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Heat and mass transfer can be greatly increased when using impinging jets, re-
gardless the application. The reason behind this is the complex behavior of the 
impinging jet flow which is leading to the generation of a multitude of flow phe-
nomena, like: large-scale structures, small scale turbulent mixing, large curva-
ture involving strong normal stresses, and strong shear, stagnation, separation, 
and re-attachment of the wall boundary-layers, increased heat transfer at the im-
pinged plate. All these listed phenomena have highly unsteady nature and even 
though a lot of scientific studies have approached this subject, the impinging jet 
is not fully understood due to the difficulties of carrying out detailed experi-
mental and numerically investigations. Nevertheless, for heat transfer enhance-
ment in impinging jet applications, both passive and active strategies are em-
ployed. The effect of nozzle geometry and the impinging surface macro-structure 
modification are some of the most prominent passive strategies. On the other 
side, the most used active strategies utilize acoustical and mechanical oscilla-
tions in the exit plane of the flow, which in certain situations favors mixing en-
hancement. This is favored by the intensification of some instabilities and by the 
onset of large scale vortices with important levels of energy. 

Key words: impinging flow, heat transfer enhancement, electro-diffusion method, 
passive control, active control  

Introduction  

By using impinging jets, the heat and mass transfer can be greatly increased, regard-

less the application. It is very well known that impinging jets are generating very high heat 

and mass transfer rates because they present among the most important heat and mass transfer 

rates, in particular if we refer to small values of the distance between the nozzle and the im-

pinging plate [1, 2]. The main reason is that a surface-oriented jet can exchange significant 

rates of heat and mass between the impinging fluid and that plate. If we take, for example, the 

case of conventional convective cooling using a jet that is parallel to the target surface (heated 

or cooled), when using an impinging jet will lead to the increase of the heat transfer coeffi-

cients up to three times for the same flow rate. Engineering applications where impacting jets 

–––––––––––––– 
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have found successful use belong to the following areas: furnace heating by the use of im-

pinging flame jets [3], electronic components cooling [4], microelectronic industry [5], tem-

pering of glass and metal sheets [6, 7], cooling of turbine blades [8], drying in textile and pa-

per industry [9], air forced convection drying [10], cooling and heating in food industry [11], 

and many others. For example, in electronic industry, technological advancement is very 

much based on the capability to remove extremely large thermal loads from small surfaces 

[12]. In view of all this, the interest for the present subject, from the point of view of the theo-

retical and technical evaluations, continues to be doubtful. 

In recent years, both experimental and numerical investigation tools and techniques 

have undergone exponential developments that allow for a deeper understanding of the phe-

nomena involved in the impinging jets. Various review articles have approached the subject of  
heat and mass transfer in impinging jets beginning with [13] and continuing later with [14-18].  

In the case of the impinging jets, turbulence varies significantly with nozzle geome-

try, upstream conditions and the distance between nozzle and impact plate [19].  

The nozzle geometry and the upstream conditions are very important in designing 

heat transfer equipment for the case of low nozzle-to-plate distance H/De, but are less im-

portant if the impingement distance is higher than 8 (H/De > 8) [20]. 

Our understanding of the complex entanglement between fluid-flow and heat and 

mass transfer in any unsteady configuration it’s in its adolescence, therefor the studies of im-

pinging jets may offer a path towards fundamental knowledge of the subsequent phenomena. 

Physics of the impinging jets  

The most common nozzle orifices used for impinging jets in nowadays applications 

are either circular orifices or slit diffusers. The differences between these orifices is that in the 

first case the jet has an axisymmetric velocity profile and for the latter, the jet is wide and 

thin, having a plane 2-D velocity profile. These two types of jets have been studied extensive-

ly in reference articles both in the case of free jets [21, 22] and for impinging jets [23-25].  

A typical axisymmetric impinging jet on a flat plate is shown in fig. 1. In this repre-

sentation a uniform velocity jet is emerging from a circular nozzle and is impinging in a flat 

plate. Depending on the distance between 

the tip of the nozzle and the impinging jet, 

H, a maximum of four characteristic regions 

can be differentiated: a transition zone, a 

deceleration zone in the axial direction, a 

deflection zone and a zone with the flow in 

the radial direction.  

