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Abstract. Water spraying into the cooling air flow is one of the most efficient methods for heat
transfer enhancement. Consequently, it is currently used in several applications and is analysed
as a solution for others, where compactness is very important. Considering two practical cases,
an air cooled steam condenser and a compact automotive radiator, authors performed an
experimental study applying this method for a fin-and-tube heat exchanger with inline tube
arrangement. Experiments were carried out using a wind tunnel. Reynolds number varied in the
range 2082...4432, which includes entire transient flow range. Maximum specific sprayed
water flow was 1.5-107 kg of water per kg of dry air. For this specific flow, an increase of 52
to 73% was achieved for the overall specific heat transfer coefficient. The cooling air pressure
loss in heat exchanger almost doubled at maximum Reynolds number, compared to the case
described by minimum Reynolds number.

1. Introduction

Moisturizing of gaseous thermal agents (air or other gas types) is one of the most efficient way to
enhance the heat transfer in heat exchangers. This method is not quite new, one application being the
automotive radiator. Thus, the feasibility of a compact radiator with water or glycol spraying in
cooling air flow was experimentally studied and an improvement of 40-45% of the heat transfer
coefficient was achieved, [1].

There are several experimental studies on heat transfer enhancement by water spraying into the
cooling air. The optimization of process parameters in the case of steel plate cooled by water sprayed
air was analyzed in [2]. The influence of both spraying axis angle and geometry of heat exchanger fins
was studied in [3] while the effect of the relative humidity of air on the heat transfer was investigated
in [4]. Also, improvement of the heat transferred into a heat exchanger was studied [5], using water
with nanofluid (Al,O; particles) added to air moisturized by water spraying; an increase of heat
transfer coefficient up to 57.7% was achieved by water spraying in cooling air and up to 76.3% when
nanofluid was added into the water. An increase of heat exchanged up to 3 times is indicated in [6]
when droplets of water smaller than 25 pm are sprayed in the cooling air flow. The experimental
results were used to validate a prior numerical simulation.

Based on the experimental results, some mathematical models were developed. Thus, in [7] is
proposed a model for analysis of performance and temperature distribution in parallel and counter-
flow wet heat exchangers. Another model referring to moisturized air cooling is presented in [8]. This
model optimizes the separation distance between the parallel plates of a heat exchanger.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



The 8th International Conference on Advanced Concepts in Mechanical Engineering IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 444 (2018) 082021 doi:10.1088/1757-899X/444/8/082021

Currently, spray cooling is applied in air conditioning, commercial and industrial cooling [7], [9],
steel industry, cooling of electronic chips and microprocessors, laser techniques and heat exchangers
of power plants [2]. Results of an experimental study on the air cooling condenser of an air cooling
power generating unit are presented in [10]. The experiments on the condenser, with wavy finned flat
tubes, were performed by wind tunnel for Reynolds number of the cooling air flow in the range 210-
680; it was indicated that water spraying in the cooling air could increase Nusselt number up to 68%.

An application of the moisturized air cooling in power plants is the forced draught wet-cooling
tower, where the process fluid flow (inside finned tubes) is cooled by the water-sprayed air flow [11].
Another application is the air-cooled steam condenser, recommended in arid places. A concentrated
solar thermal power plant based on this type of condenser is presented in [12]. Aiming to increase the
exergetic efficiency of the condenser, water spraying in cooling air flow is proposed as a method for
heat transfer enhancement.

Impact of relative humidity on the heat transfer is also a matter of great interest in the case of
condensing boilers, when the gaseous thermal agent is the flue gas. Experimental studies on this
subject are presented in [13] and [14]. Based on experimental results, a formula for convective heat
transfer coefficient was also obtained in [14]. A simplified mathematical model for the assessment of
boiler efficiency function by relative humidity is proposed in [15].

The present study was performed by considering two applications of the wet heat exchangers,
namely air cooled steam condenser — as component of a power plant or even of a mobile power
generating unit — and compact automotive radiator. Therefore, an experimental investigation on the
influence of the sprayed water flow over the heat transfer coefficient was performed in the case of a
wet air cooled fin-and-tube heat exchanger with inline arrangement of tubes. Variation of the air
pressure loss in heat exchanger was also analyzed.

2. Experimental test rig
Schematic and images of the experimental test rig are presented in figures 1 and 2. The experiments
were carried out using a wind tunnel.

In order to perform the study, both air flow and sprayed water flow had to be determined. Air flow
was determined as a function of air velocity, measured with an Anubar tube, AT, connected to a
differential manometer, DM,. For higher precision, DM, is inclined at 8° relative to horizontal.
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P - Pump SMD - Sprayed water flow
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HE - Heat exchanger WSD - Water spraying device
FM - Volumetric flow meter V1...V3 - Water vessels
AT - Anubar tube TC1...TC4 - Thermocouples
EWH - Electric water heater ~ DM;... DMs - Differential manometers

Figure 1. Schematic of the test rig.
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Figure 2. Test rig used in experiments.

