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Abstract: The of effect pulse form (rectangular, sinusoidal and triangular) on the fluid flow and
heat transfer of an intermittent jet impingement was studied numerically. It was shown in a
non-steady-state jet, both an increase and decrease in heat transfer are possible compared with
steady-state jet for all investigated pulse forms. For small distances between the pipe edge and
obstacle (H/D ≤ 6) in the pulsed jet, heat transfer around the stagnation point increases with increasing
pulse frequency, while for H/D > 8 an increase in frequency causes a heat transfer decrease. A growth
in the Reynolds number causes a decrease in heat transfer, and data for all frequencies approach
the steady-state flow regime. The numerical model is compared with the experimental results.
Satisfactory agreement on the influence of the form and frequency of pulses on heat transfer for the
pulsed jet on the obstacle surface is obtained.

Keywords: impinging pulsed jet; heat transfer; turbulence modeling; second-moment closure;
form of pulses

1. Introduction

Many works deal with the study of aerodynamics and heat transfer in turbulent impinging jets.
High values of heat and mass transfer are observed around the stagnation point at the interaction of
a jet with an obstacle surface. Such studies are used in many practical applications (cooling various
power equipment, turbine blades, coating, drying, and hardening various materials, etc.). Detailed
theoretical and numerical studies of the heat and mass transfer in steady-state jets impingements have
been performed. The main advantages and disadvantages of such flows can be found in a number of
comprehensive monographs [1,2] and reviews [3–8].

A pulsed (non-steady-state) impinging jets are one of the methods for active control of the fluid
flow and heat transfer characteristics. A lot of experimental and numerical papers over the past 30 years
were performed. It was found that the main features of pulsed impinging jets are the thinner dynamic
and thermal boundary layers compared with steady-state one, a turbulence production, and the flow
instability. Data from various authors are often contradictory. Heat transfer enhancement, decrease or
absence of influence were revealed. The increase in heat transfer can vary from 10 to 100% around the
stagnation point and up to 50% in the wall jet development area. Heat transfer reduction can reach
30% along the impinging surface.

The experimental study of an intermittent impinging water jet was obtained in [9,10]. The decrease
in heat transfer by about 20% in the region of low Strouhal numbers (St = 0.012–0.14) and to an increase
of up to 50% at St = 0.15–0.26. Heat transfer was studied experimentally in [11] in the jet Reynolds
numbers Re = (4–40) × 103 for frequencies f = 0–200 Hz. Heat transfer suppression up to 20% was
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obtained in comparison with steady flow in the entire frequency range. It was shown in [12] that, in
addition to the pulse frequency f, heat transfer is influenced by the duty cycle parameter: the ratio
between pulse on-time ton and total cycle time tc: DC = ton/(ton + toff) (see Figure 1a). A new type of
self-excited precession jet nozzle was designed in [13], and this device has little effect on heat transfer.
Measurements of the effect of pulse frequency and amplitude were carried out in [14]. The authors
of [14] also observed heat transfer increase and decrease in a pulsed impinging jet.
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The pulse form (rectangular, triangular, sinusoidal, and their combinations) (see Figure 1b) also
has a noticeable effect on the heat transfer intensity over the entire length of the surface (see [15–19]).
An experimental study of the flow structure and heat transfer in a pulsed impinging jet on a smooth
impact surface and in the presence of a ring mounted on the obstacle surface was performed in [15,16].
The authors [15] suggested that the effect of a synthetic impinging jet can be initiated when the frequency
of pulses imposed on the jet coincides with the natural frequency of the nozzle. A significantly higher
average flow rate was achieved due to the strong effect of the synthetic jet. The presence of a ring
causes a strong suppression of heat transfer in pulsed impinging jet (up to 80%) in comparison with a
smooth surface. In experimental works [15–17,19], the influence of the pulse forms on heat transfer
for low frequencies (f ≤ 40 Hz) was measured. The maximum heat transfer enhancement, up to 30%
in comparison to steady-state flow, was achieved using a rectangular pulse form, while other pulses
shapes give similar values for the heat transfer increase (up to 15%).