As stated in [22] the mean and turbu-

lent velocity and temperature profiles issued 

from a nozzle orifice depends both on noz-

zle geometry shape and upstream flow con-

ditions. For example, if the nozzle orifice is 

a pipe shaped nozzle, the flow will evolve 

into a velocity profile common for pipe 

flows and the turbulence of the flow will 

depend on the upstream flow conditions. In 

the case of a flow produced by a differential pressure on both sides of a thin plate with a cir-

cular orifice, in the immediate proximity downstream the orifice the phenomenon of vena 

 

Figure 1. Impinging jet zones [26] 
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contracta will appear. This flow particularity is that the flow through the orifice is forming a 

flat velocity profile with low turbulence intensity.  

In the first region of the impinging jet, transition region, where the jet is sufficiently 

far away from the impinging plate, the jet will act as free submerged jet. This region is char-

acterized by a spread of the flow starting from the exit of the nozzle orifice. This first region 

can be divided in three distinct subregions, fig. 1: potential core, settlement region, and fully 

established flow region.  

In the potential core subregion where the jet is entering in the surrounding fluid, a 

potential cone flow, fig. 1, will be generated due to the appearance of a mixing annular shape 

region of increasing thickness. In the cone flow, given the fact that the jet is not mixing with 

the surrounding fluid, the fluid parameters are the same as in the nozzle region (temperature, 

velocity, concentration, etc.). Potential core (potential cone) is contained by the cone type re-

gion bounded by the condition of axial longitudinal mean velocity, U, of 0.99V0 (V0 is the axi-

al longitudinal velocity in the nozzle orifice). In the case of circular orifice nozzle the length 

of the potential core, fig. 1, varies around 4 to 6 nozzle diameters, De, [22, 27, 28]. 

Outside the potential core, in the mixing annular region we can find a very strong 

shear. Opposite from the potential cone, in the mixing annular region, the velocity will con-

tinue to decrease until it will reach the velocity of the surrounding fluid. This is possible by 

due to the fact that the fluid velocity of the potential core will decelerate by momentum ex-

change through the entrainment of the surrounding fluid by the fluid issued from the nozzle 

jet [22]. In this region, the turbulent energy originates from the symmetry line of the mixing 

layer where steeper velocity gradients occur. Here, eddies are found on the symmetry line of 

the mixing layer and their dimension is increasing with the distance from the nozzle orifice, Z. 

In the region next to the exit plane, these vortices appear to be coherent both in space and in 

time [29]. Also, in this area, the mean axial velocity and its turbulent component comply to 

similitude laws [21, 22, 30]. 

In the second region of the impinging jet, the deceleration zone, the axial velocity 

drops rapidly due to the proximity of the impinging plate, which effect will be maximum in 

the stagnation subregion where will force the flow to sudden change the direction.  

This is known as the deflection zone, the third region of the impinging jet. In this re-

gion, in the proximity of the S point, fig. 1, impinging point, the flow will expand in radial di-

rections parallel with the impinging plate. The S point is located at the intersection of the jet 

axis with the impinging plate and is also called stagnation point due to its zero velocity. The 

stagnation region is characterized by a high static pressure. The longitudinal component of the 

velocity decreases with the increase of the radial component of the velocity.  

The fourth region of the impinging jet starts downstream the stagnation region, 

where the flow will spread in the radial direction towards the periphery of the plate, almost 

parallel to the wall and expands into a semi-confined flow. In this region, the flow has a finite 

width and due to the momentum exchange with the surrounding fluid, it evolves into a wall jet 

flow [31, 32]. 

In the case when impinging plate is located closer the nozzle orifice, some of the 

fourth regions cease to exist. The first region which disappear when the distance between the 

plate and the nozzle decrease is the jet fully developed region and after that, the decaying jet 

region will vanish. In the case of an impinging plate situated at 2De or less from the nozzle or-

ifice, the high value of static pressure from the stagnation region will have a strong impact on 

the flow development from the nozzle orifice. Since the jet does not have enough distance to 

develop, the velocity profile is essentially uniform for the entire jet. 
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When studying impinging jets, two non-dimensional similitude criteria arise, Reyn-

olds and Strouhal numbers:  

 Re , Ste eVD fD

V




   (1) 

where  is the density of the fluid,  – the dynamic viscosity, V – the characteristic reference 

velocity, and f – the characteristic frequency.  

