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ABSTRACT

The present study of low Reynolds number submerged and free-surface jet impingement examines the cause

of peaks in the radial distribution of the Nusselt number by way of fully resolved numerical simulation. In a

first step, the flow behavior of free-surface and submerged free jets is examined, revealing a different devel-

opment of the initial velocity profile while traveling towards the impingement wall. The shape of the Nusselt

distribution is found to be significantly influenced by the velocity profile close to the wall, however, showing

similar trends for both, submerged and free-surface jets. Thus, a local peak in the heat transfer distribution is

found to exist not only for submerged but also for free-surface jets under specific conditions (long nozzle-to-

plate distances and low Reynolds numbers). The causing effect of the local peak is revealed in detail, showing

that local flow acceleration in radial direction is the dominant cause for the increasing heat transfer coefficient

in flow direction.

KEY WORDS: laminar jet impingement, free-surface jet, submerged jet, local flow acceleration

1. INTRODUCTION

Impinging jets are gaseous or liquid flows released against a surface and are characterized by high heat and

mass transfer rates. They are commonly employed in heating, cooling or drying [25]. In the last few decades,

many experimental and numerical investigations have been conducted on this topic. A distinction between two

types of jets can be made if a liquid is used as a working fluid: Submerged jets, in which case a liquid is issued

into a liquid and free-surface jets, in which a liquid jet entrains a gaseous atmosphere. Comprehensive surveys

focussing on submerged jets are presented by various authors [14, 27, 29].

Traditionally, the heat transfer for jet impingement is described by three dimensionless parameters: the Reynolds

number, Re = uD/ν, the Prandtl number, Pr = ν/a, and the nozzle-to-plate distance, H/D (where ν, a, u,

and D denote the viscosity, thermal diffusivity, average velocity, and nozzle diameter, respectively). Typical

correlations for the dimensionless heat transfer (dimensionless heat transfer coefficient) for both free-surface

and submerged jets are of the form

Nu =
h ·D
k

= C · PrαReβ
(
H

D

)γ

(1)

, where k and h denote the thermal conductivity and convective heat transfer coefficient, respectively. The

constants in the correlation, C, α, β, and γ, are determined using experimental data and vary in the literature.

∗Corresponding W. Rohlfs: rohlfs@wsa.rwth-aachen.de
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From the exact solution of boundary layer or stagnation flow problem, analytical Prandtl number dependen-

cies can be deduced [23, 28]. This dependency has also been applied in the analytical work of Ma et al. [13],

describing the heat transfer of liquid jet impingement based on simplified boundary layer equations as previ-

ously done by Liu and Lienhard [10]. In a recent study by the authors [19], numerical simulation results for

0.07 < Pr < 1300 have revealed excellent agreement with the analytical Prandtl number dependency in the

stagnation region.

Regarding the Reynolds number dependency, values in the range of 0.4 < β < 0.873 were found in experi-

mental investigations [1, 26], whereby lower values are usually associated with laminar and higher values with

turbulent flow conditions. Analytical solutions [13, 26] and many experimental studies suggest a dependency

around β = 0.5, a scaling well known from laminar boundary layer theory [23]. The nozzle-to-plate dis-

tance H/D strongly affects submerged impinging jets, where the surrounding liquid decelerates the jet rapidly

through strong shear forces. For free-surface jets, correlations reported in several studies [6, 26] suggest a

weak dependency on H/D with an exponent ranging from γ = −0.0336 to γ = −0.105. Based on numerical

simulations, it has recently been shown by the authors that the extent of viscous relaxation during the free-jet

flight, which changes the shape of the velocity profile initially emerging from the nozzle, can be described

by a dimensionless time scale, H/(D · Re). Using this time scale, a self-similar description of the velocity

profile in axial and radial directions and consequently a self-similar description of the heat transfer coefficient

for laminar flow conditions has been proposed [19].

An important classification is the distinction between laminar and turbulent jets. More specifically, circular

jets can be attributed to four classifications [17]: Dissipated laminar jets, for Re < 300, fully laminar jets,

300 < Re < 1000, a transition region or semi-turbulent jets, 1000 < Re < 3000 and fully turbulent jets for

Re > 3000. However, other factors such as the velocity profile, the separation distance, and whether the jet

is confined or not may lead to an earlier or delayed transition from laminar to turbulent jets with respect to

the Reynolds number [17]. The present study investigates laminar jets up to a Reynolds number of 2000, not

accounting for three-dimensional turbulent effects, due to the assumption of axial symmetry in the numerical

method.

