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Combined Cooling Systems constitute a promising strategy to reduce water consumption in Concentrated Solar
Power plants. This paper addresses the comparative evaluation of two different theories based on physical
equations (Poppe and Merkel) and three correlations, including a novel and unreferenced one, to predict the
performance and water consumption of a wet cooling tower for heat rejection in Concentrated Solar Power
plants.

Sixteen sets of experiments were conducted in a fully instrumented pilot plant of combined cooling systems
to assess the thermal performance of the cooling tower. Key findings indicate accurate prediction of cooling
tower outlet water temperature by both Poppe and Merkel theories, as well as the three correlations, with
minimal differences, less than 0.94 °C (2.78%), corresponding to values of R*? = 0.9918 and RMSE = 0.4650.

When considering all key variables for CSP performance, the three correlations under comparison exhibited
comparable prediction accuracy. This study recommends the combination of the Poppe theory with the
correlation m,, and r,, which accounts for air and water mass flow rates independently. This combination
demonstrated reasonable accuracy in predicting the outlet water temperature and the water consumption,
with average differences of 0.14 °C and 0.01 kg s~!, respectively. These differences correspond to percentage
variations of 0.91% and 9.21% for the previously mentioned variables.

This study provides valuable insights for the modelling and analysis of combined cooling systems integrated
in CSP plants, advancing beyond previous efforts in the literature.

1. Introduction

According to the climate bulletins issued by Copernicus, the Eu-
ropean Union’s Earth observation programme, the global surface air
temperature in July 2023 was the highest on record for any month
in the hourly data on single levels dataset, going back to 1940. July
was around 1.5 °C warmer than the 1850-1900 average, the limit
established by the Paris Agreement. Numerous regions in the Northern
Hemisphere faced severe heatwaves, yet the Southern Hemisphere did
not escape this phenomenon. Several South American countries, in
particular, witnessed temperatures soaring well above the average.

The European Strategic Energy Technology Plan (SET Plan) aims to
accelerate the development and deployment of low-carbon technolo-
gies, to improve new technologies and to bring down their costs, by
facilitating the funding of projects in the energy sector. In the long run,
new-generation technologies must be developed through breakthroughs
in research to meet the greater ambition of reducing EU greenhouse gas
emissions by 80% before 2050. The SET Plan identifies 10 actions for
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research and innovation. The key action number 1, becoming number
1 in renewables, includes integrating renewable technologies in the
energy systems and reducing costs of technologies. Spain chairs the
Concentrated Solar Power/Solar Thermal Electricity (CSP/STE) Imple-
mentation Plan, whose aim is to significantly reduce the cost of existing
technology in the short term and to work towards the development of
the next generation technology in the longer term.

CSP plants utilise mirrors to focus the sun’s energy, propelling steam
turbines that generate electricity. Currently, this technology constitutes
a minor fraction of Europe’s renewable energy generation, with a global
installation of around 5 GW,, 2.3 GW, of which is concentrated in
Spain. However, its potential for growth is substantial, given CSP’s
unique ability to deliver renewable electricity on demand, unlike al-
ternative technologies which rely on energy source availability. This
dispatchability is made possible through integrated energy storage,
allowing plants to respond to peak demands, maintain production
during sunlight absence, and offer ancillary services to the grid. As
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SAM
WCT
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(m? m™3)

Constant in ASHRAE correlation
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Frequency level of the fan (Hz)
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Enthalpy of vapour (J kg~1)

Lewis factor (= Ao/ (thpma ))
Constant in ASHRAE correlation
Constant in ASHRAE correlation

Mass flow rate (kg s~1)

Merkel number (= hpay V /m,,)
Number of data points

Constant in ASHRAE correlation
Volumetric flow rate of water (m3 s1)
R-squared

Temperature (K)

Wet bulb temperature (°C)

Volume of the transfer region (m3)
Measurement variable for the ith data point
Estimated value of variable y;

Mean value of the experimental values

Relative humidity (%)
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Air
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Ambient conditions
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Inlet

Outlet

Air Cooled Condenser

Air Cooled Heat Exchanger
Artificial Neuronal Networks
Combined Cooling Systems
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technological leader in this sector, the EU stands to benefit substantially
from such expansion. To sustain its global leadership, the European
industry must continue to pioneer more advanced and competitive
technologies.

The choice of condensation system is crucial for the overall perfor-
mance of CSP plants. The efficiency of a CSP plant is defined, mainly,
by the pressure and the temperature of the steam both entering and
leaving the turbine. The steam conditions at the turbine outlet are
defined by the temperature at which the steam is condensed.

Wet cooling is usually the preferred option since water-cooled sys-
tems’ performance relies on the inlet air wet-bulb temperature. There-
fore, it involves a lower level in the condensation temperature and a
higher thermal efficiency. Palenzuela et al. [1] observed enhancements
in the range of 6%-7% when comparing wet-cooled and dry-cooled CSP
plants. This study focused on the assessment of various cogenerated CSP
plus Desalination plants that integrated different conventional cooling
systems. Thus, CSP plants commonly use an evaporation process (often
by means of cooling towers) to provide the cooling water source for the
condenser. The main drawback is the high water use, which is in the
order of 2.3 to 3.5 m® h™! per MW,,,, [2]. According to this prediction,
a 50-MW, power plant running at 35% thermal efficiency will need
214 m? h™! or 1.87 million tons per year of water if wet cooling is
used to dispose of 93 MW of heat. Due to the fact that the deployment
of CSP plants make sense in areas with high radiation levels, where in
turn, there is an important water scarcity, the use of cooling systems
that reduce the water consumption is of great interest. The Spanish
National Integrated Energy and Climate Plan (PNIEC) identifies water
as a vulnerable resource at risk for STE production. To mitigate this
risk, one of the proposed lines of work in the PNIEC is the study of
technological improvements in cooling for dissipating the heat from the
thermodynamic cycle.

On the other hand, dry cooling eliminates the water used in steam
condensation. Another advantage is to eliminate the plume (mixture of
the humid outlet air and the ambient air) since the efficiency of the
collectors closer to the dissipation system can be reduced. However,
these systems imply a reduced efficiency and a higher cost of electricity
in the power plant, which can be around 8% as indicated in the
aforementioned reference, [1], especially during periods of high am-
bient air temperature that frequently match with peak system demand
and higher electricity sale prices. This decline in performance occurs
because these systems rely on the dry-bulb temperature of the ambient
air.

