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Abstract — This study investigated a microjet heat exchanger. The microjet heat transfer
technique offers numerous advantages, such as high heat transfer coefficients, efficient heat
transfer even at low temperature differences, the ability to easily regulate the heat flux, and
the possibility of direct contact with the cooled surface. The experimental setup and the
microjet heat exchanger are discussed. The experiments were conducted using a microjet-
generating head equipped with four membranes, each having 364 circular slits with a
diameter of 160 pm, a nozzle-to-heat-transfer-surface area ratio Ar of 0.0019, and a ratio of
the distance between adjacent nozzles to their diameter s/d of 19. The working fluid was
water. The volumetric flow rate was adjusted manually and ranged from 12.8 to 133 mL/s,
corresponding to Reynolds numbers in the range of 279-4166. The experiments were
conducted for four different distances between the nozzles and the heat transfer surface,
adjusted using appropriate spacers with thicknesses of 1, 3, S, and 7 mm. The heat transfer
coefficients kexp were calculated from the obtained results.

Keywords — Energy efficiency; heat transfer coefficient; microjets; microjet heat exchanger.

Nomenclature

d Nozzle diameter m

H Distance between the nozzles and the surface m

k Total heat transfer coefficient W/(m?K)
Re Reynolds number -

S Nozzle’s pattern m

T Temperature °C

14 Volumetric flow rates mL/s
Subscripts

c cold

exp experimental

h hot
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1. INTRODUCTION

Heat transfer using microjets can be divided into two types: free-surface jets and submerged
jets. In both cases, the medium is forced through nozzles to form jets [1]. Free-surface jets
involve a fluid flowing into a gaseous environment [2]. In the type using submerged jets, the
medium is a fluid that flows into the same fluid in the same state of matter. This distinction
is important due to the different dependence of heat transfer on variable parameters for these
two types of jets, as well as differences in how the jets interact with each other. As reported
by the authors of [3], [4], increasing the flow rate and the distance between the nozzles and
the cooled surface does not significantly affect heat transfer in the case of free jets, unlike
submerged jets [5]. Fig. 1 illustrates the division into regions characteristic of microjets,
using a single free jet as an example. The first of these is the stagnation region, formed as a
result of the jet’s impact and deflection, and the second is the wall jet region. The highest
heat transfer coefficients are achieved in the vicinity of the stagnation region; however, the
wall jet region can also have a significant impact on heat transfer. This will be particularly
evident in the case of interactions between adjacent jets, resulting in the appearance of a local
maximum of the Nusselt number between them. The terminology used also applies to
submerged jets; however, it is worth noting that such a jet, due to the much stronger effects
of the surrounding fluid, takes on a different shape, as can be seen in Fig. 2.

stagnation
region

’
’

4
K boundary
i T layer
1

h boundary

layer ___

- -------1- —»:— R
. Lo . . . .
wall jet region « stagnation region ' wall jet region

Fig. 1. Characteristic regions for a free-flowing stream [6].
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Fig. 2. Types of streams: a) free-flowing streams; b) submerged streams [2].
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A separate issue concerns single-stream heat exchangers, which will not be analyzed in
detail in this paper. Single submerged streams in the stagnation zone can achieve higher local
Nusselt numbers and heat transfer coefficients than those obtained with stream grids;
however, to practically solve the problem of maintaining acceptable surface temperatures and
temperature gradients, the latter option must be used [7]. Typically, the distribution of the
heat transfer coefficient for a single stream follows a bell-shaped curve, with a local
maximum in the stagnation zone. The coefficient decreases radially with increasing distance
from the stagnation point; however, researchers often observe a renewed increase in the
coefficient in the region at a distance of 1.5-2.5 nozzle diameters.

Based on studies describing the behaviour of multiple microjets [6], [8], [9], it can be
observed that the distribution of the heat transfer coefficient in this case is much more
complex and, in particular, is sensitive to changes in the distance between adjacent nozzles
and the distance between the nozzles and the cooled surface [10], [11]. These relationships
have been investigated experimentally and numerically in numerous studies [1], [5],
[12]-[14].

When cooling using a jet array, interactions occur between adjacent jets. The first type of
disturbance is cross-flow, generated by the fluid ejected from the upper nozzles when the heat
transfer surface is oriented vertically, or by the nozzles located in the centre of the array;
flowing toward the downstream nozzles, this flow disrupts their operation and also mixes
with subsequent jets. This effect can be observed in numerical simulations conducted by
Alabbagh and Mohammad in [6]. The authors analysed the effect of varying the distance
between the nozzles and the heat transfer surface (H/B) for five linearly arranged square
nozzles using air as the medium at a Reynolds number of 200. The study was conducted for
the following parameters: 2 < H/B <20; S/B=4; R = {0.5; 1;2.5; 5; 7.5; 10}, where B is the
nozzle side length, S is the distance between adjacent nozzles, and R is the ratio of jet velocity
to cross-flow velocity.