The setup investigated in the present study is shown in Fig. 1 (top). The jet emerges from the nozzle and

impinges on the plate after a nozzle-to-plate distance of h/D, thereby cooling the heated wall. The local Nus-

selt number (dimensionless heat transfer coefficient) of free-surface and submerged axisymmetric impinging

jets can generally be characterized by a high value at the centerline with a monotonic decrease in the radial

direction. However, the existence of local peaks in the radial Nusselt number profile has been observed for

submerged jets [5, 12, 18] (see Fig. 1, bottom). Those peaks have been identified to occur at two dominant

locations: The inner peak occurring in the vicinity of the outer edge of the incoming jet (r/D = 0.5) and an

outer peak which occurs at a distance of about two nozzle diameters downstream.

Several plausible explanations for the two peaks have been proposed in the literature. Both peaks have been

investigated by the authors for the submerged jet configuration in an earlier study [20]. We refer to this article

for a detailed discussion of the outer peak. As the present study extends the investigation of the inner peak

to free-surface jets, the possible explanations for this peak shall be revealed shortly: Gardon and Akfirat [5]

have suggested that local flow acceleration at nozzle-plate spacings up to h/D = 3 and local thinning of the

boundary layer are the causes for the increase in Nusselt number. They observed the inner peak for Reynolds

numbers as low as 2500 and thus concluded that turbulence can only play a minor role. This has previously also

been found in the theoretical analysis by Kezios [9]. In contrast, Pamadi and Belov [15] have suggested that

the inner peak is attributed to the penetration of the maximal turbulence into the boundary layer, occurring at

the outer edge of the incoming jet. They based their results on a solution of the incompressible flow parabolic

equations that included a turbulence model. Lytle and Webb [12] also suggested that the inner peak is associated

with a significant increase in turbulence. However, this theory stands in contrast to the findings of Gardon and

Akfirat [5], mentioned above. A further explanation is given by Kataoka et al. [8], suggesting that the inner

peak is actually caused by the impingement of large vortices on the wall, which arise at the outer edge of the
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Fig. 1 Visualization of the setup.

jet. In a numerical study by Saad et al. [22], the influence of two different inlet velocity profiles – parabolic

and uniform – has been investigated. For the case of a uniform-velocity profile, the inner peak was found at

Reynolds numbers of 950 and 1960, for which its location coincided with the location of maximal skin friction.

They also found that the velocity profile has a strong influence on the heat transfer characteristics at the point

of impingement.

In a former study by the authors [20], the origin of the inner peak was shown to be associated to the occur-

rence of local flow acceleration and not necessarily to the occurrence of turbulence. An increase of the radial

acceleration in radial direction, causing an inflow toward the wall, revealed to be the key explanation for the

inner peak. As this acceleration is caused by the pressure gradient in the stagnation region, the shape of the

velocity profile at the nozzle exit was found to dictate the existence of a local peak. This also explaines why the

inner peak has previously been associated with higher Reynolds numbers and lower nozzle-to-wall distances,

in which case the necessary pressure gradient is achieved.

The present study focusses on the investigation of laminar submerged and free-surface jet impingement. The

hydrodynamics of free jets is examined, first for the two different jet configurations and for uniform and

parabolic inlet velocity profiles. In a second step, the heat transfer characteristics of both jet types are presented.

The effect of local flow acceleration is discussed for the case of free-surface jets.
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Fig. 2 Computational domain: For the free jet case, phase 1 and phase 2 are immiscible while for the submerged

jet case only one phase exists.

2. NUMERICAL METHOD

The numerical simulations of the free and submerged jet configuration are performed by solving the full in-

compressible Navier-Stokes equations with the finite volume method with axisymmetric boundary conditions.