For a CSP power plant, the choice between wet and dry cooling
systems involves a number of trade-offs including the availability and
cost of water, environmental aspects, and the cost of electric power.
Numerous innovative cooling systems hold the potential to significantly
reduce water consumption. These include hybrid cooling systems, in-
tegrating dry and wet cooling methods into a single device [3-5], and
Combined Cooling Systems (CCS) that incorporate separate dry and wet
cooling systems. One of the main advantages of CCS is their ability
to reject heat through either dry or wet systems, or both, utilising
them in series or parallel depending on ambient conditions and plant
requirements. When it comes to CCS, various configurations have been
proposed. The most frequently cited approach in the literature involves
integrating an Air Cooled Condenser (ACC) alongside a Wet Cooling
Tower (WCT) [6,7]. In this setup, the steam discharged from the turbine
can be condensed either through the ACC or via a surface condenser
connected to the WCT. An alternative configuration, as recently pro-
posed by Palenzuela et al. [8], involves a combination of a WCT and
an Air-Cooled Heat Exchanger (ACHE) sharing a surface condenser. In
this arrangement, the turbine’s exhaust steam is condensed through
the surface condenser, and the heated cooling water can be cooled
either by the WCT or the ACHE. Combined cooling systems stand out
as the optimal choice for CSP plants thanks to their potential for water
consumption reduction without penalising the power production. It
is due to their ability for flexible operation in response to variable
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ambient conditions (radiation and temperature). Preliminary studies
carried out by several authors of this paper in [9] gave interesting
results for a commercial CSP plant (type Andasol-1) integrating a CCS.
It was found that a water reduction of up to 50% is possible with this
kind of cooling systems compared to the only-wet cooling option, and
an increase of 2.5% in the power generation compared to the only-
dry cooling option. In this work, black-box models for the dry and wet
cooling systems were used using the Thermoflex software.

In the market, several computer software programs can be found
that utilise models for the plant components that are black boxes.
These models allow little flexibility in terms of changes to either the
component selection or the model’s internal equations or assumptions.
These limitations constitute a challenge when customising or adapting
the model according to specific research needs. For example, it poses
a real limitation when one component is not included in the software
database (i.e. hybrid cooling systems) or when different existing com-
ponents cannot be used for the same purpose (i.e. dry and wet systems
into a combined cooling system), [9]. Other commercial softwares do
allow modifying the models of the plant components by acting on the
equations that govern their behaviour (i.e TRNSYS or System Advisor
Model, SAM). However, the default options usually involve simple mod-
els that include several simplifying assumptions in the calculations. For
instance, the SAM software uses the latent heat of water evaporation
along with the heat rate rejected in the cooling tower to predict the
water losses due to evaporation, which is an estimation since part of
the heat is transferred by convection. For a precise evaluation of the
potential of the combined cooling systems for CSP plants, thorough
models of each individual component are needed. In the case of the
wet cooling tower, if the equations used by the software do not ade-
quately capture the physics of the problem, the evaluation of the water
consumption may not be realistic, and this is a crucial factor in CSP.
Precise models for each component of the CCS will allow to develop
accurate optimisation tools to evaluate the most effective operational
strategies that ensure the needed optimal balance between water and
electricity [9]. Likewise, the optimisation tool can be used in the whole
plant model (CSP with a CCS) in order to accurately perform annual
simulations that allow carrying out comprehensive techno-economic
evaluations.

The accurate estimation of the water consumed by the wet cooling
system and its performance constitutes the main motivation of this
research. Models based on physical equations consider the underlying
physics of the heat and mass transfer processes occurring in the ex-
change area of the tower, and have proven their capability to accurately
predict the performance of the tower in the past.

The modelling of wet cooling towers through physical equations
traces its origins back to the Merkel theory [10]. This theory, while
historically significant, relies on several critical assumptions, including
the assumption that the Lewis factor equals 1, that the air exiting
the tower is saturated with water vapour, and that the reduction
in water flow rate due to evaporation is disregarded in the energy
balance. According to Bourillot [11], the Merkel method is easily
applicable and provides accurate predictions of cold water temperature
when an appropriate coefficient of evaporation is employed. How-
ever, the Merkel theory fails in estimating properties related to warm
air leaving the fill and calculating changes in water flow rates due
to evaporation. These measurements are crucial for estimating water
consumption and predicting the behaviour of plumes emitted from
the cooling tower. Jaber and Webb [12] developed equations for the
direct application of the effectiveness-NTU method to both counterflow
and crossflow cooling towers. This approach proved to be especially
beneficial in crossflow scenarios, streamlining solutions compared to
traditional numerical methods. The effectiveness-NTU method shares
the same simplifying assumptions as the Merkel method. Hence, Merkel
and effectiveness-NTU theories produce nearly identical results. Poppe
and Rogener [13] introduced the Poppe theory, deriving governing
equations for heat and mass transfer in wet cooling towers without
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the simplifying assumptions used in the Merkel method. Kloppers [14]
and Kloppers and Kroger [15] extensively compared various prediction
methods. Their studies concluded that the Poppe method outperforms
the Merkel method, providing a more precise representation of the
fundamental physics involved. The Poppe theory accurately predicts
the evolution of humid air and computes evaporated water, closely
matching the outcomes of comprehensive cooling tower experiments.
It also forecasts the moisture content of the outlet air, making it highly
recommended for precise analysis when determining outlet air state is
essential.

The well-known Merkel number is a dimensionless value widely
accepted as the coefficient of performance for a wet cooling tower.
This parameter can be used for different purposes, such as cooling
tower experimental analysis, simulation or optimisation, [16-18]. The
Merkel number is not constant but varies with operating conditions.
When plotted against the water-to-air mass flow ratio (i.e., the ratio
between water and air mass flow rates flowing inside the cooling
tower), it approximates a straight, decreasing line when logarithmic
coordinates are used. This variation is often represented as a single
curve (correlation) that only depends on the water-to-air mass flow
ratio, disregarding the effect of changes in air velocity and the influence
of the water mass flow rate on the pressure levels at the spray nozzle.

This paper addresses the comparative evaluation of different theo-
ries based on physical equations and correlations to predict the perfor-
mance and water consumption of a wet cooling tower. Two theories
(Poppe and Merkel) as well as three correlations have been considered,
compared and discussed in this investigation. The introduction of novel
correlations for predicting cooling tower performance stands out as a
key innovation in this research.

The paper is structured as follows: Section 2 includes the description
of the facility where the experimental tests were conducted, the math-
ematical modelling and the experimental procedure. Section 3 presents
and discusses the main results obtained during this research. Finally,
Section 4 summarises the main findings and includes recommendations
for future research.