Another type of flow and heat transfer disturbance is the mutual interaction of jets on the
heat transfer surface. This results in the appearance of a local maximum of the Nusselt number
between two adjacent nozzles. This phenomenon was described by the authors of [4], who
investigated the influence of the H/d and s/d parameters for air using a head generating five
microjets. Four nozzles were arranged at the corners of a square, and the fifth in its centre.

The jets also interact with each other before reaching the surface onto which they
strike [15]. This occurs for small values of the s/d parameter and simultaneously high values
of the H/d parameter. The first effect of this is the entrainment effect, which causes the jets
to deflect toward the centre of the system. This is caused by the central jet drawing in the
surrounding fluid. The second phenomenon is the mixing of the jets, which results in the
Nusselt number distribution becoming more uniform while simultaneously reducing its
average value. The authors of the paper [4], [14] state that as the s/d parameter increases, and
as the H/d parameter increases, the interaction between adjacent jets decreases sharply.
Increasing distance H results in thorough mixing and the aforementioned uniform distribution
of the heat transfer coefficient. At the same time, increasing the distance between the nozzles
makes the areas cooled by the corresponding jets distinct, though these are disrupted by the
influence of cross-flow, which reduces the Nusselt number for the stagnation zones of the
outer jets.

2. PRESENTATION OF THE RESEARCH STATION

Two streams of water — hot and cold, both drawn from the mains — were fed to the shower
head. The flow rate of both fluids was adjusted manually using two valves located on the
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pipes supplying water to the shower head. Temperature measurement was performed using
four thermocouples located at the inlet and outlet of the hot and cold water. The results were
recorded at a frequency of 50 Hz and displayed on a computer screen as a graph. Based on
this, the duration of a single measurement was determined, after which the mass flow rate
was adjusted. After obtaining a sufficient number of measurements, the head was
disassembled, new spacers were inserted, and the measurements started over from the
beginning. The microjet-generating head can be used as a co- or counter-current heat
exchanger. Its universal design allows for easy membrane replacement, enabling adjustment
of the number, shape, size, and arrangement of the holes (optimization of the parameters d,
s/d, Ar). Furthermore, the system of interchangeable spacer plates allows for adjusting the
distance between the nozzles and the heat transfer surface (H/d). The head consists of three
chambers (fluid at the same temperature is supplied to the two outer segments), which allows
the heat transfer surface area to be doubled compared to a two-chamber heat exchanger. The
experiment utilized a microjet-generating head, which served as a co-current exchanger, and
the circuit diagram shown in Fig. 3.

\v4

Y

Fig. 3. Test setup diagram: 1 — head; 2 — valve; 3 — thermocouple; 4 — data acquisition card.

The operating principle of the heat exchanger involves supplying two fluid streams at
different temperatures. One stream is directed to the central chamber, while the other splits
and flows simultaneously into the two outer chambers. The fluid is forced through four
diaphragms at the same time, forming micro-streams that strike a 1-mm-thick aluminium
partition. The heat exchange surface is a 63x63 mm square. The distance between the
membrane and the partition is adjusted by installing appropriate spacers. As the fluid flows
down the partition, it absorbs or releases heat and is discharged to the outside.

This study investigated a co-current heat exchanger using water as the medium. A
membrane with 364 holes, each 160 um in diameter, was used; the holes were arranged in a
linear pattern at equal intervals in both directions (Ax = Ay = 3 mm). Experiments were
conducted for spacer thicknesses of 1, 3, 5, and 7 mm. The volumetric flow rates of cold and
hot water were manually adjusted within the range of 12.8 < ¥V < 133.3 [mL/s], which
approximately corresponds to Reynolds numbers of 145 < Re < 2275.

Fig. 4 shows a diagram of the membrane, one of the three heat exchanger segments, and
photos of the head. In Fig. 5, you can see the outer and middle segments separated by two
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5-mm-thick spacers and a 1-mm-thick aluminium plate. The photo also shows the membrane
bolted to the middle segment of the head.
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Fig. 4. Membrane generating microjets.

Fig. 5. Components between the outer and middle segments.