The multiphase character of the free jet configuration is accounted for by the volume of fluid (VOF, [7]) and

continuum surface force method (CSF, [3]). These methods are implemented in the interFOAM solver of the

CFD-solver package OpenFOAM [21] that was applied in this study. For the coupling between momentum and

mass conservation, the pressure implicit solution method (PISO) is applied, while for the temperature, a scalar

transport equation is solved. The density and viscosity ratio between phase 1 and phase 2 is ρ1/ρ2 = 1.6 ·10−3

and ν1/ν2 = 0.129, respectively. No back coupling between the temperature and the velocity or pressure, e.g.

by buoyancy forces or temperature-dependent thermophysical properties, is accounted for. Thus, the simulation

results correspond to cases where the temperature change of the fluid is sufficiently low and the assumption of

constant fluid properties remains valid. This leads to two limitations. First, the temperature difference between

the fluid and the wall has to be low, which does not affect the dimensionless consideration of the problem. Sec-

ond, the dissipative heat generation, which is not accounted for in the numerical simulations, and consequently

a temperature increase in the near wall region caused by dissipation has to be small compared to the thermal

dependency of the fluid properties.

The central differences scheme is used for all spatial discretization and a first order, bounded implicit scheme

is applied for temporal discretization. The computational domain (see Fig. 2) consists of two parallel walls, the

lower heated wall on which the jet impinges and the upper wall, through which the jet emerges.

The computational domain is spatially discretized by hexahedral cells with a cell size in the radial direction

of 9 · 10−4D ≤ Δr ≤ 0.1D. The cell size in the axial direction near the wall corresponds to one-tenth of

the characteristic viscous length scale (which is the maximum value of y+ = 0.12 for the highest Reynolds

number). The resulting number of cells ranges from 80,400 to 131,800.
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Fig. 3 Grid dependence analysis. Nusselt number distribution at the wall.
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Fig. 4 Validation of the numerical method with experimental data [24]. The experimental data correspond to

Re = 1970, H/D = 4 and Re = 950, H/D = 2, such that H/(D·Re) ≈ 0.002. In the numerical simulation, a

constant temperature boundary condition at the wall has been applied. G(Pr) represents the analytical Prandtl

number dependency based on a self-similar solution of the stagnation point flow given in White [28].

3. METHOD VALIDATION

A grid dependence analysis is performed for both configurations. Figure 3 presents the final results of this

analysis, showing the local distribution of the Nusselt number. The Nusselt profiles computed with the basic

mesh and a mesh refined in all spatial and temporal directions agree well in shape and in absolute value,

thereby showing grid independence of the solution. The uncertainty due to discretization was estimated based

on the ASME standard [4]. The error of the average Nusselt number in the stagnation zone is evaluated for

the highest Prandtl number examined, yielding an approximate relative error of e12a = 0.44%, an extrapolated

relative error of e12ext = 0.60%, and a fine-grid convergence index of GCI = 0.22%.

For validation of the numerical method, the radial Nusselt profile is compared with experimental data from

Scholtz and Trass [24] for the free-surface case. Using an air–naphthalene system (Schmidt number Sc = 2.45),

the authors obtained local mass transfer rates. The constant concentration boundary condition at the imping-

ing wall corresponds to a constant temperature boundary condition in the equivalent case of heat transfer. The

Sherwood number (or equivalent Nusselt number) has been rescaled according to the analytical Prandtl number

dependency given in White [28]; see also Rohlfs et al.[19]. Experimental data in Scholtz and Trass are given

for different nozzle-to-plate distances (0.5 ≤ H/D ≤ 6) and Reynolds numbers (800 ≤ Re ≤ 1970). Due to

the self-similarities in the system [19], the reduced heat transfer coefficient for cases with the same value for

H/(D · Re) coincide for sufficiently large nozzle-to-plate distances (H/D). The experimental results for two

5
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different combinations of Re and H/D but with the same H/(D · Re) = 0.002 are shown in Fig. 4 with nu-

merical data for the same flow condition, revealing good agreement in both; the shape of the radial distribution

and the absolute value.

4. RESULTS

4.1 Hydrodynamics of free jets

The hydrodynamic development of the free jet before impinging on the wall has a substantial influence on the

heat transfer and will therefore be discussed in the following section.