2. Experimental methodology
2.1. Experimental pilot plant

The pilot plant for combined cooling systems is shown in Fig. 1, and
it was specifically built for the purpose of this research. The facility
is located at Plataforma Solar de Almeria (PSA) in Tabernas, Almeria,
Spain. A detailed description of the plant can be found in Palenzuela
et al. [8]. It comprises three different circuits: cooling, exchange, and
heating. The experiments presented in this research were conducted in
the cooling circuit, Fig. 2, which consists of a combination of a WCT
and a ACHE sharing a surface condenser. Here, the refrigeration water
flows within the tube bundle of surface condenser and is cooled by
either the WCT or the ACHE. Both systems have a designed thermal
power of 204 kW,,. In this study, the wet-only operational mode was
utilised. In this configuration, cooling water (designated as FT-003 in
Fig. 1) is pumped from the cooling tower basin to the surface condenser
via Pump 1, circulating through Valve 2 in position I up to the entry
point of the WCT, where it is sprayed. The airflow velocity within
the tower is regulated by a variable frequency drive (SC-001). As the
basin level decreases due to evaporation and drift losses, demineralised
water (FT-004) is added to replenish the system. Measuring this make-
up flow enables the determination of the water consumption of the
tower. Refer to Table 1 for specific details about the sensors employed
in this operational mode, including their characteristics in terms of un-
certainty. Note that the sensors measuring the air velocity, temperature,
and relative humidity at the outlet area of the wet cooling tower are not
permanently installed in the plant. Portable sensors were used instead
in the experiments since the Merkel number calculation requires the
mass flow rate of air as an input.



P. Navarro et al.

Cooling circuit

Wet Cooling .

¢

\ (FT /1T
Tower (oot ) (oot [

Valve2 oz)  (ooz)  ‘an
IQ,“ [

N N N o

Valve 1

Applied Thermal Engineering 253 (2024) 123718

Heating circuit

1
{ Valve 3

> <

I EPump 5
vi“\
Surface
Condenser,

Demineralized
water tank

Exchange circuit

1

l ,’ﬁ %umpzl

[TON/ETY /50
({009 ) {005 ) (006 )

ET ¢ [¢——] FROM HOT TANK
Steam 7S ‘

- ETNTERT
Generator P+ TO COLD TANK ‘

Hot water

— = Steam pipe

Cold water/condensate

‘1:f Temperature transmitter fF} Flow transmitter

(PT) Pressure transmitter (LT) Level transmitter

(sc) Speed Variable Driver

Demineralized water

Fig. 1. Diagram illustrating the layout and operation of the combined cooling systems pilot plant at PSA.

Table 1

Sensors specifications (¢ value of the temperature in °C, * of reading, ¢ full scale).
Variable Sensor Range Uncertainty
Water temperature, TT-001, TT-006 Pt100 0-100 °C 0.03 + 0.005-7
Cooling water flow rate, FT-001 Vortex flow meter 9.8-25 m? h! + 0.65% o.r.”
Make-up water flow rate, FT-004 Paddle wheel flow meter 0.05-2 m* h™! + 0.5% of F.S¢ + 2.5% o.r
Ambient temperature Pt1000 —40-60 °C +0.4@20 °C
Ambient relative humidity Capacitive sensor 0%-98% + 3% o.rr @20 °C
Air velocity Impeller anemometer 0.1-15 m 57! +0.Im s™' + 1.5% o.r
Outlet air temperature Pt100 —20-70 °C +0.5 °C
Outlet air humidity Capacitive sensor 0-100% + 2%

2.2. Mathematical modelling

2.2.1. Merkel and Poppe theories
The Merkel number (Eq. (1)) is a dimensionless quantity used in the
analysis of heat and mass transfer in various engineering applications.
It is particularly important in the context of wet cooling towers, since
it quantifies the complex mass transfer processes taking place within
the exchange area of the tower [15,19-21].
hpA _ hpa,V

Me = — (€Y

ity 1,

As previously stated in Section 1, the computation of the Merkel
number can be done using two main established theories for eval-
uating cooling tower performance: the Merkel and Poppe methods.
The Merkel number evaluated using the Merkel theory, Me,,, can be
calculated as shown in Eq. (2). If the water inlet temperature, water
outlet temperature, air inlet dry-bulb temperature, air inlet wet-bulb
temperature, water mass flow rate and airflow rate are known, this
equation is solvable. However, the integral evaluation does not have a
direct mathematical solution. Instead, numerical integration techniques
are necessary to evaluate the integral accurately. The four-point Cheby-
shev integration technique is recommended by several internationals
standards [22,23] to determine Me,,. If two intervals are used in
conjunction with the trapezoidal rule, the integral, or Merkel number,
is given by the right-hand side of Eq. (2).

Me,y, =

hpA _ hpaV /T pa
4 T,

4
m, " h ~

(T, - To,) 1
dT, % ¢, —" Z TR 2

w w S j=1 I

Within the Poppe theory, the authors derived governing equations
for heat and mass transfer in the transfer region of the cooling tower.
Hence, this theory is generally favoured for its more comprehensive ap-
proach. According to the Poppe theory, the major following equations
for the heat and mass transfer are obtained:

¢, My —@
dw Pw g Sw

at, - (hoy = 1)+ we=n[(h,, — 1) = (0, —@) 1] - (0, o) 1, (©))

(a)sw —a)) o T,

dh i,

ar, = o, | (hxw—h> +(Lle—1) [(hSw—h) - (wsw—w) hv] - <w—w) hy |
4
dMep _ pw . ®)

M (hy, =h)+Le=D) [(h:w -h) = (o, -o) hu] (@4, = @)

The quantity referred to as Mep in Eq. (5), is the Merkel number
based on the Poppe theory. The detailed derivation process and simpli-
fication of the governing equations of the Poppe theory, as well as the
solving procedure using the fourth order Runge-Kutta method, can be
found in [14,24].

2.2.2. Correlations for the Merkel number

As mentioned in Section 1, it is well established that, in wet cooling
towers, the Merkel number is not a constant value. Instead, it varies
depending on the operating conditions. Traditionally, the Merkel num-
ber corresponding to different operating conditions can be correlated
in terms of the water-to-air mass flow ratio, as in Eq. (6). This is the
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(b) Forced mechanical draft wet cooling tower.