If Reynolds number is the general approach of classifying flow behavior, Strouhal 

number describes the presence of pulsatile flow, such as vortex sheading. 

Depending on the value of the Reynolds number the flow can be classified into four 

characteristic ranges: dissipated laminar jet for Re < 300, fully laminar when 300 < Re < 1000, 

transitional for 1000 < Re < 3000, and fully turbulent for Re > 3000.  

Another source of turbulence, besides the generation that occurs in the jet flow field, 

is the shear flow region located at the jet edges which can induce instabilities somewhat simi-

lar to Kelvin-Helmholtz instability.  

An analytical solution of the governing equations for the impinging jet can be ob-

tained in the case of a system with axial symmetry and where the flow is in its laminar state. 

The momentum equation has to be coupled with the continuity equation. Also, if heat transfer 

is implied the energy equation must be coupled to. For such flow configurations, conservation 

of momentum, the continuity equation and the energy equation have following form: 

 ( )( )    r z r z zv v u v d p v          (2) 

 (      ( 0))r zrv ru      (3) 

 (   )( )p r z z zc v T u T k T        (4) 

where r and z refers to the partial derivative with respect to r and z, respectively, and cp is 

the specific heat of the fluid at constant pressure.  

All three equations must be solved with the appropriate boundary conditions:  
for z = 0:u = 0, T = Tw, and for z  :u = 0, v = Vs, T = T. 

In general, solutions of these equations are found in terms of similarity solutions. 

Sibulkin [33] found a solution to the energy equation in Zone 3 by defining a dimensionless 

temperature function as ( ) ( )/( ).wf T T T T      The dimensionless expression of eq. (4) 

then becomes: 

 2 Pr 0f f f    (5) 

where Pr = cp/k is Prandtl number and / ,a z    if one considers that the velocity at 

stagnation point is Vs = ar.  

The solution of eq. (5) is then found to be: 

 
* 0.5 0.4Nu

0.763 ( ) Pr
Re

a  (6) 

where a* is a free constant that depends on the geometry of the system. 

In Zone 4, Glauert [34] finds a solution by introducing a friction coefficient as a 

function of the Reynolds number: 
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c
  (7) 

If this friction coefficient is known, then the local and average heat transfer coeffi-

cients can be determined. 

Two important parameters that quantify heat transfer are the convective heat flux, qc, 

which represents the thermal energy transfer per unit surface and per unit time, and the con-

vective heat transfer coefficient, h, representing heat per unit temperature difference. The rela-

tion between the latter two in the steady state is referred to as Newton’s law: 

 c w aw( )q h T T   (8) 

where Tw is the temperature of the surface and Taw – a reference value for temperature called 

adiabatic wall temperature.  

Combining eq. (1) with the Fourier law, the heat transfer coefficient has the follow-

ing form: 

 w

w aw

d

d

( )

T
k

z
h

T T

 
  

 



 (9) 

where k is the thermal conductivity coefficient of the fluid specified by the wall conditions. 

Convective heat transfer and mass transfer are usually quantified by non-dimen-

sional quantities such as the Nusselt and Sherwood number, respectively. Their expressions 

are given by the following relations: 

 Nu ,  She ehD D

k




   (10) 

where De is the characteristic flow length,  – the mass transfer coefficient, and  – the diffu-

sion coefficient.  

Both parameters are a function of the fluid flow geometry and the Reynolds number. 

When the initial temperature of the jet is equal to the one of the ambient medium an 

important parameter is the recovery factor, a parameter proportional to the difference between 

the recovery temperature, Tr, and the static temperature at the nozzle exit: 

 
r

f 2

2 ( )pc T T
r

V


  (11) 

Passive strategies for heat transfer enhancement  

Some of the most important mechanisms that influence the mass and heat transfer of 

the impinging jet are the instability of the shear layer in the proximity of the exit plane of the 

nozzle and the onset of turbulence in the jet near field. In the case of 2-D jet impinging in a 

flat plate [35], the increased heat transfer can be explicated as a result of the higher turbulence 

generated in the impinging jets. They found [35] that the turbulence originates from the flow 

itself and from external perturbances and is influenced greatly by the nozzle orifice geometry, 

the upstream flow conditions and the position within the jet.  
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The effect of nozzle design  

The most common passive strategies are based on the nozzle orifice geometry  

[36-40]. The research carried out showed that particularities of the nozzle geometry and of the 

upstream flow setup, are of great importance in designing of heat transfer devices where we 

have low nozzle to plate distance H/De < 8, but are less important if nozzle to plate distance is 

more than H/De > 8.  