The experimental study of heat transfer was carried out in [18] for 1 ≤ H/D ≤ 6, 6000 ≤ Re ≤ 14 000,
and 9 ≤ f ≤ 55 Hz. The interaction of a pulsed jet with an obstacle surface differs significantly both
around the stagnation point (r/D ≤ 1) and in the wall jet development zone (r/D ≥ 3). Heat transfer
intensification was higher in the wall jet zone than near the stagnation point. An experimental and
numerical study of an intermittent jet impingement in the presence of a confined upper wall was carried
out in [20]. The experiments were carried out in the following range of parameters: 2 ≤ H/D ≤ 10,
5000 ≤ Re ≤ 15000, and 5 ≤ f ≤ 40 Hz. A special transition chamber was installed between the nozzle
edge and the upper wall. The numerical simulations were carried out using the FLUENT package.
The heat transfer was higher in the case of its presence, than that in the case of its absence due to a
change in the profile shape of the velocity of pulsed jet.

The numerical studies of flow patterns and heat transfer in pulsed jet impingement were carried
out in [21–25]. The RANS predictions were performed on the commercial CFD package FLUENT in
a slot impinging jet in the presence of a confined upper wall with varying pulse frequencies. Heat
transfer intensification was shown due to an increase in the flow velocity in the pulsed regime during
the pulse and in the presence of the zone of intensive flow recirculation. In [22], the heat transfer was
studied in a pulsed slot jet impingement.

The authors of [23,25] numerically studied heat transfer in a pulsed impinging jet using the RANS
approach and the Reynolds stress transport model. In the region of small distances between the pipe
outlet and impinging surface (H/D ≤ 6) in the pulsed jet, heat transfer at the stagnation point increases
with increasing pulse frequency, while for H/D > 8, an increase in frequency causes a decrease in heat
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transfer. The authors of [24] numerically studied the heat transfer in a jet impingement onto a spherical
surface. The simulation was carried out using the commercial package FLUENT. The RANS approach
and various modifications of isotropic turbulence models were used. The heat transfer suppression
is obtained up to 10%, and its increase is up to 40% [24]. For rectangular pulses, the heat transfer
enhancement is higher than for the sinusoidal pulses [24].

The experimental and computational works presented in the literature answer only a part of the
questions. Therefore, further detailed studies are necessary to accumulate new results of heat transfer
in impinging intermittent jet. This work is aimed at the numerical study of the influence of pulse
form (rectangular, triangular, and sinusoidal) on heat transfer in an axisymmetric non-steady-state
impinging jet. This work is a continuation of [23,25], where heat transfer was studied in a pulsed
impinging jet only for rectangular pulses. This study may be of interest to scientists and engineers
dealing with problems of heat and mass transfer augmentation in power equipment.

2. Mathematical Model and Numerical Realization

The fluid flow and heat transfer of an intermittent axisymmetric flow, the non-steady-state
Reynolds-averaged Navier–Stokes (RANS) equations system [23,25] is employed. A schematic of
impinging jet development is shown in Figure 2. To describe the gas turbulence, the model of Reynolds

stress transport [26] is used. It includes a set of equations for second moments
〈
u′i u
′

j

〉
and the equation

of dissipation of turbulent kinetic energy ε. A numerical solution is obtained using the finite volume
method on a staggered grid. The QUICK procedure of second-order accuracy is employed for the
convective terms of differential equations. The central differences of the second order of accuracy are
used for diffusion terms. The pressure field is corrected using the finite-volume SIMPLEC procedure.
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Figure 2. Computational domain with relevant boundary conditions.

A computational non-uniform grid in both axial and radial directions was applied with a
high-resolution impinging surface and in the jet axis zone. The computational domain was a cylinder
with a size of 10 pipe diameters and height H. The first computational node from the wall was at a
distance y+ = yU*/ν = 0.3–0.5, where y is the distance normal from the surface and U* is the friction
velocity. At least 10 control volumes were generated to resolve the mean velocity field and turbulence
quantities in the viscosity-affected near-wall region (y+ < 10). Grid sensitivity studies were carried
out to determine the optimum grid resolution that gives the mesh-independent solution. For all
the numerical computations, a basic grid with 200 × 256 = 5.12 × 104 control volumes (CVs) along
the axial and radial directions was employed. Grid convergence was verified for three grid sizes,
100 × 128 = 1.28 × 104, 200 × 256, and 400 × 400 = 1.6 × 104 CVs. The difference in the Nusselt number
is up to 1%. The time step was ∆t = 10−5 s.