Fig. 2. Cooling circuit in combined cooling systems pilot plant at PSA.

prevalent approach in the literature, [18,24-26]. However, as indicated
in ASHRAE [27], this expression is derived by neglecting the influence
of air velocity. When this effect is accounted for, the correlation of Me
can be expressed according to the family of curves shown in Eq. (7),
which can be mathematically simplified until obtaining the rightmost
side of the equation. Few authors have used this equation to represent
the transfer characteristic (Merkel number) [25,28,29]. Finally, a novel
correlation has been introduced in this work (Eq. (8)) to account for the
effect of the water mass flow rate on the spray characteristics of the
nozzle. When 1, increases, the pressure level in the nozzles increases
as well. This necessarily changes the size and velocity of the sprayed
droplets, which directly impacts on the term a, in Eq. (1). The Merkel
number and the constants ¢ and n will change accordingly. In this sense,
correlations for constants ¢ and » as a function of r,, were developed
to overcome the limitation of the traditional correlation, Eq. (6).

m -n
Me=c(4—'”> , (6)

—n
i
Me = ¢ (—w> v, =c o (2]
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Me =c <%)_ . c=f(h,) and n= f(i,). (8)

a

2.3. Experimental procedure

In this study, a comprehensive analysis was conducted through 16
sets of experiments to assess the thermal performance of the cooling
tower. As previously mentioned, the Merkel number depends on the
operating conditions (water and air mass flow rates). Pump 1 in Fig. 1
was used to vary r,,,, while the modifications to i, were made using the
fan frequency designated as SC-001 in the same figure. Both variables
were adjusted within the permissible operational limits of the plant. In
the case of the water flow, it ranged from 8 to 24 m> h~!. The air mass
flow rate was modified by changing the frequency from 12.5 Hz to a
maximum of 50 Hz. As a result, the experimental water-to-air mass flow
ratio values ranged from 0.5 to 5. In all conducted tests, the thermal
load remained approximately constant at 170 kW,,,.

To ensure stable conditions during the tests, the standards UNE
13741, titled “Thermal Performance Acceptance Testing of Mechanical
Draught Series Wet Cooling Towers” [30], and CTI’s “Acceptance Test
Code for Water Cooling Towers” [23], were adopted as benchmarks.
These standards specify the test duration and the allowed variations
of the most representative ambient and operating magnitudes (wa-
ter flow rate, heat load, cooling tower range, wet-bulb and dry-bulb
temperatures and wind velocity) during the tests.

The sequence for the experimental procedure is schematically de-
picted in Fig. 3. Once the test runs are performed, the experimental
dataset is used to calculate the Merkel number employing both, the
Merkel and Poppe theories described in Section 2.2.1. Afterwards,
constants in Egs. (6)-(8) are obtained by fitting the experimental data
for the calculated Merkel number. With the aid of the six sets of
correlations developed (2 theories and 3 correlations), the following
variables are predicted in order to assess the goodness of the theory-
correlation combination: the outlet water temperature (Tw2 ), the outlet
air temperature (Taz) and the tower water consumption (mwevap ). The
effectiveness of the models in approximating the experimental data
is evaluated through the calculation of the R-squared (R?) and the
Root Mean Square Error (RMSE). The statistical coefficient R-squared
(R?) [31] quantifies the extent to which the variance in the predicted
variable can be accounted for by the independent variable in a regres-
sion model. An ideal fit is denoted by a value of 1, indicating that
the model’s predictions perfectly align with the observed data. The
calculation of R? is presented in Eq. (9), where j represents the average
of the observed experimental data and j; is the estimated value for the
same variable. The parameter N represents the total count of available
data.

R2=1- M 9)
PANCESE

RMSE is a statistical indicator of the disparities between the model-
predicted values and the actual observed values. Mathematically, it is
computed as the square root of the mean of the squared deviations
between the predicted and observed values, as in Eq. (10).

RMSE = (10

2.4. Uncertainty analysis

An uncertainty analysis was made according to the method pro-
posed by the ISO Guide [32]. A Type B evaluation of standard un-
certainty (u) was conducted using the sensor specifications listed in
Table 1. The combined standard uncertainty was calculated using the
uncertainty propagation command of the Engineering Equation Solver
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Fig. 3. Scheme of the experimental procedure and model development and evaluation.

(EES), based on the well-known law of uncertainty propagation:

an

where u, is the combined uncertainty of each key performance indi-
cator, u(x;) are the standard uncertainties of the variables or measure-
ments on which the indicator depends, and df /dx; are often referred to
as the sensitivity coefficients of these variables. Finally, the expanded
uncertainty is computed by multiplying the combined uncertainty by
a coverage factor k. coverage factor of k = 1.645 was considered,
ensuring a 90%-level-of-confidence intervals. The results of this uncer-
tainty analysis for the key performance indicators (Merkel number and
water-to-air mass flow ratio) are shown in Section 3.

3. Results and discussion

This section presents the results of the 16 experimental tests out-
lined in Section 2.3. Table 2 contains the average values for all the
magnitudes registered during the tests and used for the Merkel num-
ber computation, encompassing environmental and tower operational
conditions. All the tests were conducted during summer. Hence, the
observed variations of the ambient temperature (7, ), which ranged
from 32.84 °C to 40.50 °C, and relative humidity (¢,), that spanned
from 12.97% to 39.58%. The experimental values of the water mass
flow rate (rir,,) were 2.17-6.15 kg s~! and the mass flow rate of air (si,)
ranged between 1.16 and 4.32 kg s~'. Accordingly, the following range
of water-to-air mass flow ratios was covered: 0.511 < i, /m, < 5.13.

Additionally, two key output magnitudes are included in the table:
outlet air temperature (Taz) and the water lost by evaporation (mwevap)'
Both variables are measured in the tests, but they are not used in either
the Merkel or Poppe theories to calculate the Merkel number for a
particular test run. However, they are used along T, for assessing the
performance of the theories and correlations compared in the paper.