The geometries of nozzles and diffusers became more and more complex in the 

quest of best geometries capable to enhance the self-induction of the non-symmetric large 

scale structures [41-44]. Research carried out on rectangular nozzles showed the appearance 

of an interesting phenomenon of the switch between the major and minor axis of this rectan-

gular jet. In [45], the researchers identified a linear dependence between nozzle aspect ratio 

and the length from the orifice to the first cross-over location. Afterwards, Quinn [46] discov-

ered the pairs of counter revolving streamwise vortices at the tips of rectangular nozzles and 

showed that these structures have an important role in the momentum transport. In the mean-

time, a study performed on elliptic jets by Hussain and Husain [42] revealed that, unlike cir-

cular or plane type of jets, these jets have a variation of vortical structures azimuthal curva-

ture. This will lead to an unbalanced self-induction which will evolve in axis switching.  

These researches opened the way to other approaches in a quest for improving jet 

flows spreading and mixing only by nozzle design. For example, in the case of rectangular 

and circular tabbed nozzles researches revealed a higher mixing efficiency than the same rec-

tangular or circular nozzles without tab intrusions [44, 47-49]. The explanation was that each 

tab introduce a pair of counter rotating streamwise vortices which changes the turbulent struc-

ture and is leading to an enhancement mixing in the flow.  

More complex nozzle geometries have been studied [50, 51], one of the conclusions 

emerged from [52-54] being that the lobed nozzle performed better in mixing than other simi-

lar nozzles.  

The conclusions emerged from the studies have been take into consideration for im-

pinging jet studies, as well. Brignoni and Garimella [55] showed that the heat transfer will in-

crease with 20-30% in the case of nozzles with chamfered outlets compared with non-

chamfered ones. Different elliptic nozzles are compared with a circular one in [56], a conclu-

sion being that the heat transfer is with 15% larger for an elliptic nozzle orifice nozzle with 

the aspect ratio equal to 4 than for the circular nozzle.  

Other researches have oriented in the direction of creating of vortices and turbulence 

generators with the nozzle geometry design. For the case of chevron nozzle – triangular tabs 

placed in a circular orifice – an enhancement higher than 25% compared to the round orifice 

was observed for 4De nozzle to impinging wall distance [57]. Also, the flow through the 

cross-shaped lobed nozzle achieved the highest heat transfer compared with circular nozzle 

orifice [19, 58, 59]. A fractal-shaped design was used for heat transfer enhancement for im-

pingement cooling in [60]. 

Lobed nozzles orifices were found to increase both wall shear rate and local or glob-

al mass transfer, suggesting a relation between the latter two. The maximum local Sherwood 

number can get up to 130% higher for a cross-shaped orifice on a plane or on a hemisphere 

compared to the convergent nozzle orifice. The evaluation of the global mass transfer is ob-

tained using the average Sherwood number, which for a disc of 3.2De in diameter reveals an 

improvement up to 25 and 22% for cross-shaped orifice on a plane or on a hemisphere, re-
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spectively, compared to a convergent nozzle. The study of a cross-shaped orifice on a hemi-

sphere nozzle geometry showed an increase for local and global mass transfer [61]. 

Compared to a convergent nozzle, the instantaneous velocity fields issued from a 

round orifice from a flat plate or a hemispherical geometry, show the formation of secondary 

vortices above the impingement plate, under primary Kelvin-Helmholtz structures in the re-

gion r = 1.5 De. From r = 1.5 De, the structures generated by the breaking of the primary Kel-

vin-Helmholtz structures are getting further away from the wall. Considering constant volu-

metric flow rate and the same nozzle exit area, the global mass transfer for one impinging disk 

of 3.2De in diameter is 25% and 31%, respectively, higher for a round orifice nozzle on a 

hemispherical or on a plane surface compared to the classical convergent nozzle. Regarding 

local mass transfer, local Sherwood number distributions (as a function of the normalized ra-

dial distance from the stagnation point) indicate an increase of 19% and 34% for the same 

compared nozzle geometries, fig. 2.  

