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Hydrodynamic heat transfer localization in impinging gas jet
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The results of an experimental study of heat transfer in an impinging air jet flowing from a long round channel

in the range of Reynolds numbers 250−10000 are presented. Data on local heat transfer in the region of the flow

stagnation point at large distances to the barrier (h/d = 20) were obtained. It is shown that a more localized heat

flow corresponds to a laminar flow in a jet source compared to the case of a turbulent regime in the source. The

maximum heat transfer is achieved not for the Poiseuille profile in the channel, but in the case of a transition regime

with a small percentage of turbulent vortex structures.
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The issue of spatial localization of transfer processes in jet

flows has been examined in various fluid and gas flows. The

phenomenon of a cumulative jet with spatial localization of

a gas flow at high velocities is known in gas dynamics [1];
aerodynamic focusing in low-density gases has also been

observed [2]. The issue of flow focusing has been studied

extensively in microhydrodynamics [3].

The known problem of heat transfer enhancement within

a localized region of a surface in a flow is especially relevant

to MEMS (micro-electromechanical systems) devices [4].
The heat transfer process is focused in this context through

the use of, e.g., micrometer-sized impinging jets and

correspondingly low Reynolds numbers [5]. It has been

demonstrated earlier that the optimum configuration for

heat transfer enhancement within the wall-adjacent region

of impinging macrojets is the one with shaped contractors,

high Reynolds numbers (Re > 104), and short distances

to the barrier h = (4−6)d [6,7], where d is the nozzle

diameter. With these parameters, the heat transfer reaches

a slight maximum at the stagnation point and is distributed

smoothly over the barrier radius. A profound heat transfer

enhancement (upward of 300%) at the stagnation point has

been observed in experiments [8] for a jet flowing from a

long pipe at low Reynolds numbers (Re < 4000), but the
mechanism of this effect has barely been investigated. The

present study is focused on the issue of spatial localization

of heat transfer in the wall-adjacent region of impinging

air macrojets at large distances to the barrier (h/d > 10).
The possibility of localization of heat transfer in the wall-

adjacent region of a jet flowing from a shaped nozzle is also

examined.

The experimental setup included a gas line (a compressed

air source, flexible hoses, a flow meter, and a jet source)
and a heat transfer section. The following jet sources were

used: (1) a brass pipe with diameter d = 3mm and length

l = 1m; (2) a photopolymer shaped contractor (Vitoshinsky
nozzle) with diameter d = 3mm and a contraction ratio

of 16. Outflow into the ambient air environment at room

conditions was examined. A two-axis traversing device with

a minimum pitch of 0.05mm was used to shift the jet

source. The distance from the jet origin to the plate was

h = 60mm (h/d = 20). The heat transfer section (copper
plate 190mm in diameter and 50mm in thickness) was

heated by an electric heater. Six film heat flow probes

(HFPs) 2× 2× 0.2mm in size were positioned along the

radius of jet spillage over the surface. These HFPs had

a temporal resolution as fine as 3−4 kHz [9] and were

connected to a computer via a multichannel amplifier and

an analog-to-digital converter. Each time realization of

instantaneous heat flow density Q′ from a single HFP

included 104−2 · 105 values. The mean value of heat

flow density (Q) and the root-mean-square value of heat

flow density pulsations (q) were then calculated. The

measurement interval was 3−60 s. The experiment was

performed at various fixed surface temperatures Tw = const

of the heat transfer section within the temperature interval

of 40−50◦C. The results at each spatial point were averaged

over an ensemble of ten experimental realizations for a

given fixed Tw . Experiments on heat transfer at the

stagnation point were carried out with the use of two

different HFPs. The intrinsic uncertainty of measurement

of the instantaneous heat flow density value was 2−4% [9].