At the pipe outlet cross-section, the results of preliminary simulations of a single-phase flow in the
pipe with length x/D = 75 were used for the gas phase. Thus, in the pipe outlet cross-section, there was
fully developed turbulent gas flow. Symmetry conditions were set on the jet axis. Impenetrable and
adherence conditions were set on the wall. The boundary conditions at the external boundary of the
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computational domain were set in the form of zero values of the derived parameters in the direction
parallel to the impact surface.

3. Numerical Results and Its Discussion

All simulations were performed for air at atmospheric pressure. The pipe outlet I.D. was
D = 20 mm and the distance to the obstacle was H/D = 1–10 (see Figures 2 and 3). The mean-mass
time-averaged gas flow velocity at the pipe outlet cross-section, both for steady-state and pulsed flow
regimes, varied in the Um1 = 5–50 m/s range, and the jet Reynolds number, Re = DUm1/ν = (1–8) × 104.
The wall temperature was constant at TW = 373 K. The gas temperature at the pipe edge was
T1 = Te = 293 K, and it coincides with the temperature in the ambient medium. The predictions were
performed for the pulse frequencies f = 0–300 Hz for all pulse forms. The Strouhal number, determined
by the pipe diameter, varied in the range St = fD/Um1 = 10−5–0.5. All computations were carried out at
an equality of time-averaged mass flow rate for the pulsed and steady-state impinging jets.

Energies 2020, 13, x FOR PEER REVIEW 4 of 14 

 

3. Numerical Results and Its Discussion 

All simulations were performed for air at atmospheric pressure. The pipe outlet I.D. was D = 20 
mm and the distance to the obstacle was H/D = 1–10 (see Figures 2 and 3). The mean-mass time-
averaged gas flow velocity at the pipe outlet cross-section, both for steady-state and pulsed flow 
regimes, varied in the Um1 = 5–50 m/s range, and the jet Reynolds number, Re = DUm1/ν = (1–8) × 104. 
The wall temperature was constant at TW =373 K. The gas temperature at the pipe edge was T1 = Te = 
293 K, and it coincides with the temperature in the ambient medium. The predictions were performed 
for the pulse frequencies f = 0–300 Hz for all pulse forms. The Strouhal number, determined by the 
pipe diameter, varied in the range St = fD/Um1 = 10−5 − 0.5. All computations were carried out at an 
equality of time-averaged mass flow rate for the pulsed and steady-state impinging jets.  

 

Figure 3. Scheme for the round impinging jet. 

3.1. Fluid Flow Characteristics 

The transverse distributions of the total fluid velocity (a), turbulent kinetic energy (b) and 

temperature (c) at r/D = 1 are shown in Figure 4. Here ( )0.52 2U V= +U is the mean total gas velocity 

and 1
St
mU  is the mean-mass velocity of the steady-state impinging jet in the inlet cross-section and y 

is the distance normal to the wall. Lines 1 represent simulations for the steady-state impinging jet. 
The results are given for time t = 0.5tc (see Figure 1a), i.e., at the moment when the fluid velocity is 
maximum for the case of a rectangular pulse (immediately before the flow-off) and at the time t = 0.5tc 

= π for the sinusoidal and triangular pulses (see Figure 1b).  

 
Figure 4. Velocity magnitude U (a), turbulent kinetic energy k (b) and temperature Θ (c) transverse 
distributions in the pulsed impinging jet normal to the surface at t = 0.5tc. Re = 23000, H/D = 2, TW = 
373 K, T1 = 293 K, f = 60 Hz, St = 0.069, r/D = 1. 1—steady-state impinging jet (f = 0 Hz), 2—rectangular, 
3—sinusoidal, 4—triangular. 

Figure 3. Scheme for the round impinging jet.

