6; this acceleration 
decreases tile boundary  layer thickness. 

3.2. Interaction of inline jets 

The je ts  with tile r ing-vortexes move ill tile s t ream 
wise direction dragged by the je t  as far as tile plate, 
where it impinges on the plate  changing shape and 
continues ill an z-direct ion (on flat plate).  When  it 
arrives at  the point  where the je t  meets tile je t  of tile 
next nozzle, the flow goes upward and there is a large 
vortex (main vorte.T, figure 11). 

Figure 12 shows the interact ion between two im- 
pinging jets  in the meet ing zone. In this zone, the main 
vortex meets the m a x  vortex of tile nearby .jet and 
two small adverse vortexes (lower adverse vortexes) are 
generated.  

Figure 13 shows the interact ion between two imping- 
ing .jets ill the high meeting zone. Two adverse vortexes 
(upper" adverse vortexes) are also generated in this region 
by interact ion of main vortexes and upper  flat plate. 
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Figure 10. Image and black intensity level of a single jet 
(dj  = 2 m m ,  z/dj = 2 ,  R e j  = 5 0  0 0 0 ) .  

Figure 1~ shows the scheme of vortexes generated by 
impinging jct  interaction. This one is an interpreta t ion 
of the previous visualisation results. 

3.3. Interaction of inline jets 
with crossflow 

The interact ion of impinging .iets with crossflow is 
shown in figure 15. The crossflow comes from the left- 
hand side to tile right hand side. Tile lower adverse 
vortexes do not change their posit ion significantly, but  
the main vortexes and the upp~r adver,se vortexes change 
because the crossflow drags tllem downstream. So, 
the main vortex and tile upper adverse vortex of tile 
upst ream impinging je t  overhang the vortexes of the 
downstream impinging jet; therefore these vortexes are 
smaller than in the case without  crossflow. 
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Figure 11, Visualisation of the main vortex on the impinging 
zone. 

Figure 16 shows the scheine of the interact ion of 
impinging jets  with crossflow; this is an in terpreta t ion 
of the previous visualisation results. 

3.4. Interact ion of  9 j e t s  with 
crossf low 

Figures 17, 18 and 19 show the results of 9 impinging 
jets  with crossflow (tile crossflow comes from the top to 
the bo t t om of images) using the black paint  technique. 
The figures are for different distances of tile je t  holes to 
flat plate (z/dj = 2, 4, 8). 

In all figures, the tracks of the lower adverse vortexes 
are clear. They have an approximate ly  quadrangle 
shape. At the point  where the lower adverse vortexes 
meet the others, the phenomenon is not clear because oil 
with black pigment aecunmlates and the t racks cannot 
be seen. This means tha t  the lower adverse vortexes of a 
je t  go in two opposi te  directions, taking the oil as far as 
the point where it meets the other  vortexes. Probably,  
at this point,  the lower adver.se vortexes of all je ts  go 
upward. However, the lower adverse vortexes do not feel 
the effect of erossflow. 

Figure 17, the case with the smallest distance be- 
tween the flat plate,  shows a double ring around the 
centre line of each jet ,  like the case of a single jet  
(figure i0); the double ring of tim last jets,  where the 
crossflow is stronger, are not symmetr ic  and the exter- 
nal ring becomes a semi-ring. In the case of vortexes 
ups t ream of centre line, where the impinging flow is 
adverse to the crossflow, the crossflow goes above the 
vortexes, which, consequently, increases the skin friction 
with the surface. On the other hand, with the vortexes 
downstream of centre line, where tile impinging flow 
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Figure 12. Visualisation of the interaction of the main vortex 
in the lower meeting zone. 
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Figure 13. Visualisation of  the interaction of  the main vor tex 
in the upper meeting zone. 
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Figure 14. Scheme of  vortexes of  the interaction of  two 
impinging jets. 