 

Figure 2. Sherwood number for: (a) convergent nozzle (CONV) and cross-shaped nozzle orifice on a 

plate, CO/P and (b) convergent nozzle (CONV) and cross-shaped nozzle orifice on a hemisphere, CO/H 
[62] 

These distributions also point out a secondary peak at the wall region where second-

ary vortices appear, the magnitude of this secondary peak being dependent on nozzle shape. 

Increasing inertia results in an increase of the magnitude of the secondary peak [63, 64]. Jets 

from lobed nozzles display particular phenomena due to the complexity of their 3-D flow, as 

reported by Trinh et al. [65]. They recorded the presence of two shear layers one spanning 

from the central part to the lobed flow and the other from the lobed flow to the environment, 

both merging one or two diameters away from the nozzle. They also found that for h/De  2 

the nozzle has a significant influence on the flow, causing multiple mean radial velocity max-

ima, flow in the azimuthal direction and recirculation zones near the plate. Such lobed nozzles 

have the tendency to decrease the global heat transfer rate.  

Regarding the movement of the impingement region, recent studies have been em-

ployed in evaluating its dependence on the flow rate, the nozzle geometry and the nozzle 

height [66]. It was found that the movement of the impingement region can be linearly corre-

lated with the stand-off height. Compared to a flat nozzle a conical-shaped nozzle slightly re-

duced the movement, the external geometry having therefor a small effect. No dependence 

was found on the flow rate. 
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The major effect of a non-quiescent external medium on the dynamics and turbulent 

behavior of a plane jet impinging on a flat plate is a reduction of the jet decay rate compared 

to an external flow at rest [67]. Such co-flow configurations exhibit an increase in radial tur-

bulence of the impinging jet. For inclination angles of the co-flow higher than 30° a large re-

circulation zone is induced [67]. 

Surface structure modification 

Hansen and Webb [68] showed that for impinging surface with protuberances repre-

senting triangular, square or rectangular cross section shapes, Nusselt number will increase 

with 12-23% than for a flat plate. A heat transfer growth of 8-28% will appear for cube shape 

surface roughness [69]. On the other hand, the heat transfer coefficient for a dimpled surface 

is lower than for a smooth surface [70]. In other studies [71, 72], the impinging slot jets ori-

ented over square and triangular ribbed surface were reported to have an increase in heat 

transfer compared to a plane surface. The reason can be the interaction of two factors, namely: 

the increased mixing induced by the turbulence generated by the ribs and the increased area 

for the heat transfer surfaces due to the ribs themselves. Other ribbed surfaces as equilateral 

triangles which are basically vortices generators were analyzed in [73], and the conclusion 

was that the convective heat coefficient between the impinging flow and the wall is linked to 

the aspect of the rib. Heat transfer coefficient enhancement was up to 77%.  

Some studies were focused on the modifications in the heat transfer brought by en-

hanced surfaces in spray cooling. One of the firsts attempts made, using structured surfaces as 

a method to increase heat flux is found in [59]. Using water as a fluid, they modified a copper 

surface and obtained a roughness ranging from 0.3-22 μm. They achieved a maximum heat 

flux of 1250 W/cm2 for a roughness of 0.3 μm and 700 W/cm2 for 22 μm, at a flow rate of 

1.42 mL/s of water and 250 mL/s of air. A heat transfer coefficient higher with 112% was ob-

tained by Bostanci et al. [74] using ammonia as a working fluid and structure surfaces using 

RTI as a surface modification technique [74]. 