3.1. Fluid Flow Characteristics

The transverse distributions of the total fluid velocity (a), turbulent kinetic energy (b) and

temperature (c) at r/D = 1 are shown in Figure 4. Here U =
(
U2 + V2

)0.5
is the mean total gas velocity

and USt
m1 is the mean-mass velocity of the steady-state impinging jet in the inlet cross-section and y

is the distance normal to the wall. Lines 1 represent simulations for the steady-state impinging jet.
The results are given for time t = 0.5tc (see Figure 1a), i.e., at the moment when the fluid velocity
is maximum for the case of a rectangular pulse (immediately before the flow-off) and at the time
t = 0.5tc = π for the sinusoidal and triangular pulses (see Figure 1b).
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Figure 4. Velocity magnitude U (a), turbulent kinetic energy k (b) and temperature Θ (c) transverse
distributions in the pulsed impinging jet normal to the surface at t = 0.5tc. Re = 23000, H/D = 2,
TW = 373 K, T1 = 293 K, f = 60 Hz, St = 0.069, r/D = 1. 1—steady-state impinging jet (f = 0 Hz),
2—rectangular, 3—sinusoidal, 4—triangular.
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The mean total velocity U and turbulence of the intermittent impinging jet for all investigated pulse
forms at t = 0.5tc (lines 2–4) were higher than the corresponding values for a steady-state impinging
jet (line 1) (see Figure 4a,b). Here, U and V are the mean axial and radial velocity components.
The maximum growth was obtained for a rectangular pulse (line 2); the minimum growth was obtained
for a triangular pulse (line 4). The turbulence of the carrier fluid flow was determined by the formula
for an axisymmetric flow:

k =
〈
u′i u
′

i

〉
/2 =

(〈
u′2i

〉
+

〈
v′2i

〉
+

〈
w′2i

〉)
/2 ≈

(〈
u′2i

〉
+ 2

〈
v′2i

〉)
/2

The gas temperature in the pulsed flow for all pulse forms has a smaller value than that for a
stationary flow Θ = (T − TW)/(T1 − TW) (see Figure 4c). This explains the increase in heat transfer
in the non-stationary impinging jet in comparison with the steady-state impinging jet. The minimal
temperature is obtained for rectangular pulses (line 2), and the highest was obtained for triangular
pulses (line 4).

3.2. Heat Transfer

The distributions of the axial mean velocity (dashed line) and the Nusselt number Nu0 at the
stagnation point (continuous lines) are shown in Figure 5 for rectangular (a), sinusoidal (b) and
triangular (c) pulse forms. Data for five consecutive cycles (f = 5 Hz) with equal average mass flow
rates in stationary and pulsed flows over time are also presented in Figure 5. The Nusselt number
value for steady-state flow was Nu0 = 150.3 for the distance H/D = 2. For all the studied pulse forms,
a change in the Nusselt number Nu0 in time was harmonic. Local heat transfer maxima and minima
were at the end of the flow-on time and at the moment before the start of a new pulse, respectively.
The minimum heat transfer value at the frequency f = 5 Hz did not vanish, but is about two-thirds of
the magnitude in a steady-state impinging jet. This indicates that the inertia of the jet and the thin
boundary layer developed on the wall surface. The maximum heat transfer value was achieved for the
rectangular pulse form, and the minimum value was achieved for the triangular one. The heat transfer
intensity for the sinusoidal form was close in magnitude of the triangular form. This is in qualitative
agreement with the measurement data of [15,16]. The triangular and sinusoidal pulse forms have a
shift in the Nusselt maximum position relative to the rectangular pulse. The maximum velocity and
maximum of heat transfer rate for a rectangular form of pulse is obtained at t = 0.5tc, while for the
triangular and sinusoidal forms, the maxima of velocity and heat transfer observe earlier, at t = 0.25tc.
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The distance between pipe outlet and the impinging surface has a significant influence on heat 
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Figure 5. Distributions of instantaneous Nusselt number at the stagnation point Nu0 (1) and mean
axial velocity U (2) in the pulsed impinging jet for rectangular (a), sinusoidal (b) and triangular (c)
signal forms. Re = 23000, H/D = 2, TW = 373 K, T1 = 293 K, f = 5 Hz, St = 0.006. 1—instantaneous
Nusselt number at the stagnation point, 2—mean axial velocity, 3—Nusselt number at the stagnation
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(at least 5 periods). The time-averaged gas mass flow rates at the pipe outlet for the data shown in
Figure 6 is unchanged. Curve 1 corresponds to the stationary impinging jet. The predictions were
performed at f = 150 Hz (St = 0.17). In our earlier simulations [25], it was shown that for rectangular
pulses at such a pulse frequency and Reynolds number of the flow, the maximum value of heat transfer
is obtained around the stagnation point.
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Figure 6. Heat transfer in stagnation point in the pulsed impinging jet for various pulse forms.
Re = 23000, Um1 = 17.5 m/s, DC = 0.5, f = 150 Hz, St = 0.17. 1—steady-state jet (f = 0 Hz); 2—rectangular;
3—sinusoidal, 4—triangular.