Figure I 5. Visualisation of  the interaction of the main vor tex 
in the meeting zone with crossflow. 
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Figure 16. Scheme of vortexes of the interaction of 2 
impinging jets with crossflow. 

is in agreement with the cross flow, the crossflow drags 
the impinging flow, so tile vortexes are less strong. 
Figure 20, using the discrete dot oil and paint  pigment,  
allows this phenomenon to be be t te r  understood.  

Comparing figure 17 with figures 18 and 19, a different 
black intensity at the centre line can be noted. In 
the case with a small z/dj (figure i7) a double ring 
call be clearly seen; when the distance between the 
surfaces (z/dj) is increased, the rings are init ially unclear 
(figure 18), then d isappear  completely (figure 19). 
Figures 21 and 22 show the images and the black 
intensity of 9 impinging je ts  with erossflow, with a bigger 
distance between the jets  (L/dj = 12). Comparing these 
images with the previous ones (figure 21 versus .figure 17 
and figure 22 versus figure 18), the rings around centre 
line are present in both  cases, but  in the cases with a 
larger distance between the jets  (figures 21 and 22), tile 
rings are synmmtric because the crossflow is less strong. 
Moreover, the t racks of lower adverse vortexes are no 
longer present because they are less strong. 

Figure 23shows the images obtained using thermotropic  
liquid crystals.  Ill these images, the ring around centre 
line is clear. Tile effect of lower adverse vortexes is less 
evident. 

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

The interact ion between impinging jets  generated by a 
hole in a flat plate oil another  flat plate are analysed 
using several experimental  techniques (smoke technique, 
oil paint  technique and thermocropic  liquid crystal) .  

A ring vortex around centre line is generated by the 
interact ion of a free je t  and the neighbouring flow. 
When  the distance between the surfaces is small and 
the Reynolds number  high, this ring vortex deternfines 
a high heat  transfer coefficient around the s tagnat ion 
point on the flat plate. Subsequently, the impinging 
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Figure 17. Image and black intensity level of 9 jets with 
c r o s s f l o w  (dj = 2 r a m ,  z/dj = 2, L/dj = 6. Rej = 50 000). 

flow determines a main vortex, and when it interacts 
with the main vortex of another jet ,  two vortexes are 
generated in the space between the main vortexes and 
thc bo t tom fiat plate  (lower adverse vortexes). They are 
impor tant  because they determine a local peak of heat  
transfer coefficient. The interaction between tile main 
vortexes and the topmost  flat plate (where jet  holes are 
s i tuated)  deternfines a second series of vortexes (upper 
adverse vortexes). The phenomenon is unsteady, so a 
video camera is necessary to unders tand it bet ter .  

When a crossflow is present, the lower adverse vortexes 
are not par t icular ly  influenced, while the upper adverse 
vortexes are dragged by crossflow. The ring vortexes are 
influenced by crossflow. 
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Figure 18. Image and black intensity level of 9 jets with 
c r o s s f l o w  (di = 2 ram, z / d j  = 4, L / d i  = 6, ~ c j  = 50 000). 
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Figure 19. Image and black intensity level of 9 jets with 
c ross f low (dj = 2 m m ,  z/d,i = 8, L /d j  = 6, Re; = 50 000). 

Figure 20. Discrete dot oil and paint pigment of 9 jets with 
c r o s s f l o w  (di = 2 m m ,  z /d j  : 8, L /d j  = 6, R c j  : 10 000). 
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Figure 21. Image and black intensity level of 9 jets with 
c ros s f low (dj = 2 mm,  z / d  i = 2, L /d j  = 6, Rej  = 10 000). 
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Figure 22. Image and black intensity level of 9 jets with 
crossflow (dj = 2 mm, z/dj  = 4, L/dj  = 12, Rej = 50 000). 
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Figure 23. Image of 9 jets with crossflow (dj = 2  mm, 
z/dj =4, L/dj = 6, Rej = 50000) using the thermocropic 
liquid crystal technique. 
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