The mean value of heat transfer coefficient α was

determined from Q and the difference between wall Tw and

jet Tj temperatures. The air parameters (kinematic viscosity

ν and thermal conductivity λ) needed for calculation of

Reynolds Re = Ud/ν and Nusselt Nu0 = αd/λ numbers

were determined based on the nozzle-exit flow temperature

(U is the mean-flow-rate velocity). The instantaneous heat

flow value, the gas flow rate, temperatures of the plate

and the jet at the initial cross section, and the barometric

pressure were measured in experiments on heat transfer.

Dynamic jet parameters were determined using a DISA55M

hot-wire anemometer and a 55P11 small-scale probe.
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Figure 1. Dependences of the mean value of heat flow density

Q, the root-mean-square value of heat flow density pulsations q,
and turbulence level Tu on Reynolds number Re.

The results of examination of an impinging jet flowing

from a long pipe are presented in Fig. 1. The variation of

parameters Q and q at the stagnation point and turbulence

level Tu = (u/U) · 100% at the pipe exit with Reynolds

number (u is the root-mean-square value of the longitudinal

velocity pulsation component). The flow in an impinging

jet was characterized according [10] to the flow regime

in the jet source (pipe): laminar, transition, or turbulent.

The transition pipe flow regime was identified by visual-

izing and detecting large-scale turbulent structures (puffs)
with the hot-wire anemometer [10,11]. Segment A−B
(Re = 250−3004) in Fig. 1 is distinguished by a monotonic

Q growth and low levels of q and Tu. The flow in a laminar

jet is characterized by instability in the mixing layer [12,13].
The region of transition to turbulence is located at h/d > 20;

the initial jet velocity profile corresponds to the Poiseuille

distribution [10]. Segment B−D (Re = 3004−3796) with

a laminar–turbulent transition in the pipe is distinguished

by a significant Q reduction and high levels of q and Tu.

The flow motion in a transition jet is characterized by

intermittency: the flow is laminar at times and turbulent at

other times. Turbulent segment D−E (Re = 3796−7900)
features a monotonic insignificant Q growth and low levels

of q and Tu.

The distribution of mean heat flow density along radius

r at the plate for two flow regimes in an impinging jet

is presented in Fig. 2. These data were obtained by

performing a separate series of experiments for laminar

flow at Re = 1920 and turbulent flow at Re = 4240. The

plotted data points correspond to different positions of the

jet source, which was shifted with respect to the heater axis

using the traversing device. The axial symmetry of flow

in the wall-adjacent region of an impinging jet was verified

in these experiments by monitoring the axial symmetry of

the radial distribution of mean heat flow density and by

performing additional measurement of the velocity field via

particle image velocimetry (PIV). For ease of comparison,

the data in Fig. 2 are presented in dimensionless form Q/Q0,

where Q and Q0 are the heat flow densities at arbitrary

radius r and stagnation point r = 0, respectively. It can

be seen that the radial distribution of heat flow in the

laminar regime (segment A−B in Fig. 1) is more localized

around the stagnation point (r/d = 0) than the distribution

for turbulent flow (segment D−E in Fig. 1). It has been

determined in earlier measurements of the velocity profile

that the opening angle is 3−6◦ in a laminar jet and 20−26◦

in a turbulent jet [10].
The regimes of heat transfer in an impinging jet

corresponding to different jet sources (a pipe and a

contractor) are compared in Fig. 3 in the form of

dependences Nu0 = f (Re) plotted at fixed parameter

values (d = 3mm, h/d = 20). Correlation dependence

Nu0 = 5.25Re0.5Pr0.33(h/d)0.77 [6] is shown with a straight

line in the same figure for comparison. It is evident

that the heat transfer at the stagnation point intensifies

monotonically in the case of a jet outflowing from a nozzle,

following correlation Nu0 ∼ Re0.5. At the same time, the

heat transfer for an impinging jet outflowing from a long

pipe behaves non-monotonically at Re < 4000. The Nusselt

number for a jet from a pipe is maximized (point C in

Fig. 3) at Re = 3202. This maximum corresponds to the

extremal value of mean heat flow density Q (point C in

Fig. 1). In the case of outflow from a pipe, the Nusselt

number increases significantly (by up to 300%) within the

Re = 400−3800 range compared to a jet outflowing from

a nozzle. At Re > 4000, the difference in heat transfer

between these two jet formation mechanisms (outflow
from a pipe and a nozzle) becomes virtually nonexistent.