3. RESULTS OF THE EXPERIMENTAL STUDIES

The measurement results are presented in the form of Tables 1-4 and Fig. 69 included
later in this chapter. The tables show the measured volumetric flow rates for the hot and cold
sides of the heat exchanger, the inlet and outlet temperatures on the hot and cold sides of the
heat exchanger, as well as the calculated heat transfer coefficient kex,. The graphs were
formatted so that the main vertical axis displays the experimentally determined heat transfer
coefficient kexp, while the auxiliary axis on the right shows the Reynolds number, Re. The
Reynolds number is plotted separately for the hot side, Ren, and the cold side, Re.. Analysis
of the results reveals a positive effect of increasing the Reynolds number on the heat transfer
coefficient.
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TABLE 1. MEASUREMENT RESULTS FOR H =1 MM
Lp. Vo, v, Thjintets Th outicts T jintets ZC'OUHH’ Kexps ,
mL/s mL/s °C °C °C C W/(m*K)
1 34.86 16.10 49.46 45.03 11.45 28.08 423598
2 65.26 15.57 48.77 45.90 10.55 28.58 4733.20
3 84.21 15.33 49.93 47.30 9.70 29.43 5114.02
4 114.06 15.62 48.87 46.94 10.10 30.31 5448.76
5 28.03 42.38 52.21 36.99 8.27 18.36 7721.28
6 54.55 42.73 50.44 42.09 8.07 21.30 8939.10
7 74.13 4221 50.02 43.13 7.76 22.40 9980.22
8 122.77 42.80 51.13 46.04 8.02 25.23 11782.44
9 70.44 86.11 50.39 40.57 7.25 16.52 12011.07
10 84.57 83.78 50.61 41.71 6.68 17.06 12 994.93
11 120.72 83.46 50.90 44.12 6.94 18.80 14 340.66
12 36.21 101.40 51.39 35.15 6.68 13.07 10 254.73
13 68.85 100.76 50.76 39.71 6.67 15.19 12 955.84
14 123.81 101.92 50.85 43.28 6.70 17.44 15767.29
TABLE 2. MEASUREMENT RESULTS FOR H =3 MM
Lp. Vi, v, Thintet, Th.outtets OT inlets 3" v outlet, Kexps .
mL/s mL/s °C °C C C W/(m*K)
1 16.03 12.84 52.53 45.66 11.29 19.39 1766.65
2 32.49 12.79 48.66 45.66 11.10 20.63 1947.85
3 53.45 13.04 49.60 46.99 10.59 20.65 2298.44
4 40.32 37.27 50.51 40.24 8.15 20.18 7917.14
5 62.50 37.50 49.65 42.56 8.41 21.68 8610.65
6 96.72 36.89 51.38 45.47 7.99 24.30 10 364.76
7 126.56 36.70 51.06 46.48 8.19 25.37 10 777.98
8 43.71 71.50 52.06 39.33 6.99 15.77 9777.19
9 58.44 71.31 49.97 40.30 7.66 16.39 10 087.37
10 92.49 70.69 50.80 43.18 7.51 18.50 12240.21
11 41.41 100.68 51.17 37.00 7.23 13.16 9861.18
12 75.88 103.75 51.07 40.94 6.93 14.94 12 775.02
13 122.92 101.71 50.96 43.64 7.57 16.81 14 612.36
TABLE 3. MEASUREMENT RESULTS FOR H =5 MM
Lp. Vi, v, Z h.inlets Zh.outlet, Teinters Zc.outlet, Kexp,
mL/s mL/s C C °C C W/(m?K)
1 10.92 17.91 50.26 4133 9.71 14.63 1829.32
2 20.00 18.52 51.26 4452 9.28 16.54 2051.12
3 45.36 17.75 49.26 44.13 9.40 21.29 4038.63
4 58.21 17.88 47.87 4439 9.38 21.70 3924.17
5 72.58 17.90 48.40 45.29 9.43 23.31 4558.39
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6 91.89 17.53 50.50 47.71 10.15 26.09 5037.22
7 35.10 31.88 51.12 40.19 8.33 20.88 7411.92
8 51.03 31.17 50.45 42.69 8.39 22.74 8076.08
9 73.21 31.96 50.00 44.73 8.59 23.95 8112.52
10 112.00 32.11 50.06 46.73 8.51 26.08 8611.36
11 42.54 94.37 50.40 37.79 7.17 13.46 9806.41
12 66.86 100.81 50.72 41.63 7.42 14.46 10301.12
13 130.43 95.36 50.29 44.43 7.34 16.39 13 106.19
TABLE 4. MEASUREMENT RESULTS FOR H =7 MM
Lp. Vi, v, T jintets Th.outtets T inlets T outlets Kexps
mL/s mL/s °oC °oC °C °C W/(m?K)
1 30.77 13.66 50.34 46.47 12.43 21.35 2123.05
2 37.80 41.88 51.28 39.67 8.57 19.18 7995.00
3 69.30 40.95 51.24 44.49 8.04 21.37 8640.47
4 52.77 65.83 51.05 43.61 7.62 16.61 7793.88
5 67.55 65.74 50.51 42.74 7.79 16.81 9103.48
6 108.84 66.67 52.28 46.10 7.10 18.47 10 979.96
7 122.56 65.74 52.17 46.79 7.39 19.45 11251.77
8 35.19 100.00 51.27 36.24 7.35 12.85 9073.10
9 56.81 102.76 51.27 40.40 7.21 13.99 10 440.36
10 80.26 98.34 51.78 43.01 6.84 14.31 10 869.99
11 133.33 90.42 51.18 44.59 6.74 15.56 12 685.08

