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This paper presents a critical evaluation of the thermal performance analysis of the inverted cooling tower,
which was conceived as a new cooling tower prototype that prevents the dispersion of pollutants to the
atmosphere during its operation. The device can be classified as a mechanical forced draft, counterflow-parallel
flow cooling tower.

The combination of the Merkel and Poppe methods of analysis and the counterflow, parallel and
counterflow/parallel flow arrangements has been discussed, for a total of 5 different approaches. The Poppe
method for thermal performance prediction reports higher Merkel numbers than the Merkel method: from
3.84% to 6.64%. A higher Merkel number is obtained for the parallel arrangement compared to counterflow
to achieve the same cooling. Differences from 1.12% to 12.19% are observed for the range of tested water-to-air
mass flow ratios.

The rigorous method that uses the Poppe theory and combines counterflow and parallel flow arrangements
(main novelty of this paper) is recommended to evaluate the thermal performance. Not only it provides the best
predictions for the outlet water and air temperatures (0.44 °C difference for the water prediction and 0.74 °C
difference for the air) but it is a good approximation of the complex underlying physics of the problem and

the state of the outlet air is accurately determined.

1. Introduction

Cooling towers are heat rejection systems used to dispose of un-
wanted heat from power plants, refrigeration cycles and industrial
processes. In a cooling tower, waste heat is transferred from the cool-
ing water to the atmospheric air stream by convection and, mainly,
evaporation of water.

Unsaturated moist air entering the tower exchanges heat and mass
due to temperature and concentration differences between water and
air streams. Part of the water evaporates while the rest cools down.
The heat is rejected to the atmosphere as warm moist air.

Cooling towers can create aerosols (droplets of water in the air)
during their operation because some part of the water that have not
evaporated can be taken away by the air stream to the atmosphere.
This phenomenon is usually regarded as drift and it has been reported
by several authors as an environmental and a health hazard [1-5].

Concerning human health, the spreading of the legionella bacteria
is the main concern. If legionella contaminated water droplets are sent
into the air and carried by the wind, they can then be inhaled by those
people present in the affected area of the tower and cause several lung
conditions of varying severity such as Legionnaires’ disease.
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In order to minimise the cooling tower environmental impact, a
novel cooling tower prototype was analysed in Ruiz et al. [6]. The
inverted cooling tower, as termed by the authors, was conceived as a
new cooling tower design that prevents the dispersion of water droplets
to the atmosphere during its operation (Fig. 1).

The inverted cooling tower presents two main differences with
conventional cooling towers. The first one is the location of the inlet
and outlet areas. The air intake takes place at the top of the tower while
it is discharged at the bottom. The second difference concerns the water
and air flow arrangements. In the novel design, water flows upwards
from the nozzles to the fan until the inertia and drag forces balance,
and then downwards to and through the fill, to finally be collected
in the tower basin, Fig. 2. In a singular way, it can be classified as a
mechanical forced draft, counterflow-parallel flow, wet cooling tower.

The authors assessed, through experimental calculation, that the
performance of the tower in terms of emissions was remarkably low.
Drift emissions were found to be up to 300 times lower than the limits
imposed by several international standards: 0.00015% of the circu-
lating water compared to 0.05% (Royal Decree RD 865/2003 [7] in
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Nomenclature

A frontal area (m?2)

ay surface area of exchange per unit of volume (m?
m3)

c, specific heat (J kg~! K1)

f frequency level of the fan (Hz)

h enthalpy (J kg~1)

he heat transfer coefficient (W m=2 K1)

hp mass transfer coefficient (kg m=2 s~1)

J Coefficient in the Runge-Kutta method

k Coefficient in the Runge-Kutta method

/ Coefficient in the Runge—Kutta method

Le Lewis number (= he/ (h DS, ))

W mass flow rate (kg s~1)

Me Merkel number (= hpay V /m,,)

N Number of intervals considered in the Runge-Kutta
method

n Number of levels considered in the Runge-Kutta
method

0 total heat transferred from water to air (W)

0, sensible heat transferred from water to air (W)

0 latent heat transferred from water to air (W)