The calculated Merkel number for the Merkel and Poppe theories
as a function of the water-to-air mass flow ratio is shown in Fig. 4.
The decreasing Me for increasing r,,/m, trend observed in this figure,
has been extensively reported in the literature [16,18,24-26], and it
is explained due to the increase in the amount of water per unit of
air leading to a less effective cooling [26]. The relationship between
Me and i, /m, follows a linear pattern when plotted on a log-log
scale. This involves that, as the ratio m,/m, increases, its impact
on Me becomes less significant. This behaviour is attributed to the
decrease in the fraction of water that evaporates per unit of inlet water
with increasing m,,/m, values. When m,,/m, reaches its minimum, it
indicates the maximum air flow rate achievable for a given water flow
rate to be cooled. This scenario maximises the driving force and, thus,
the Merkel number. Conversely, as r, decreases gradually, the driving
force diminishes for a given m,, leading to a decrease in Me. The
experimental expanded uncertainty of the results is included in this
figure. The mean values for the Me and s, /m, expanded uncertainties,
calculated following the procedure indicated in Section 2.4, are 11%
and 6.49%, respectively. These values correspond to the calculated
values for the Merkel theory. No significant variations were observed
for the corresponding uncertainties obtained with the Poppe theory.
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Table 2
Summary of the average main ambient and operation magnitudes registered during the experimental test runs.
Test Q(m'h™) fMHz) T,C0 ¢, T, O T,C0 T,0C0 T,0CC wm,kgs™") m, kgs?) i, kgs™)
1 12,5 33.31 39.58 22.53 48.88 34.79 46.32 1.193 2.173 0.050
2 ~8 25 34.60 30.41 21.34 44.64 27.97 38.04 2.623 2.170 0.066
3 - 37.5 34.11 38.58 22.92 44.43 26.51 34.73 3.666 2.169 0.069
4 50 36.02 29.94 22.23 43.74 25.43 34.97 4.248 2.170 0.091
5 12.5 40.50 13.11 19.97 46.85 36.94 49.64 1.157 3.263 0.058
6 ~12 25 39.75 12.97 19.50 40.30 28.42 39.92 2.588 3.272 0.075
7 = 37.5 36.93 22.39 20.79 38.13 26.25 35.51 3.648 3.266 0.097
8 50 35.79 16.13 18.24 35.34 23.32 32.33 4.319 3.268 0.087
9 12.5 34.69 32.55 21.94 46.53 39.44 47.83 1.177 4.895 0.058
10 ~18 25 33.57 27.24 19.83 38.37 30.15 38.25 2.619 4.914 0.071
11 = 37.5 35.66 25.14 20.71 35.39 27.57 35.94 3.637 4.942 0.075
12 50 33.53 29.29 20.30 34.50 26.27 33.36 4.292 4.940 0.086
13 12.5 32.84 38.77 21.99 46.25 40.57 46.99 1.186 6.096 0.057
14 ~24 25 34.25 16.50 17.42 36.41 29.81 39.49 2.596 6.127 0.072
15 = 37.5 35.99 16.91 18.59 33.54 27.04 35.38 3.651 6.133 0.078
16 50 35.80 14.73 17.83 31.30 24.87 32.99 4.302 6.147 0.085
10! . 60 T T T T
Poppe theory ssl 0.1
(o) Merkel theory 1 I
or 1 = . J0.08
E I, 31 1 |-
"R N !
) I I I 40.06 o
oL %E A °_40F X x =
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10 . 10 - 10 My /1,
My, [Ty,

Fig. 4. Experimental Merkel number a function of r, /m, calculated using the Poppe
and Merkel theories.

Fig. 5 illustrates the variation of the three key output magnitudes
used for comparative purposes (T,,, T, and n,_ ) with the water-
to-air mass flow ratio. For convenience and better understanding, a
dual y-axis chart is used because of the different orders of magnitude
observed for the different plotted variables. The error bars for each vari-
able, obtained employing the sensor information (standard uncertainty)
displayed in Table 1, are included in the figure.

Concerning the water lost due evaporation, the general trend ob-
served is that Miteyap decreases with r,,/m,, which can also be inter-
preted as an increase in the evaporation rate when r, gets larger for a
given r1,,. An increase in m, for a given s, increases the driving force
for evaporation. The different levels observed for T, depend on the
air mass flow rate. If the heat rate to be dissipated is kept constant,
higher air temperatures will be obtained for the lower s, levels. The
air temperatures rose during the experiments up to 50 °C for the low
frequency-levels test runs. Finally, an increase with s, /11, is observed
in the outlet water temperature, T, . This behaviour is attributed to the
decrease in the Merkel number with increasing r,,/m, values.

3.1. Influence of the theory (Merkel and Poppe)
The influence of the theory used to calculate the Merkel number can

be discussed using the results depicted in Fig. 4. Taking as a reference
the results provided by the Poppe theory, since they are the most

Fig. 5. Experimental results for 1, , T, and T,, as a function of rn,/ri,.

Wevap

rigorous, it can be observed that the Merkel theory underestimates the
Merkel number calculation (Mep > Me,,). This fact can be explained
because of the simplifying assumptions inherent to the Merkel theory.
These results are aligned with several bibliographic studies that had
previously reported the Poppe theory overestimating the Merkel num-
ber predicted by the Merkel theory [14,24,33]. The average difference,
obtained by averaging the difference for each water-to-air mass flow
ratio, is 7.63%, and slightly increases with m,,/m, from 3.89% for
/i, = 0.511 to 12.53% for r, /m, = 5.13.

3.2. Influence of the correlation

As explained in Section 2.2.2, it is common practice to use the ratio
of water-to-air mass flow as the independent variable when deriving
a correlation for the Merkel number of a wet cooling tower. This is
usually represented by an equation of the form Me = c (r,/1,) "
However, this is not the only approach. This correlation neglects the
influence of modifying r,, on spray pressure and subsequently on spray
characteristics and evaporation. Therefore, in this study, this factor has
been taken into account by introducing a function of s, to determine
the values of ¢ and ». Finally, this work also incorporates the correlation
proposed by ASHRAE [27], described by an equation of the form Me =
I m;"’ mg”, which considers the values of 1, and i, independently.
Constants included in the previous equations are presented in Table 3.

The coefficients for the correlation r,/m, were obtained by per-
forming a power-law fit of the data of Me as a function of i, /m,
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Table 3
Constants for the different combinations correlation-theory used.
Correlation Theory c—c n—n' m
i i Poppe 1.5655 0.6720 -
wita Merkel 1.4683 0.7075 -

Poppe 0.09297,, + 1.2838 0.0441mm,, +0.6322 -

c and n = f(m,)

Merkel  0.0897m, +1.1963  0.0453m,, +0.6717 -
o and Poppe  1.2445 0.5888 0.7830
" ANC Mg Merkel  1.1567 0.6228 0.8245
10! r
s 10%F 1
Poppe theory
Merkel theory
. —-n
m,
—  Me=c ( _ )
m(l
107 1 " 1
10 10 10

T /1710

Fig. 6. Experimental and correlated results for the Merkel number as a function of
m,,/m, calculated using the Poppe and Merkel theories. Correlation s, /m,, Eq. (6).

(linear trend on logarithmic scale). Fig. 6 illustrates the experimental
data presented in Fig. 4 where the predictions of the s, /1, correlation
are overlapped with the experimental values.

Regarding the correlation involving the coefficients ¢ and n as
a function of m,,, these parameters were derived through a similar
process, a power-law fit using the data of s, /m, and Me. However,
this fitting was conducted for each distinct level of s, leading to the
derivation of four sets of values for ¢ and n. Subsequently, these values
were subjected to linear regression, resulting in an equation of the form
presented in Table 3. The fits are presented in Fig. 7 for the Poppe
(Fig. 7(a)) and Merkel (Fig. 7(b)) theories.