For the submerged case, the free jet flow is shown in Fig. 5a. According to Viskanta [27], the free jet region

can be subdivided into three major zones : the potential core zone, the developing zone, and the developed

zone. In the potential core zone, the velocity is unaffected and remains equal to the nozzle exit velocity. In the

plot, the potential core region is illustrated by the two iso-velocity lines 0.90 · u∞ and 0.95 · u∞. According to

Livingood [11], the length of this zone is 6-7 diameters from the nozzle exit, independent from the Reynolds

number. However, the present simulation results for laminar jets (Reynolds number of 540) indicate that this

zone can penetrate up to 17 jet diameters. The definition of a potential core zone can only be applied for a

uniform velocity profile at the nozzle exit. For a parabolic outlet profile, the center velocity starts to decay at

the nozzle exit (see Fig. 5c).

In the developing zone, the axial velocity decays due to the large shear stress at the jet boundary. In the

developed zone (after approximately 6D), the basic shape of the velocity profile is characterized by self-

similarity [23]. This profile is best fitted by a Gaussian distribution [27]. Furthermore, a linear behavior is

reported in the literature for the jet broadening. Contrary, the present simulation results show that the jet

broadening rather follows a parabolic shape.

For the free-surface case shown in the center plot, the shear stress at the outer edge of the jet has a negligible

influence on the free jet. Thus, only shear forces in the liquid core or gravity can induce a change of the initial

velocity profile. The development of a parabolic velocity profile due to viscous relaxation can be observed.

The free jet can be subdivided into two major regions: the developing zone and the developed zone.

In the developing zone, the inner core of the jet decelerates while the outer part accelerates. Assuming no loss

in mass and momentum, the center velocity (see plot c) decays from 2 · u∞ to 4/3 · u∞, where u∞ is the

average velocity of the parabolic profile. As a result of this acceleration, the jet contracts such that the radius

reduces to
√

3/4 · r. Self-similarity in the decay can be found by introducing a scaling of Re ·D, which can

be drived from a balance of inertia and viscous forces in axial direction. With this scaling, the axial velocity

uax exponentially decays. This decay can be approximated according to

uax
u∞

=
4

3
+

2

3
exp

(
−m

x′

D ·Re

)
. (2)

The exponent m can be analytically determined only at the nozzle exit where it takes a value of m = 24. Further

downstream the exponent increases such that an average decay of m = 38.9 gives reasonable agreement with

numerical data. After the developing region, the velocity profile of the jet is uniform.

The submerged jet with a parabolic velocity profile at the inlet initially shows the same decay in the center-

line velocity up to x/(D · Re) ≈ 0.02, where the influence of viscous forces, induced by the ambient fluid,

becomes relevant. Due to the shear forces, the centerline velocity of the submerged jet decreases continuously,

independently from the imposed velocity profile.
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4.2 Heat transfer characteristics

The following two subsections present the heat transfer characteristics of submerged and free-surface jets.

Thereby, the Nusselt number is defined as follows:

Nu(r) =
q̇(r)

TW(r)− T∞
D

k
, (3)

where k denotes the thermal conductivity, D the nozzle diameter, and q̇(r) the area specific heat flux. For a

constant temperature boundary condition, the local heat flux, q̇(r), is evaluated at the wall due to the local

temperature gradient. For a constant heat flux boundary condition, the wall temperature, TW, is evaluated from

the results of the numerical simulations

It is important to emphasize that dissipative heat generation is not accounted for in the numerical simulations.

Thus, the Nusselt number estimated based on the wall temperature is equivalent to the Nusselt number based

on the adiabatic wall temperature in experiments.

4.2.1 Submerged jet configuration The distribution of the local dimensionless heat transfer coefficient at the

wall for the submerged jet configuration is shown in Fig. 6. The figure includes a variation of the Reynolds

number, the inlet velocity profile and the boundary condition at the impingement wall while a constant water-

like Prandtl number (Pr = 7) and a constant nozzle-to-plate distance (H/D = 4.5) have been imposed. A

similar plot for Pr = 0.7 is shown in an earlier study [20], revealing good agreement with experimental data.