The sprayed water flow is measured with SMD, by counting for each test the time and water level
(initial and final) in V1; the internal diameter of V; is 79 mm. SMD consists in an assembly of three
water vessels (Vi, V, and V3). Each vessel is fixed relative to the others but the entire assembly can be
moved up and down on the sliding rod SR. In order to keep constant the suction pressure of the water
spraying device WSD, the level of water in V; (yy) was maintained constant on each tested regime by
acting the tap t;. At the end of each test, the excess water, drained from V, in V3, was moved back in
V; thus, resulted the final level of water in V. The sprayed water flow was increased or reduced by
changing the suction pressure (by moving up or down the assembly of vessels, thus modifying y,).

3. Mathematical model and experiments

Experiments were carried out at several cooling air flows in HE and several sprayed water flows. The
air flow was adjusted by the flow obstruction of the wind tunnel, while sprayed water flow was
adjusted by modifying the level y,, as described above. At each regime, were recorded Ay;, Ay,, Ay;, in
mm H,0, as well as indications of TC1...TC4 and FM. Based on the measured values, the specific
sprayed water flow (¢), Reynolds number in heat exchanger (Reyx) and overall heat transfer coefficient
of HE (k) were determined by the calculation procedure described below.

Specific sprayed water flow was defined as

c =, -1, [kg of water | kg of dry air] , @8

where 7, in kg/s, is the sprayed water flow, determined as described above, while 7, in kg/s, is the
dry air flow. We note that ambient air was assumed as “dry air” in the study and the standard pressure
po= 101325 Pa was considered for the ambient (dry) air.

Dry air flow is expressed as

Mg, =Py Wy A, [kg/s], (2)
where: p, - dry air density in the cross-section of the air duct where AT is placed, in kg/m’;
wr - velocity of dry air in the cross-section of the air duct where AT is placed, in m/s;
A4 - cross-sectional area of air duct in the section where AT is placed; 4, =4.67 107 m.
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Dry air density in the section where AT is placed is calculated as

-1
p.=p,-(R,-T) (kg /m’], (3)
where: R, - air constant; R, = 287.04 J/(kg-K);
T, - absolute temperature of ambient air;
p4 - absolute pressure of air in the cross-section of the air duct where AT is placed, in Pa;
it is given by
P.=DPy+Ap =p,+9.81-Ay,  [Pa]. 4

It should be noted that in formula (3) absolute ambient temperature, 7,, was used instead of the
absolute temperature in the air duct section of AT, for simplification. All verification tests indicated
that difference between the two temperatures is less than 1 K. This induces differences of maximum
0.3% in calculation of dry air density, which is not significant for the current study.

Velocity of dry air in the section where AT is placed, as well as mean velocity of dry air in HE are
given by the calibrating equations of these two components of the installation. They are expressed as
functions of Ay,, which is indicated by DM,:

Wasie = Crase + Conue 8, = Copp -(An)" [m1s]. (5)
Coefficients used in formula (5) are
C, ,=5.058263 C, ,=0.217592 C,, =6.519252
C, .z =18.410727 G,z =0.7999344 C, - =23.686573"

Once wyg is determined, Reynolds number in HE was calculated with the known formula
Re; = Pe - Wyg - Dy Il’l;IIE > (6)

where: Dy - hydraulic diameter of HE; Dy =1.367 107 m;
Uye - mean dynamic viscosity of air in HE, in kJ/(kg K);
pue - mean density of air in HE, in kg/m’; it is calculated similar to p,, with formula (3),
but replacing 7, and p, with the absolute temperature and presure of air in HE

T =0.5-(1,+14,)+273.15  [K], (7)
Pug = Do +0.5-Ap; = p, +9.81-0.5- Ay, [Pa]. (8)

Air temperatures ¢, and #; from formula (7) are indicated by thermocouples TC, and TC; (figures 1
and 2). In formula (8), 4p; is the air pressure loss in HE, indicated by the differential manometer DM;.
Mean dynamic viscosity of air is calculated with formula [16]

e =1.458-10° - T33 (T, +110.4)"  [N-s/m’]. 9)

Heat transferred from water to the moist air in HE is a sum of two components — sensible heat
and latent heat, involved in vaporization of water droplets sprayed in installation. The heat flow rate is

QHE=Qs+QI:I)w‘pw'cpw‘(t4_tl) [W]’ (10)
where: Vw - volumic flow rate of water in radiator, in m’/s; it is indicated by the volumetric flow
meter FM (see figure 1 and figure 2);
p» - mean density of water in HE, in kg/m’;

¢,w -mean specific isobaric heat capacity of water in HE, in J/(kg K);
t4, t; - HE water inlet and outlet temperature, in K; are indicated by TC4 and TC,.
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Mean density and mean specific isobaric heat capacity of water in HE were calculated according to
[17] by considering the mean temperature of water in HE.
The overall heat transfer coefficient of HE is

k=0 +(Sye - LMID)" [/ (m*-K)], (11)

where Syr is the heat transfer surface of HE (2.496 mz) while LMTD is the logarithmic mean
temperature difference; it is expressed as a function of the temperatures of water (¢;, #,) and (2., #3),
indicated by thermocouples TC,...TC,.