The effect of a macro-structured surface on the enhancement of heat flux was em-

phasized by Silk et al. [75]. Using protuberances like fins, pins and pyramids, constructed on 

a 2 cm2 surface, working at a pressure of 41.4 kPa and at a flow rate of 3.33 mL per second, 

they found that straight fins display the best performance. They achieved a heat flux en-

hancement of 75% for a surface with straight fins and a spray nozzle inclined at 45°. Not only 

the geometry but also its characteristic height has a significant importance. For example, 

Coursey et al. [76] considered straight fin structures on surfaces with fin heights ranging from 

0.25-5 mm. At a flow rate of 1 mL per second, the optimal fin height that ensured the maxi-

mum heat flux of 124 W/cm2, was found between 1 and 3 mm. Coating a surface may ulti-

mately lead to the enhancement of heat transfer [77]. Investigating micro-porous coated sur-

faces, in the context of spray cooling enhancement, they found an increase of 50% relative to 

the uncoated ones for a microporous layer of 500 μm thick and consisted of micro-sized alu-

minium particles. Xie [78] studied the effects of micro-, macro- and multiscale-structured sur-

faces. For a macro-structured surface the fin arrangement is a key aspect of heat transfer en-

hancement, in comparison with an increase of the wetted area. The advantage of macro-

structured surfaces is that it reduces the duration of the high temperature regime and has an 

increasing effect on the transition time needed to reach the critical heat flux moment. In the 

case of micro-structured shapes, an enhancement of nucleate boiling was notices. The largest 

heat transfer increasing was achieved by using the multiscale-structured geometries which 

was of 65% in comparison with a flat baseline. In another study, El-Maghlany et al. [79] dis-
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covered that the for the two ribs mounted on a horizontal flat surface, heat transfer rate will be 

influenced by the distance between the ribs and the rib height. Also, the heat transfer rate in-

creased with the nanoparticles volume fraction. 

Active strategies in heat transfer  

The active strategies methods uses mainly the acoustic [42-44, 80-82] or mechanical 

[83-88] excitation in nozzle orifice area, which under some particular conditions will lead to 

the intensification of the initial instabilities and the occurrence of large scale, very energetic, 

vortex structures that are responsible for the mixing improvement.  
A study [89] investigated the effect of active strategies on the impinging jet using 

flow visualization and velocity spectra through hot wire anemometry. Depending of the 

growth in dimensions of the large scale vortices occuring in the wall jet region, both heat 

transfer increasing, and reduction are observed. For a frequency of excitation close to the nat-

ural frequency of the shear layer in the initial region of the impinging flow, the induced in-

termittent vortex pairing produces a chaotic bump eddy which contains much of the small-

scale turbulent structures, leading to the increase in the local heat transfer. When the forcing is 

near the sub-harmonic of the natural frequency, stable vortex pairing is generated. In this case 

the strong large-scale well-organized vortices, formed after the stable vortex pairing, induce 

the unsteady separation of the wall boundary layer leading to a decrease in the local heat 

transfer.  

Acoustic excitation also offers a way of controlling vortex interaction [90, 91]. A 

shorter potential core length and an increase of the turbulent intensity is observed relative to 

non-excited jets for St = 1.2. As the turbulent intensity increases also the heat transfer rate is 

enhanced for small H/De ratios. The suppression of vortex pairing arises when St = 2.4. This 

results in a large potential core length and a reduced turbulent intensity. Not only the frequen-

cy of the excitation but also the signal shape can cause heat transfer deterioration. For exam-

ple, Middelberg and Herwig [92] studied several signal shapes at different driving frequencies 

and found that at the highest Strouhal number both sinusoidal and rectangular signals caused 

an enhancement in heat transfer of 60% in the stagnation zone and up to 160% outside of it. 

The high levels of enhancement are caused by periodic flow reversal, which has also an effect 

on the ambient fluid, coffining it to participate in heat transfer. More on the relation between 

periodic flow reversal, resonance in the flow path and compressibility can be found in 

[93, 94]. The experimental results of a free impinging jet seeded with a high concentration of 

SiO2 nanoparticles presented by Sorour et al. [95] show that the increase of the volumetric 

fraction of nanoparticles and of the Reynolds number will conduct to an increase oftric the 

average Nusselt number. As a consequence, the volume fraction of nanoparticles could signif-

icantly provide an increase of the average Nusselt number up to 80% for a volume fraction of 

8.5% SiO2 nanoparticles compared to a water jet flow without nanoparticles. Lai et al. [96], 

studied impulsively starting jets and pulsed jets for heat transfer enhancement. 