The distance between pipe outlet and the impinging surface has a significant influence on heat
transfer in an impinging pulsed jet, and the same trends were obtained for steady-state impinging
jets [1–3]. The dependence of heat transfer intensity on the nozzle-to-plate distance for all pulse
forms has a qualitatively similar form. The heat transfer suppresses at small distances to the obstacle
(3 < H/D < 4). The maximum value of heat transfer at the stagnation point is achieved at the distances
H/D ≈ 6. This was observed both in the stationary and non-steady-state cases and for all three pulse



Energies 2020, 13, 4025 7 of 13

forms. This distance is roughly equal to the length of the potential core of the jet, and a similar picture
is noted in [1,3,4] for a steady-state impinging jet. The heat transfer decreases again due to a decrease
in velocity on the axis of the jet with a further increase in the nozzle-to-plate distance. For H/D < 7,
the heat transfer coefficient in the pulsed impinging jet significantly exceeds the corresponding value
for steady-state flow for all pulse forms. The magnitude of heat transfer augmentation is up to 30%,
and it was observed for rectangular pulses at relatively small distances H/D < 2. The suppression of
heat transfer in pulsed jet impingement becomes noticeable in comparison with a steady-state jet at
large distances from the obstacle (H/D > 8).

The effect of the pulse form on heat transfer enhancement ratios of the impinging jet
ER0 = Nu0, p/Nu0, st is shown in Figure 7. Here Nu0, p and Nu0, st are the heat transfer in non-stationary
and steady-state impinging jets, respectively. The Nusselt number value at the stagnation point for
steady-state flow is Nu0, st = 150.3 at distance H/D = 2; Nu0, st =174.5 at H/D = 6; and Nu0, st =144.6
at H/D = 10. The heat transfer intensification is ~20% for a rectangular pulse form and ~10% for
sinusoidal and triangular pulse forms. The heat transfer reduction is ~20% for a rectangular pulse
form (f = 1–3 Hz and St ≤ 3 × 10−3) and ~10% for sinusoidal and triangular pulse forms (almost in all
the studied ranges of pulse frequencies).
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Strouhal number at H/D = 2 (a), 6 (b) and 10 (c) Re = 23000. 1—steady-state impinging jet (f = 0 Hz),
2—rectangular, 3—sinusoidal, 4—triangular.

Both heat transfer intensification and its suppression can be obtained in an impinging jet in
comparison to steady-state flow for all studied pulse forms and pulse frequency values. For the very
low frequencies (f ≤ 3 Hz and St ≤ 3 × 10−3), all the curves for all pulse forms studied in this work
have a characteristic minimum (see Table 1). This is consistent with the measurement data of [15,16]
and our calculations for rectangular pulses [23,25]. At low frequencies, the predicted values approach
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the quasi-stationary limit, which suggests the possibility of using a simpler method [23] to estimate the
level of heat transfer. The heat transfer enhancement ratio also increases for all pulse forms with a
further increase in the Strouhal number (pulse frequency). The maximum increase in heat transfer in
the pulsed flow was obtained in the Strouhal number range St = 0.17 (f = 150 Hz) for all types of pulse
forms. Furthermore, a decrease in the heat transfer intensity at higher pulse frequencies (St ≥ 0.2) is
also typical. This can be explained by the fact that at short pulses, the surface does not have time to
restore due to the pulses closely following each other, which causes an increase in the thickness of the
thermal boundary layer.

Table 1. Measured and predicted values of Nusselt number at the stagnation point.