For the parabolic velocity profile, the Nusselt number distribution is characterized by a monotonically decaying

trend, showing a general increase with Reynolds number. For the uniform velocity profile, the Nusselt number

distribution increases from the centerline to a local maximum at r/d ≈ 0.6. For larger radii, the Nusselt

number decreases similar to the parabolic velocity profile. The causing effect of the local maximum will be

discussed in subsection 4.3. A direct comparison of the two profiles reveals that the stagnation point Nusselt

number is more than twice as high for the parabolic case as for the uniform velocity profile, due to a higher

velocity at the center of the incoming jet. For both velocity profiles, the thermal boundary condition at the

wall does not influence the heat transfer at the stagnation point. However, further away from the stagnation

point, a constant wall temperature is found to result in a faster decay of the Nusselt number compared to a

constant heat flux. These findings agree qualitatively with analytical results for boundary layer flows over a flat

plate or in thermally developed pipe flows [2], although the magnitude of the difference depends on the exact

velocity profile and its development. Note that the local off-center peak is more dominant for the constant wall

temperature.

4.2.2 Free-surface jet configuration In analogy to the numerical experiments performed for the submerged

jet, the Nusselt number distribution for free-surface jet impingement has been investigated. Figure 7 shows

the influence of the Reynolds number for a constant Prandtl number (Pr = 7) and a constant nozzle-to-plate

distance (H/D = 55). A parabolic velocity profile has been applied to the nozzle exit. Similar to the previous

results, the Nusselt number distribution reveals a generally decreasing trend in radial direction. However, for

low Reynolds numbers an off-center peak at r/D ≈ 0.6 exists, while for higher Reynolds numbers this peak

vanishes leading to a global maximum at the centerline. This strong Reynolds dependency on the shape of the

Nusselt distribution has not been observed for the submerged jet. The significant change of the shape can be ex-

plained with the assistance of the previous results. As mentioned before, the impingement of a uniform velocity

profile is found to cause the off-center peak, contrary to a parabolic velocity profile. Although, a parabolic ve-

locity profile is imposed at the nozzle exit of the free-surface configuration, this profile relaxes, while travelling

to the impingement wall, into a more uniform velocity profile (see subsection 4.1). The progress of the relax-

ation depends on the dimensionless distance x/(D ·Re). Therefore, the velocity profile near the impingement

wall is more uniform, the lower the Reynolds number is. Thus, a local off-center
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peak can be observed for low Reynolds numbers while a centerline peak occurs for high Reynolds numbers.

Consequently, the Reynolds number for the transition between centerline and off-center peak depends on the

nozzle-to-plate distance, which is constant for the results presented. Additional simulations with different val-

ues for the geometric parameter H/D have verified the influence of the scaling factor on the shape of the

Nusselt profile.
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Fig. 7 Distribution of the local Nusselt number for free-surface jets with a nozzle-to plate distance of

H/D = 55 and a parabolic velocity profile at the nozzle exit. Influence of Reynolds number for Pr = 7.

4.3 Influence of local flow acceleration

For investigating the causing effect of the change in the Nusselt profile between Re = 1000 and Re = 1233, i.e.

the appearance of an off-center peak in the free-surface jet case, the velocity, pressure, and temperature fields in

the stagnation region have been closely examined. Note that a similar method was followed by the authors for

the submerged jet configuration [20]. Due to the relevance of those findings to the present results some of the

explanations will be recalled here. Figure 8(a) compares the two velocity profiles in radial direction at a wall

distance of 2D, where the jet velocity is not yet influenced by the presence of the impingement wall. These

profiles (normalized by the mean jet velocity, u∞) deviate significantly from the parabolic profile imposed at

the nozzle exit (inlet of the computational domain) caused by relaxation following the loss of the shear force

at the jet’s boundary [16]. In order to preserve the kinetic energy the average velocity increases and due to

continuity the jet contracts. In the centerline, the axial velocity u/u∞ in the near wall region for Re = 1233 is

higher than for Re = 1000 (solid line). This is reflected in the pressure distribution on the wall in the stagnation

region (see Fig. 8b), where the center value of the pressure profile and the pressure gradient ∂p/∂r are also

higher for Re = 1233 (but only 3.2%). Further downstream in the radial direction (r/D > 0.5), both curves

converge. This pressure distribution directly influences the gradient of the radial velocity (∂(uD)/∂(ru∞)) in