Advanced experimental techniques  

and perspectives 

Impinging jets are responsible for generation of a multitude of flow phenomena, 

such as: large scale structures, large curvature involving strong normal stresses and strong 

shear, small scale turbulent mixing, stagnation, separation, and re-attachment of the wall 

boundary layers, heat transfer at the impinged wall. All these phenomena have a large degree 

of unsteadiness and although there are many studies today on this subject that tried to resolve 
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this subject, the impinging jets are still not fully understood due to their unsteady nature and 

due to the difficulty of performing elaborated numerical and experimental studies [76].  

One of the most promising measurement techniques of the mass transfer between an 

impinging jet and the impinging plate is the limiting diffusion current technique. In [97], a 

circular disk electrode localized in the impinging plate, in the zone of stagnation, was used for 

this technique. The authors discovered that if for a turbulent impinging jet the electrode loca-

tion corresponds with a radius smaller than 1De, or if the impinging jet is laminar, the elec-

trode displays the property of uniform accessibility to the diffusing species. They determined 

semi empirical correlations for both laminar and turbulent impinging jets in a plate for nozzle-

to-plate distances from 0.2De to 6De. Another observation was related with the wall jet region 

which is beginning at a radial length of ~4De. 

Another promising measurement technique, this time for measurement of the fluid 

flow is particle image velocimetry (PIV). Having in mind that the impinging jet has a 3-D na-

ture due to the nozzle design or impinging plane structure, only latest advancement in the PIV 

technique like tomographic PIV (TomoPIV) allows a 3-D appropriate approach for the fluid 

flow analysis. The main difference between classical PIV and TomoPIV is that instead of 

generating a double-pulsed laser sheet illumination of a plane in the measurement zone, a 

double-pulsed laser illumination of a volume will be created. For both approaches the fluid- 

-flow is seeded with particles but in the case of TomoPIV the particle distribution is deter-

mined using multiple camera (at least three), which will allow to obtain the volumetric veloci-

ty distribution through a cross-correlation algorithm in the entire volume. This way, the calcu-

lation of derivative quantities becomes possible, offering the possibility of a detailed picture 

of vortex dynamics and turbulence characteristics [98]. A drawback of the PIV technique is 

the fact that the measurements performed in the close vicinity of the impinging plate are not 

possible and reliable due to the laser light reflections from the impinging plate. 

In its turn, the electro-diffusion (ED) method whose measurement principle is relat-

ed to the recording of the limiting diffusion current of an electrode-type probe [99] seems to 

be the best technique for determining the shear rate at the impinging wall [100]. The ED tech-

nique was developed with the purpose of measuring the mean values of the mass transfer rate 

on a wall. The transfer area is represented by a small electrode embedded into the wall, at the 

same level as the surface of the wall. An electrochemical redox reaction occurs at the elec-

trode, the mass transfer influencing directly its rate. Vallis et al. [101] published the first re-

sults using ED measurements technique in 1977. Later, Yapici et al. [102] succeed to measure 

the distributions of the local shear stress on the entire impinging plate for a fully developed 

round turbulent submerged jet. They found that the non-dimensional local shear stresses di-

minished with the growth of the Reynolds number. In other study [103] the authors measured 

the influence of the axial velocity on the electrode currents of a circular probe with three seg-

ments in the proximity of the stagnation point. Their flow was characterized by a Reynolds 

number Re = 640 while Alekseenko et al. [104] measured wall shear stresses of a circular im-

pinging jet at Re = 41600 and for nozzle-to-plate distances from 2 to 8De. Considering the ob-

servations related with the flow dynamic of lobed orifice free jet which is characterized by 

amplified dynamics of the coherent and non-coherent structures and intensified turbulent ki-

netic energy in its initial region, it was considered that the jet flow will also present increased 

mass transfer for impinging jet cases. 