Forms of Pulses Measurements of [15,16] Authors’ Numerical Predictions

Rectangular 0.75 0.8
Sinusoidal 0.91 0.88
Triangular 0.94 0.91

The distributions of maximal heat transfer at stagnation point vs. jet Reynolds numbers is shown
in Figure 8 for H/D = 2 (a) and 6 (b). Line 1 here corresponds to a steady-state impinging jet (f = 0 Hz),
which is described by Nu0 ~ Re0.57. The exponent n varies in the range n = 0.55–0.68 [1,27,28] and
n = 0.5–0.62 [29–31], which is quite close to the results this work. The heat transfer in the pulsed jet is
higher than that one for the steady-state impinging jet.
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The radial distributions of local heat transfer are shown in Figure 9 for all three pulse forms at a
frequency of f = 150 Hz and for three different distances from the jet stagnation point. The heat transfer
intensification occurs along the length of the obstacle for H/D = 2 and 6 (see Figure 9a,b) and heat
transfer suppression along the entire length of the surface is characteristic is predicted for H/D = 10
(see Figure 9c). An increase in heat transfer in the flow stagnation region r/D <1 is obtained. This is
explained by significantly smaller thermal boundary layer thickness in the pulsed jet in comparison
with stationary jet impingement. The second heat transfer maximum at distance r/D ≈ 2 at H/D = 2 is
observed in pulsed impinging jet. The two local maxima in heat transfer observed are explained by the
small distance between the cooled surface and the pipe edge [1,2,4]. We note that the main increase in
heat transfer is predicted in the region of r/D < 2, the flow stagnation region, and the gradient zone.
Downstream for r/D > 3 (the wall jet propagation region), heat transfer in the pulsed impinging jet
decreases markedly. On the whole, the distribution of the heat transfer along the radial coordinate is in
qualitative agreement with those for steady-state impinging jets [1–3].
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4. Comparison with the Experimental Results in the Pulsed Impinging Jet

The experiments of [15,16] are used for comparison with the results of authors’ numerical
simulations. The experiments are carried out for an axisymmetric impinging pulsed jet at Re = 7500,
f = 0–40 Hz, St = (0.2–7.6) × 10−2, qW = 420 W/m2, DC = 0.5, H/D = 3 [16] and 6 [15]. Distributions of
the heat transfer enhancement ratio (HTER) ER0 = Nu0, p/Nu0, st is shown in Figure 10. All predicted
curves and experimental results [15] have a characteristic minimum for low-frequencies (f = 1–2 Hz
and St = (2–4) × 10−3). The value of heat transfer intensification increases as the Strouhal number
growth. Heat transfer suppression is observed for a rectangular pulse for the frequencies (f ≤ 5 Hz
and St = 0.01). Heat transfer suppression is observed for larger values of frequencies (f ≤ 20 Hz and
St = 0.02) for the triangular and sinusoidal pulses. It is characteristic for both the experiments in [15]
and our predictions. The maximum increase in heat transfer is 25% for the rectangular pulse form, and
for the triangular and sinusoidal forms, this increase is up to 10% for our simulations and 5% for the
measurements of [15]. A satisfactory agreement between our numerical results and the experiments
of [15] for all studied range of frequencies and pulse forms.

A radial change in HTER is shown in Figure 11 for three pulse forms and for f = 1.25 Hz. The heat
transfer suppression in a quasi-steady-state flow is characteristic for all pulse forms. The heat transfer
reduction is noted in the axial zone and this value is 12% for the sinusoidal pulses. Heat transfer
in the pulsed impinging jet increases for all pulse forms at distance along the surface radius. Only
rectangular pulses are characterized by both deterioration of heat transfer up to 10% (r/D ≤ 9) and its
increase (up to 5% in our predictions and up to 10% according to the experiments of [16]) for r/D > 9.
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Figure 11. Heat transfer enhancement ratios along the radial distance for various types of signal. Points
are the measurements results of [16] and lines are authors’ simulations. Re = 7500, D = 15 mm, H/D = 3,
qW = 420 W/m2, f = 1.25 Hz. 1—rectangular; 2—sinusoidal, 3—triangular.