For a distance of H =1 mm, Fig. 6 was prepared based on experimental data. Heat transfer
coefficients ranging from 4235 W/(m?K) to 15 767 W/(m?K) were obtained; higher values
corresponded to higher water flow rates through the heat exchanger and, consequently, to
higher Reynolds numbers, which ranged from 875 to 3868 for hot water and 385-2229 for
cold water.
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Fig. 6. Experimental results for the heat transfer coefficient kcx, for /=1 mm.
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For a distance H =3 mm between the microjets and the heat transfer surface, Fig. 7 was
prepared based on experimental data. Heat transfer
1766.7 W/(m2K) to 14 612.4 W/(m?K) were obtained; with higher values corresponding to
higher water flow rates through the heat exchanger and, consequently, higher Reynolds
numbers, which range from 524 to 3840 for hot water and from 279 to 2269 for cold water.
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Fig. 7. Experimental results for the heat transfer coefficient k., for /=3 mm.
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For a distance H =5 mm between the microjets and the heat transfer surface, Fig. 8 was
prepared based on experimental data. Heat transfer
1829.3 W/(m?K) to 13 106.2 W/(m?K) were obtained; higher values corresponded to higher
water flow rates through the heat exchanger and, consequently, to higher Reynolds numbers,
which ranged from 357 to 4075 for hot water and from 383 to 2205 for cold water.
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Fig. 8. Experimental results for the heat transfer coefficient kcy, for =5 mm.
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For a distance of H = 7 mm between the microjet and the heat transfer surface, heat transfer
coefficients in the range of 2123.1-12685.1 W/(m?K) were determined experimentally. The
Reynolds numbers for hot water ranged from 1006 to 4166, and for cold water from 298 to
2247.
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Fig. 9. Experimental results for the heat transfer coefficient k., for /=1 mm.

In the case of heat transfer coefficients, it can be observed that the value of this coefficient
decreases as the distance between the microjets and the heat transfer surface increases. The
Reynolds number depends primarily on the fluid flow, and the characteristic dimension — the
diameter of the microjet — remains constant during the experiments; furthermore, the fluid’s
viscosity values do not change significantly within the given temperature range.

4. CONCLUSION

Experimental studies yielded heat transfer coefficients ranging from 1533.6 < keyp <
15 767.3 W/(m?K) at an average temperature difference between the hot and cold water inlets
of 42.3 °C. The volumetric flow rate was varied in the range from 12.8 to 133.3 mL/s,
corresponding to Reynolds numbers from 279 to 4166. Using spacers of varying thickness,
measurements were taken for four different distances between the membrane and the heat
exchange surface — 1, 3, 5, and 7 mm. An increase in the heat transfer coefficient was
observed alongside a simultaneous increase in mass flow rate on both sides of the exchanger.
It was also noted that even large changes in flow rate, in the case of low flow on one side of
the exchanger, do not have a significant effect on the kex, value. Since the water flow was
controlled manually, only for a few measurements was it possible to achieve volumetric flow
rates that would allow for a comparison of kexp values for different values of the A parameter.
For measurements where a comparison is possible, an increase in the heat transfer coefficient
is observed as the distance from the heat exchange surface decreases, with this relationship
being more pronounced for higher volumetric flow rates.

The microjet heat exchanger under investigation provides intensive and easily adjustable
heat transfer [16]-[22], and its well-thought-out design allows for easy modification of
individual geometric parameters. The heat exchanger should be the subject of further research
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to determine its optimal operating parameters, although even in its current form it competes
effectively with other devices of this type.

Microjet cooling technology, with its numerous advantages — including, above all, high heat
transfer coefficients, the maintenance of a uniform temperature distribution across the heat
exchange surface, and the possibility of regulation — is the subject of extensive research and
is constantly evolving. This method responds to the growing demand for compact and
efficient heat removal methods.
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