the near wall region, see Fig. 8c. For Re = 1233, a high radial acceleration is observed in the center of the

jet from where it monotonously decays in radial direction, reaching its minimum at r/D ≈ 0.8. In contrast,

the local acceleration for a more relaxed velocity profile increases in radial direction up to a maximum at a

distance of r/D ≈ 0.5. Mass conservation requires a compensation for the high radial acceleration (∂u/∂r)
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and for the increasing cross sectional area in radial direction u/r. This results in a velocity gradient in the

direction normal to the wall, (∂v/∂x), which causes an inflow normal to the wall, as illustrated in Fig. 9a. The

Nusselt number distribution (Fig. 9c) shows the appearance of a peak at r/D ≈ 0.5 for Re = 1000, while for

Re = 1233 the profile monotonically decreases.

Comparing the near wall velocity with the Nusselt number distribution (Fig. 9, a and c), strong similarities can

be observed. In both plots, a Reynolds number of Re = 1233 leads to a monotonically decreasing behavior for

r/D < 0.75, whereas for Re = 1000, both plots depict a global maximum in the range 0.5 < r/D < 0.75.

The strongest inflow and consequently the strongest transport of cold fluid to the wall for Re = 1233 is found

at the centerline of the jet, leading to a maximum in heat transfer at the stagnation point (Nustag. = 313). By

contrast, the local minimum of the axial velocity at the centerline for Re = 1000 leads to a local minimum in

heat transfer coefficient (Nustag. = 263). As first introduced in the earlier study of the authors [20], a critical

value for the magnitude of this inflow velocity, required for generating a decreasing wall temperature in the

radial direction and consequently an inner peak in the Nusselt number, was derived based on a steady state
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energy balance analysis near the wall, as:

vcrit =
k

ρcp

∂2T (r, x)

∂x2
1

∂T (r,x)
∂x

, (4)

where a condition of v > vcrit will lead to an increase of the heat transfer coefficient in flow direction and

thus to the emergence of an off-center peak. However, this critical velocity is dependent on the ratio between

the first and the second derivative of the near wall temperature, thereby it is an a-posteriori condition and thus

can not predict the appearance of an off-center peak based on nominal flow conditions. In order to evaluate the

critical velocity, the temperature field of the numerical simulation was used to calculate the first and second

derivative. As both, the second derivative and the normal velocity, v, disappear at the wall, they are evaluated

very close to the wall. The ratio between actual and critical axial velocity, v/vcrit is depicted in Fig. 9b. The

velocity, resulting from the more relaxed velocity profile, is seen to surpass the critical value (indicated by the

dashed line) in the range of r/D < 0.52. The radial position, at which the velocity then crosses this criterion,

coincides with the region of highest Nusselt number as indicated by the arrow running from Fig. 9(b and c).
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The near-wall normal velocity for Re = 1233 stays below this criterion for all radial positions and thus no

peak is observed.

The findings presented in this subsection reveal that the velocity profile which approaches the wall dictates the

appearance of an off-center peak not only for submerged jets [20], but also for the case of free-surface jets.

5. CONCLUSION

In the present study, the heat transfer mechanisms of submerged and free-surface jet impingement have been

investigated using fully resolved numerical simulations. The numerical methods have been validated by a grid

dependency analysis and by a comparison to experimental results. In the free jet region, where the jet is not yet

influenced by the presence of the impingement wall, the development of the velocity profile of the two cases

(submerged and free-surface jet) differs significantly outside the potential core region. However, very strong

similarities exist in the radial distribution of the heat transfer coefficient in the stagnation region. Consequently,

the effect of the first local peak in the distribution of the heat transfer coefficient which is well known for

submerged jets is also present under specific conditions of free-surface jet impingement. This local peak is

caused by local flow acceleration and is strongly coupled to the impinging velocity profile, which has to be of

uniform type in order to generate an increasing heat transfer coefficient in radial direction. This type of velocity

profile exists in case of submerged jets for low nozzle-to-plate distances and orifice-type nozzles. Contrary, in

case of free-surface jets, the effect of viscous relaxation unifies the velocity profile for long nozzle-to-plate

distances for which a local peak can be observed.
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