The maximal effect on heat transfer in intermittent impinging jet is obtained for rectangular pulses,
according to the authors’ numerical analysis and the measurements of [15,16]. Therefore, a detailed
comparison with the experimental results of [16] on the influence of the pulse frequency on heat transfer
along the target is shown in Figure 12. The increase in heat transfer along the obstacle is revealed
in the pulsed impinging jet at low frequencies f = 5 Hz. The maximum position of heat transfer is
shifted from the stagnation point downstream in pulsed jet impingement. The heat transfer maximum
is obtained at r/D = 16–18 for f = 5 Hz, and for frequency f = 40 Hz, the heat transfer maximum is
at r/D = 4–5. This is obtained both in the measurements of [16] and in our numerical simulations.
The most probable reason for this is the process of formation and motion of large-scale vortices in a
non-steady-state impinging jet.Energies 2020, 13, x FOR PEER REVIEW 11 of 14 
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Figure 12. Heat transfer enhancement ratios along the radial distance for rectangular type of
unsteadiness. Points are the measurements results of [16], lines are authors’ predictions. Re = 7500,
D = 15 mm, H/D = 3, qW = 420 W/m2, St = (0.2–8) × 10−2. 1—f = 1.25 Hz, 2—5 Hz, 3—10 Hz, 4—40 Hz.
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5. Conclusions

The effect of the pulse form on heat transfer in a pulsed impinging jet is studied numerically using
the unsteady RANS model and the second-moment closure. In the intermittent impinging jet, both
an increase and suppression of heat transfer are possible in comparison with a steady-state jet for all
studied pulse forms. The heat transfer at the stagnation point increases with increasing pulse frequency
in the region of relatively small distances between the pipe edge and the obstacle (H/D ≤ 6). The heat
transfer decreases with the increase in pulse frequencies for large distances H/D > 8. An increase in the
Reynolds number weakens the effect of heat transfer intensification, and the data for all frequencies
approach the stationary flow regime. A comparison with the experimental data by other authors is
performed and satisfactory agreement on the influence of the form and pulse frequencies on heat
transfer in an intermittent impinging jet surface is obtained.

Author Contributions: M.A.P. and V.I.T. developed the numerical model and performed the numerical simulations
presented in the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Scientific Foundation (Project No. 19-79-30075) and the turbulence
model for the single-phase flow was developed in the framework of the program AAAA-A17-117030310010-9.

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Nomenclature

CP specific heat capacity, (J kg−1 K−1)
D pipe I.D., (m)
DC DC = ton/(ton+ toff) duty cycle
ER heat transfer enhancement ratio
f frequency of pulsation, (Hz)
H/D normalized distance between pipe outlet and impinging flat plate
k k = 〈u′u′〉/2 turbulent kinetic energy, (m2 s−2)
Nu Nu = αD/λ Nusselt number
P pressure, (Pa)
Pr Pr =µCP/ λ Prandl number
R specific gas constant, (J kg−1 K−1)
Re DUm1/ν Reynolds number
r radial coordinate, (m)
St St = fD/Um1 Strouhal number, based on pipe diameter
T temperature, (K)
t time, (s)
ton flow-on time (the time of open state), (s)
toff flow-off time (the time of closed state), (s)
Ui axial and radial mean velocity components, (m s−1)
Um1 mean-mass velocity in the initial cross-section, (m s−1)
U* friction velocity, obtained for the flow in the pipe, (m s−1)〈
u′2

〉
,
〈
v′2

〉
r.m.s. velocity fluctuation in axial and radial directions, (m2 s−2)〈

u jt
〉

turbulent heat flux, (m K s−1)

〈u′v′〉 Reynolds stress, (m2 s−2)
W slot width (m)
x axial coordinate, (m)
x/H distance between the pipe outlet and impinging surface
y distance normal to the wall, (m)
Greek letters
α heat transfer coefficient, (W m−2)
ε dissipation of the turbulent kinetic energy, (m2 s−3)
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λ heat conductivity, (W K−1 m−1)
µ dynamic viscosity, (kg m−1 s−1)
ν kinematic viscosity, (m2 s−1)
ρ density, (kg m−3)
Subscripts
0 stagnation point
1 initial conditions
p pulsed (non-steady-state impinging jet)
T turbulent
W wall
m mean-mass
st steady-state impinging jet

Acronym

HTER heat transfer enhancement ratio
RANS Reynolds averaged Navier-Stokes
RMS root-mean-squire
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