Kristiawan et al. [19] studied comparatively a cross-shaped nozzle and a convergent 

circular nozzle with the same De in terms of mass transfer rates. The insight gained in a previ-

ous study [105] of a cross-shaped orifice air free jet is used to get knowledge for the afore-
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mentioned two impinging jets. The wall shear rate was measured by ED technique on an im-

pinging plate and mass transfer was calculated using these measurements. Different results for 

the wall shear rate and for the mass transfer at the stagnation point were attained using the 

cross shaped lobed nozzle flow compared with the circular convergent nozzle. First time 

when using simultaneously time resolved PIV and ED measurements in an attempt to resolve 

both the fluid-flow and wall shear rate [106, 107] they observed that the influence of the be-

tween primary on the secondary vortices, and their pairing process, and their interaction with 

tertiary prior upstream structures, affects the process of structures expulsion near the wall and 

afterwards the wall shear stress value. Sodjavi et al. [108] performed experimental measure-

ments involving non-synchronized time resolved TomoPIV and ED technique on the flow is-

sued through three circular nozzle orifices: an orifice plate, a convergent and a hemispherical 

one. With this occasion the authors presented a possible connection between the wall shear 

stress and the mass transfer rate with the topology of the near field. The velocity instantane-

ous fields obtained through PIV showed the generation of secondary structures in the area 

where a secondary peak of the evolution of the local mass transfer rate appears and more than 

that, the intensity of this secondary peak was corelated with the nozzle orifice design.  

Conclusions 

Heat and mass transfer can be greatly increased when using impinging jets, regard-

less the application. It is very well known that impinging jets are generating very high heat 

and mass transfer rates because they present among the most important rates of transfer rate 

for single phase flows, especially if we refer to low nozzle-to-plate distances. The reason be-

hind this is the complex behavior of the impinging jet flow which is leading to the generation 

of a multitude of flow phenomena, like: large scale vortices, high curvature related to high 

values of the normal stresses and intense shear rate, small scale turbulent mixing, stagnation, 

separation and re-attachment of the boundary-layers, increased heat transfer at the impinged 

surface. All these listed phenomena have highly unsteady nature and even though a lot of sci-

entific studies have approached this subject, the impinging jet flows are not entirely compre-

hended due to the difficulties of carrying out thorough experimental and numerically investi-

gations. To overcome these difficulties in order to gain insight about these phenomena, we 

must use procedures that are adapted to our objectives.  

First step for impinging jet measurements is to realize measurements using To-

moPIV technique which will grant a higher spatial resolution to capture the 3-D characteris-

tics of the complex flow. The ED measurements must be synchronized with Tomo PIV meas-

urements. More than that, 3-D laser Doppler velocimetry (LDV) measurements triggered by 

ED signal represents a very useful and complementary method that allows the investigation of 

targeted zones of interest in the flow. For example, LDV measurements of the velocity com-

ponents in the vicinity of a modified surface with triangular ribs have been successfully en-

gaged. Nevertheless, more knowledge is needed about the vortex dynamics and breakdown as 

well as on the influence of streamwise vorticity. These issues appeal for the perfecting of par-

ticular experimental techniques such as ED, IR thermography, and TomoPIV. 

Advanced passive strategies like lobed orifice nozzle geometries or structured im-

pinged surfaces are not sufficiently studied. All the aforementioned issues must be investigat-

ed not only experimentally but also numerically using CFD to gain further knowledge on this 

phenomenon of impinging jet given the fact that it takes less effort and time than experimental 

measurements. Nevertheless, performing real experiments it is irreplaceable because the de-
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velopment, perfecting, verification and validations of theories and models are still based on 

results issued from experiments and invites for more demanding measurement techniques. 
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Nomenclature  

cp – specific heat of the fluid at constant  
pressure, [Jkg–1K–1] 

De – characteristic flow length, [m] 
f – characteristic frequency, [s–1] 
h – heat transfer coefficient, [Wm–2K–1] 
H – nozzle to plate distance, [m] 
k – thermal conductivity coefficient, [Wm–1K–1] 
Nu – Nusselt number (= hDe/k), [–] 
Pr – Prandtl number (= ηcp/k), [–] 
qc – convective heat flux, [Wm–2] 
Re – Reynolds number (= ρVDe/η), [–] 
Sh – Sherwood number (= De/), [–] 
St – Strouhal number (= fDe/V), [–] 

Taw – reference value for adiabatic wall  
temperature, [K] 

Tw – temperature of the surface, [K] 
V – velocity, [ms–1]  

Greek symbols 

 – convective mass transfer coefficient, [ms–1] 
 – density of the fluid, [kgm–3] 
 – diffusion coefficient, [m2s–1] 
 – dynamic viscosity, [Pa·s] 

Acronyms 

MP – major plane 
mP – minor plane 
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