Finally, for the m,, and m, correlation, the experimental data was
fitted to an equation of the form described in Eq. (7), and the param-
eters ¢, n, and m were determined. This process yields a linear trend
on the logarithmic scale, similar to the previous cases. However, in
this instance, separate linear fits can be obtained for each level of
m,, and m, examined, resulting in different lines on the logarithmic
plots. Figs. 8 and 9 illustrate the overlay of the results predicted by the
correlations with experimental data. The legend accompanying these
plots show the mean values of mass flow rate of water and air of the
four tests conducted. When investigating the influence of water flow
rate on the Merkel number, a distinct trend in Me becomes evident for
different levels of r,, (as seen in Fig. 8). This behaviour arises from
the changes in nozzle pressure levels due to variations in water mass
flow rate, influencing the physical configuration of sprayed droplets
and, consequently, the heat exchange surface (term a,, Eq. (1)) and,
thus, Me. This trend is observable in both theories and has not been
previously documented in the reviewed literature. Similar patterns
were observed for different r, levels (Fig. 9). Altering the air velocity
affects the mass transfer coefficient (4, term, Eq. (1)), accounting for
the distinct behaviours observed at the same 1, /m, level.
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3.3. Comparative evaluation of the proposed theory-correlation combina-
tions

In order to determine the theory-correlation combination that pro-
vides the best results, the predictions of each combination were com-
pared to the experimental results. The different sets of equations de-
rived in the previous section enabled the prediction of T, T,, and
Miyap which are presented in Fig. 10. The solid line in this figure
represents the perfect agreement between the predictions and the ob-
served values. This figure also includes the experimental uncertainty
of the compared magnitude. Table 4 includes the maximum and av-
erage experimental-predicted differences for the previously-mentioned
variables. Additionally, the reliability of the collected data was fur-
ther assessed using statistical techniques, as mentioned in Section 2.3.
The calculated values for the Root Mean Square Error (RMSE) and
R-squared (R?) are presented in Table 5.

At first glance, it is evident that the two analysed theories and the
three considered correlations predict the outlet water temperature with
remarkable accuracy. This fact can be seen in Fig. 10(a). The maximum
deviation for all the theory-correlation combinations is less than 1 °C,
which is found for the Merkel theory and the s, /i, correlation. In gen-
eral, the Merkel theory predictions are slightly worse than the Poppe
theory’s one. Concerning correlations, the standard correlation (s, /m,
in this paper, Eq. (6)) is the least accurate one, which translates into R?
= 0.9918 and RMSE = 0.4650. The order of the correlations performing
best to worst is: ¢ and n = f(m,) ~ m, and m, > m,/m, (Eq. (8) ~
Eq. (7) >Eq. (6)). In the light of this, it can be assessed that the use
of any of the correlations considered in this paper along the Poppe or
Merkel theories accurately predict the outlet water temperature of the
cooling tower.

Furthermore, one of the main advantages of the Poppe theory is
its ability to forecast the evolution of warm, moist air in the transfer
area (fill) of the cooling tower. This capability allows predicting the
conditions of the air leaving the tower and, consequently, the amount
of water lost due to evaporation. This fact is of utmost importance in the
performance evaluation of a wet cooling tower operating in a CSP plant.
The choice of the dissipation system may depend on water availability,
making this prediction crucial. The Merkel theory, on the other hand,
assumes that the air leaves the tower saturated, only characterised by
its enthalpy (obtained from the energy balance). This fact explains why
there are no predictions for 7, and Mivap with the Merkel theory in
Tables 4 and 5.

Fig. 10(b) presents the comparison of the computed and experimen-
tal water consumption results for all tests. As it can be seen, the Poppe
model predicts the amount of evaporated water with reasonable accu-
racy, within the uncertainty levels of the measuring instrumentation
used. However, it is observed that the model consistently underpredicts
the experimental results for all the tests. It is important to note that
the model calculates the water lost through evaporation. In a cooling
tower there are other water losses such as drift losses, blowdown and
other minor losses (splash, leaks, overflow, etc.). Hence, it makes sense
that the model forecasts are lower than the experimental results. For
example, assuming a drift emissions rate of 0.05%, as reported by [34]
for a lath-type drift eliminator, the predictions would roughly match
the measured results. However, the predictions for four tests show
significant discrepancies (test runs 4, 7, 8 and 12 in Table 2). These tests
mainly correspond to those with higher fan frequency levels. One pos-
sible explanation could be that the relative contribution of centrifugal
and drag forces on the droplets, can lead to scenarios where an increase
in the air flow velocity, increases the amount of drift emissions, as
explained in Ruiz et al. [34]. Also, a more plausible explanation could
be related to droplet breakthrough or re-entrainment of water droplets.
This phenomenon occurs when the air velocity is high, leading to the
suction of water out of the drift eliminators. The water then becomes
re-entrained into the exiting airstream. Those losses are not accounted
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(a) Poppe theory.
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(b) Merkel theory.

Fig. 7. Experimental and correlated results for the Merkel number as a function of 1, /1, calculated using the Poppe and Merkel theories. Correlation with ¢ and n = f(m,),

Eq. (8).
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Fig. 8. Experimental and correlated results for the Merkel number as a function of s, /m, calculated using the Poppe and Merkel theories. r1,, and rm, correlation, Eq. (7). Water

mass flow rate levels.
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Fig. 9. Experimental and correlated results for the Merkel number as a function of 1, /m, calculated using the Poppe and Merkel theories. 1, and i, correlation, Eq. (7). Air

mass flow rate levels.

for in the model, but have an impact on the measured make-up water.
Both hypotheses are consistent with the observed results. It should be
noted that no significant variations for this magnitude were observed

between the correlations compared.

Fig. 10(c) compares the temperature of the air leaving the cooling
tower. Again, the Poppe model demonstrates a high degree of accuracy
in its predictions. The results obtained from the 16 conducted tests
exhibit an average deviation of 6.78% (equivalent to 2.45 °C, as
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Fig. 10. Comparison between experimental and predicted cooling tower (a) outlet water temperature, (b) water consumption and (c) outlet air temperature.

Table 4

Averaged and maximum differences between experimental and predicted results for the theory-correlation combinations analysed in
this paper concerning 7,,,, T,, and s,

‘evap

Correlation Theory T, M T,
Aver.dif. (°C) Max.dif. (°C) Aver.dif. (kg s™') Max.dif. (kg s™!) Aver.dif. (°C) Max.dif. (°C)

. i Poppe 0.21 0.50 0.01 0.03 2.75 6.17
Ml Merkel  0.36 0.94 - - - -

o Poppe 0.10 0.24 0.01 0.03 2.83 6.31
cand n =10 yerel  0.27 0.59 - - - -
2 and s Poppe 0.14 0.46 0.01 0.03 2.79 6.33
Mo &0 Ma Merkel ~ 0.28 0.64 - - - -

Table 5

Calculated values for RMSE and R? for the theory-correlation combinations analysed
in this paper concerning 7,,, T,, and

presented in Table 4) for the best correlation (s,,/m,). These results
correspond to R? values of 0.6716 and an RMSE of 3.1793. Again,
no significant variations were observed for the correlations considered

Wevap *

Correlation Theory T, (°Q) iy, kg s T, CO) in the investigation. These differences are minimal for higher fan
R RMSE R? RMSE  R? RMSE frequency values (associated with elevated ri, values). As fan frequency

o Poppe 0.9974 0.2648 0.3299 0.0108 0.6716 3.1793 decreases, the disparities grow. This phenomenon can be attributed to
Tl Merkel  0.9918 0.4650 - - - - the reduced uniformity in the distribution of air temperature at the
¢ and n= i) Poppe 0.9995 0.1113 0.3838 0.0103 0.6510 3.2774 outlet tower area as the fan frequel.lcy diminishes. As the experimental
Merkel 0.9965 0.3061 - - - - values were calculated by averaging the temperature measurements

i, and i, Poppe  0.9988 0.1787 0.3744 0.0104 0.6595 3.2370 made at a several points (the cooling tower exit area was divided

Merkel 0.9960 0.3268

into 9 quadrants and the variables were registered at the centre of
each quadrant), a reduced uniformity would lead to higher differences
compared to a uniform temperature profile.