The experimental data for microjets [5] at low Reynolds

numbers deviate substantially from the known correlation

dependence (Nu0 ∼ Re0.5) typical of impinging macrojets.

It is known that the initial conditions exert a significant

influence on jet flows [12,13]. It has been demonstrated ear-
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Figure 2. Distributions of the mean heat flow density in an

impinging jet along the plate radius (pipe, d = 3mm, h/d = 20).
1 — laminar regime (Re = 1920, Tw = 46.8◦C, and the opening

angle is 3−4◦); 2 — turbulent regime (Re = 4240, Tw = 47.1◦C,

and the opening angle is 22−24◦.
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Figure 3. Heat transfer at the stagnation point in interaction

between an impinging jet and a plane barrier. Points 1−3 —
experiment: 1 — nozzle, d = 3mm, h/d = 20; 2 — pipe,

d = 3mm, h/d = 20; 3 — microjet [5]. The straight line

represents the correlation dependence [6].

lier that an initial parabolic velocity law is conducive to an

increase in the coordinate value corresponding to the tran-

sition to turbulence in laminar flows (x/d = 100−200 —

”
long-range“ effect) [10,14,15]. At the same time, an

initial velocity profile forming in outflow from a contractor

(
”
impact“ profile with thin boundary layers) induces a

rapid transition to turbulence (x/d = 2−6) [12,16]. The

jet turbulent section has a large opening angle (15−26◦)
in the case of outflow both from a contractor [13] and

a pipe [10]. With impinging jets, this results in cooling

of a large area and a more uniform distribution along

the barrier radius. Thus, the effect of heat transfer

localization at distances h/d > 4−6 is not achieved in

outflow from contractors of this type. A large coordinate

value corresponding to the transition to turbulence in

outflow from a long pipe [14] provides an opportunity

to form a laminar impinging jet with a small opening

angle, which induces a more spatially constrained thermal

interaction with the barrier. Owing to this, the mean

heat flow at the stagnation point within segment B−C
is greater than the one within segment D−E (Fig. 1).
The question remains open of whether a long pipe is a

better choice for heat transfer localization within the wall-

adjacent region of an impinging jet than an arbitrarily-

shaped contractor.

However, the maximum mean value of heat flow (point
C in Fig. 1) or the Nusselt number (point C in Fig. 3)
for outflow from a long pipe corresponds to the laminar–
turbulent transition region (Re = 3202). Thus, the maxi-

mum heat transfer intensity is not achieved with an initial

Poiseuille profile. It is known that the laminar–turbulent
transition in pipes involves intermittency with large-scale

vortex structures (puffs) forming and vanishing in turns [11].

In the experiment in question (point C in Fig. 1), the share

of turbulent structures is approximately 10%. The effect of

these large-scale structures on heat transfer warrants further

study.

The integrated heat transfer for the whole heated surface

is another practically relevant matter. Since the effect

of heat transfer localization is related to the initial jet

size, a system of jets is apparently needed for efficient

cooling of surfaces of a significantly greater area. The

above-described mechanism of heat transfer localization

in the wall-adjacent region is driven by a hydrodynamic

process (i.e., a change in the flow regime) instead of

a variation of geometric pipe parameters. In our view,

similar local heat transfer intensification may be achieved

with both round and plane gas jets, since the
”
long-range“

effect [14,15] and small opening angles are present in

both cases. The extension of this localization mechanism

to momentum, heat, and mass transfer processes in the

wall-adjacent region of inert and interacting impinging

jets is also a promising research direction. The obtained

results may be of use in the design of advanced heat

exchangers.
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