4. Results and interpretation

Results of the experimental study are presented in figures 3 and 4. The range of Reynolds number
(Reyg) covered by experiments was 2082...4432, which is larger than transient flow range (2300 < Re
< 4000). As figure 3 indicates, the air pressure loss in HE (4p;) increased 2.7 times (from 961 Pa to
2560 Pa) over the entire range of Reyg, which corresponds to a variation of air velocity from 24.6 m/s
to 52.3 m/s.

In figure 4 there are presented variation curves of the overall specific heat transfer coefficient (k)
with Reyr for several values of the specific sprayed water flow (¢). All the curves represent
logarithmic interpolation of the experimental results.

The dashed curve in figure 4 is the reference curve and corresponds to the case when dry cooling
air was used in experiments (no water spraying, ¢ = 0). For this case, over the entire range of Reyy
mentioned above, k increased from 70 to 198 W/(m” K).

It should be noted that in this study, the maximum specific sprayed water flow was 1.5 g of
water/kg of dry air. For example, at 30°C, when the specific enthalpy of vaporization is 2430 kJ/kg,
the complete vaporization of this flow requires a thermal heat rate of 3.6 kW. This thermal potential of
the latent heat associated to sprayed water is impressive, since it is close to the maximum thermal heat
rate transferred in HE. But, with respect to the density or velocity of air, a sprayed water flow of 1.5 g
per kg of dry air has no significant influence. As a reference, standard moisture content usually
considered in engineering is 8 g/kg of dry air or 10 g/Nm’ of dry air, while maximum moisture content
in air is 30.4 g/m’ — at saturation, at 30°C. That is why it was assumed that Reynolds number was not
significantly influenced by sprayed water.
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Figure 3. Variation of 4p; with Reyr and wyg.
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Figure 4. Variation of k with Rey; for several values of ¢.

Analysing the data presented in figure 4, it can be inferred that water spraying in the cooling air has
a significant influence on the heat transfer. The value of the overall heat transfer coefficient increased
continuously when ¢ increased from 107 to 1.5-107 kg of water / kg of dry air, as well as with Re
number.

The minimum gain in heat transfer enhancement was obtained for ¢ = 1.0-10” kg of water / kg of
dry air and Rey;z = 2082. In this case, k = 73 W/(m>K). For the same Reynolds number, the equivalent
value of k from the reference dry air curve is 69 W/(m>K). Thus, there is a gain, but of only 6%.

The most intense heat transfer was measured for ¢ = 1.5-10 kg of water / kg of dry air. The values
for & on this curve increase from 105 W/(m>K) when Rey; = 2082, to 290 W/(m*K) when Reyz =
3740 and representing the largest value of k in the entire study. Since the equivalent value of £,
indicated by the dashed reference curve, is 168 W/(mz'K) for Reyr = 3740, it means that k increases
with 52 to 73% — relative to the reference case — when ¢ = 1.5-10” kg of water / kg of dry air.

5. Conclusions

In the experiments carried out in this study, the range of Reynolds number, Reyz, was 2082...4432,
larger than transient flowing regime range. The corresponding range of mean air velocity in the fin-
and-tube heat exchanger, wyg, was 24.6...52.3 m/s. The mentioned flow conditions are correlated with
two applications considered, an air cooled steam condenser (as component part of a power generating
unit — steady or even mobile) and a compact automotive radiator.

Air pressure loss increased 2.7 times, from 961 Pa to 2560 Pa, when Reyr and wyy varied from
2082 and 52.3 m/s to 4432 and 52.3 m/s.

Overall heat transfer coefficient, k, was very sensitive to the increase of the specific sprayed water
flow; at minimum Reyr and wyr (2082 and 24.6 m/s, respectively), k has increased with 6 to 52% —
relative to the reference case of dry air cooling, when ¢ varied from 107~ to 1.5-10” kg of water / kg of
dry air.

Maximum gain in what concerns value of k was 73% — achieved at maximum value of ¢ (1.5-10”
kg of water / kg of dry air), when Reyz = 3740 and wy = 44.1 m/s.
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