10
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Table 6
Calculated values for RMSE and R? for the comparative analysis with data available in the literature [24-26].
Study Correlation Theory 1,, O Mg (kg s™1) 7, (°O)
R2 RMSE R2 RMSE R? RMSE
ti, /1, Merkel ~ 0.9731 1.0315 - - - -
m,, and Merkel 0.9938 0.4969 - - - -
Navarro et al. [241 % Poppe 09739  1.0176 - - 0.8399  1.1504
i, and i, Poppe 0.9940  0.4889 - - 0.8535  0.9447
1, /1, Merkel  0.9665  0.4691 - - - -
Lucas et al. [25] i, and 1, Merkel 09932 02118 - - - -
ti, /i, Merkel ~ 0.9966  0.0857 - - - -
m,, and Merkel 0.9967 0.0843 - - - -
: e w 4
Ruiz et al. [26] sty 1t Poppe 09967  0.0843 - - - -
1, and s, Poppe 0.9969  0.0825 - - - -
iy, 1, Merkel  0.9918  0.4650 - - - -
m,, and r, Merkel 0.9960 0.3268 - - - -
. ¢ and n= f(mm,) Merkel 0.9965 0.3061 - - - -
This study tig 1t Poppe  0.9974  0.2648  0.3299  0.0108  0.6716  3.1793
i, and 1, Poppe 0.9988  0.1787  0.3744  0.0104 0.6595  3.2370
cand n=f(i,)  Poppe 0.9995  0.1113  0.3838  0.0103 0.6510  3.2774
90 53 T T T T temperature (for example, left-hand side of Fig. 11) at that specific
) / location (outlet area in that case), T, > T,,. This implies that sensible
80 '5 4 ' heat transfers from the air to the water while latent (mass) transfer
70k _ occurs in the other direction, from the water to the air. Nevertheless,
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Fig. 11. Evolution of the properties of water and air in a psychrometric chart for test
runs 1 (right) and 16 (left), Table 4.

Fig. 11 depicts the evolution of the air properties in the psychro-
metric chart for two experimental tests (test runs 1 and 16, as detailed
in Table 2) calculated with the Poppe theory. These tests correspond to
the upper and lower bounds of the intervals for the tested water and
air mass flow rates. Since the driving force for the evaporative cooling
process is the difference between the air’s enthalpy and the enthalpy of
saturated air computed at the water’s temperature, the evolution of the
water temperature is also illustrated as a solid line that overlaps with
the saturation curve. The length of the air trajectory is affected by the
fan frequency level. Lower frequency levels involve lower air velocities
and, therefore, increased interaction time between the air and water.

As expected, the air experiences an increase in moisture content due
to water evaporation. However, concerning the temperature evolution,
the trend is not that evident. The air temperature tends to reach the
water temperature in all exchange sections. Given the counterflow
arrangement between the water and air streams, the inlet air exchanges
heat and mass with the water at outlet conditions and it shifts until
reaching the cooling tower outlet, where the exchange takes place
between the air and the water at inlet conditions. This explains the
path followed by the air in both cases and, specially, the curved-path
observed in test 16 (left-hand side of Fig. 11). An additional observation
regarding air and water temperatures involves tests where the air
temperature at the cooling tower’s inlet section is higher than the water

11

the net exchange of enthalpy continues to favour the air, as depicted
in Fig. 11. Consequently, this process induces cooling for both the air
and water within this particular location. The prediction of the air
properties evolution is quite similar for the three correlations tested.
No significant discrepancies are observed.

The evolution of the properties cannot be predicted using the Merkel
theory because it relies on the assumption that the air leaves the tower
saturated and characterised only by the enthalpy calculated according
to the energy balance. Therefore, only the air exit conditions but
not the evolution could be depicted in the psychrometric chart. This
approach does not account for the reduction in water flow rate due to
evaporation.

3.4. Comparison of the obtained results with data available in the literature

This section presents a comparative analysis between the outcomes
derived from this research and those documented in the existing litera-
ture. The comparative analysis was not limited to the theory-correlation
combinations; the performance of the tower was also examined and
contextualised.

The bibliographic studies [24-26] were used to provide context
for the theories and correlations discussed, since some of the theory-
correlation combinations described in this paper are also utilised in
these studies.

Table 6 provides the computed values for the R?> and RMSE for the
water and air outlet temperatures, as well as water consumption. This
evaluation is carried out in cases where the theory is capable of making
predictions or when there is experimental data available. In general,
it can be said that the results reported in the literature agree with
the conclusions reached in previous sections. All the theory-correlation
combinations demonstrate good agreement in predicting the values of
T, when compared to experimental data. The R? values are higher
than 0.96 in all the cases. Concerning theories, the Poppe theory
forecasts better results than the Merkel theory for the water outlet
temperature (only variable that is predicted by both theories). Finally,
and regarding correlations, the r,, and r, correlation outperforms the
standard one (r,,/m,) when they are directly compared. No relevant
conclusions can be drawn from the T, comparison. Less favourable
values for the R? and the RMSE indicators are observed when com-
paring the results obtained in this study to bibliographic results. This
has been previously justified due to the fact that, when a data point
comparing predicted and experimental values deviates significantly, its
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contribution to the RMSE substantially influences the overall model
accuracy. The R? coefficient is less sensitive to extreme deviations of
individual data points, as it evaluates relative variability rather than
the absolute magnitude of errors. Nevertheless, this indicator is also
affected by the points deviating from the experimental observations.

To contextualise the tower’s performance, the results obtained in
this study, featuring a cooling tower equipped with a trickle-type fill,
were compared with those of other towers reported in the literature.
In Lucas et al.’s study [25], the authors employed a cooling tower
equipped with fiberglass vertical corrugated plates as fill material. Sim-
ilarly, Gharagheizi et al. [35] investigated a tower incorporating both
vertical corrugated packing (VCP) and horizontal corrugated packing
(HCP). Conversely, Ghazani et al. [36] utilised a fill made of thin film
Polypropylene PVC packing. Finally, in the works of Ruiz et al. [26]
and Navarro et al. [18], the fill material resembled that used in the
present study.

The thermal performance of the investigated towers is compared in
Fig. 9, where Fig. 9(a) illustrates the comparison of the Merkel number
with the correlation s, /m,. Curves for the different towers considered
have been plotted against constant approach curves.

The cooling tower approach refers to the difference between the
cooling tower outlet cold water temperature and the ambient wet-
bulb temperature. Consequently, it serves as a reliable indicator of
the cooling tower’s performance. The constant approach curves were
computed considering a design operating conditions of T}, =27 °C and
a cooling tower range of 5 °C . These curves offer valuable insights
into the tower’s performance across varying conditions. Their shape
is determined by the ratio of water mass flow rate to air mass flow
rate (i, /m,). The ideal scenario where the airflow rate is infinite
(i, /11, = 0), corresponds to the maximum driving force and the min-
imum required Merkel number. As the air rate decreases, the driving
force diminishes, involving an increase in the required Merkel number.
The points of intersection between the constant approach curves and
the tower performance curves (Me = ¢ (ri1,,/ ma)fn) denote the specific
m,,/m, values at which the towers will operate.

Regarding the comparison of the Merkel number, it was observed
that for all water-to-air mass flow ratios, the studied cooling tower
outperforms other cooling towers documented in the literature. This
occurs regardless of whether the towers use the same type of fill or a
different one. This could be justified by the fact that using optimised
fills increases the wetted surface area (higher coefficient a;, of the
Merkel number).

While the Merkel number is an effective metric when comparing
the performance of wet cooling towers, its use may not always pro-
vide clear insight into the energetic implications of different designs.
The key parameter for predicting the performance of a system that
incorporates a cooling tower for heat removal (such as a power cycle
or refrigeration cycle) is the outlet water temperature. Therefore, the
outlet water temperatures for the previously cited cooling towers are
also predicted for three different levels of 1, /m, (0.6, 0.9, and 1.2).
Fig. 12(b) illustrates the projected outlet water temperatures for the
bibliographic results considered in this section. As an example, with the
cooling tower studied and r,,,/m, = 0.9, an approach of approximately
2.4 °C is achieved. This corresponds to a water outlet temperature of
approximately 29.4 °C.

4. Conclusions and future perspectives
4.1. Conclusions

The primary objective of this research was to model and opti-
mise the operation of integrated combined cooling systems within CSP
plants. This study particularly addressed the comparative evaluation of
different theories and models based on physical equations to predict
the performance of a wet cooling tower. In this sense, the two most
popular theories for performance evaluation of wet cooling towers
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Fig. 12. Comparison between the experimental data obtained in this research and the
data reported in the literature [18,25,26,35-37]. (a) Me number and (b) T,, for the
specified conditions.

(Poppe and Merkel) as well as three correlations were considered,
compared and discussed in this investigation. The introduction of novel
correlations for predicting cooling tower performance stood out as a
key innovation in this research. The main findings from the research
can be summarised as follows:

In view of the results obtained, it can be stated that both theories,
Poppe and Merkel, along with the three employed correlations predict,
with remarkable accuracy the cooling tower outlet water temperature.
The maximum difference found between observed and predicted results
was lower than 1 °C (R? = 0.9918 and RMSE = 0.4650). Accordingly,
if only this magnitude is of interest, the Merkel theory and the standard
correlation (Merkel number as a function of the water-to-air mass
flow ratio) combination is the most straightforward approach due to
its simplicity. However, in CSP plants the prediction of the water
consumption is of utmost importance. Therefore, the Merkel theory
can be discarded due to its inability to predict the evolution of the air
inside the tower exchange area (fill), which enables the calculation of
the evaporated water. Hence, the use of the Poppe theory is strongly
recommended (if not mandatory) when predicting the performance of
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a wet cooling tower operating either independently or as part of a
combined system for heat rejection in CSP plants.

The three compared correlations demonstrated similar prediction
accuracy. The results indicate that, depending on the studied variable,
one correlation performs better than other. For instance, the correlation
termed as ¢ and n = f(m,,) provides the best T, predictions (R? ~
1 and RMSE = 0.11°C), the ¢ and n = f(m,) and the rm, and m,
correlations yield to similar results concerning Mgy calculations (R? ~
0.38 and RMSE = 0.01 kg s71), and the m,, and m, correlation showed
a closer agreement with the experimental results for T, . In order to
choose a correlation, the average deviation for all magnitudes was
calculated, and it was found that the 1, and 1, correlation led to the
best overall predictions.

Therefore, the combination comprising the Poppe theory and the
m,, and 11, correlation is suggested when evaluating the performance
of a wet cooling tower operating in a combined cooling cycle for
heat rejection in CSP plants. This combination offer up to 70% better
predictions for water temperature and 2% for water consumption,
compared to other combinations. The discrepancies found between the
proposed approach and the experimental results have been attributed
to some physical phenomena not included in the calculation process
(drift and re-entrainment) in the case of evaporated water and the
non-uniformity of the air temperature profiles at the outlet area of the
cooling tower in the case of the outlet air temperature.

Furthermore, the use of a model based on physical equations, such
as the combination of the Poppe theory and the correlation suggested in
this investigation, presents additional strengths, including the capacity
for performance assessment in conditions beyond those directly tested
or in scaled systems, provided the system configuration remains con-
sistent. These facts make this combination of theory/model a suitable
approach to analyse combined cooling systems in CSP plants.

4.2. Future perspectives

Future investigations must focus on the improvement of the ex-
perimental procedure to assess the hypotheses proposed concerning
the discrepancies observed for the evaporated water predictions. That
involves conducting drift tests to determine the amount of water exiting
the tower taken away by the air stream and verifying the tempera-
ture distribution in the outlet section of the tower. Also, while the
theoretical analysis of the wet cooling tower has demonstrated suc-
cessful outcomes with moderate complexity, certain variables might
benefit from the application of alternative methods available in the
literature, for example, black-box models such as artificial neuronal
networks (ANN) based on experimental data. This could improve some
predictions such as water consumption or reduce model execution time.
Ultimately, and in order to achieve the overarching aim of this research
(modelling and optimising the combined cooling system), a model
for the ACHE should be developed and validated using experimental
data from the pilot plant. The WCT and ACHE models can be linked
to provide a model for the combined cooling system, which can be
eventually used, along the solar field and power block models, to
optimise the operation of the plant depending on the environmental
conditions and the plant requirements.
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