T temperature (K)

Vv volume of the transfer region (m?3)

z height (m)

Greek symbols

p) density (kg m~3)
® humidity ratio (kg kg™1)
Subscripts

a air

i intermediate

ma moist air

M Merkel

P Poppe

s saturated

v vapour

w water

1 inlet

2 outlet

Spain) and 0.02% (Australian Standard AS/NZS 3666 [8] in Australia),
respectively. This value represents a reduction ranging from 40.21%
to 82.54% compared to commercial towers. Nonetheless, despite the
high potential reduction in the emission level, the observed thermal
performance results were more modest. The efficiency of the tower
was similar to that of a commercial tower equipped with a film-
flow distribution system (up to 6.98% better). The difference is larger
(41.16% lower) when compared to the same tower equipped with a
splash distribution system.

It should be noted that in this study, the authors used the Merkel
theory for thermal performance prediction and cooling was assumed
to occur only in countercurrent arrangement. This fact constituted a
critical assumption concerning the thermal performance calculation
since in the inverted cooling tower, the cooling takes place in two
different flow arrangements: counterflow and parallel.

The influence of the flow arrangement and the Merkel and Poppe
methods for thermal performance prediction on the performance of
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Fig. 1. Built prototype of the inverted cooling tower.
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Fig. 2. Schematic of the new prototype of wet cooling tower highlighting the
counterflow-parallel flow arrangements and the main parts of the tower.

the inverted cooling tower was addressed by Ruiz et al. [9]. The
authors pointed out that, for a rigorous characterisation of the thermal
performance of the tower, it was necessary to know the amount of
cooling taking place in each flow arrangement. This fact constituted
the main motivation of this work.

The analysis of wet cooling towers through modelling has its origin
a century ago, in the 1920s. Merkel [10] developed the theory for
the performance evaluation of cooling towers. The author proposed
a model based on several critical assumptions to reduce the solution
of heat and mass transfer in wet-cooling towers to a simple hand
calculation. Because of these assumptions, however, the Merkel method
does not accurately represent the physics of the heat and mass transfer
process in the cooling tower. Bourillot [11] stated that the Merkel
method is simple to use and can correctly predict cold water tempera-
ture when an appropriate value of the coefficient of evaporation is used.
In contrast, it is insufficient for the estimation of the characteristics of
the warm air leaving the fill and for the calculation of changes in the
water flow rate due to evaporation. These quantities are important to
estimate water consumption and to predict the behaviour of plumes ex-
iting the cooling tower. Jaber and Webb [12] developed the equations
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necessary to apply the effectiveness-NTU method directly to counter-
flow or crossflow cooling towers. This approach is particularly useful
in the latter case and simplifies the method of solution when compared
to a more conventional numerical procedure. The effectiveness-NTU
method is based on the same simplifying assumptions as the Merkel
method. Poppe and Rogener [13] developed the Poppe method. They
derived the governing equations for heat and mass transfer in a wet
cooling tower and did not make any simplifying assumptions as in the
Merkel theory. Predictions from the Poppe formulation result in values
of evaporated water flow rate that are in good agreement with full scale
cooling tower test results. In addition, the Poppe method predicts the
water content of the exiting air accurately.

Several studies can be found in the literature using the Merkel,
effectiveness-NTU and Poppe methods for thermal performance eval-
uation of evaporative devices for different purposes.

Performance analysis is a common application for using the Merkel
and Poppe theories. Concerning the Merkel method, Ke et al. [14]
numerically and experimentally analysed the heat and mass transfer on
air/water direct contact in a humidifier. They also made a comparison
with the Poppe method, which they used in previous calculations and
concluded that with the Merkel theory the numerical results were closer
to the experimental results. In Mishra et al. [15] a silica gel mesh (SGM)
column was installed at the inlet of the cooling tower and the perfor-
mance of the system was investigated. Zengin and Onat [16] studied
the pressure losses and the thermal performance in a cooling tower with
different cooling fill heights. In Ruiz et al. [6], the thermal performance
analysis of the inverted cooling tower was carried out. Other studies
use the Poppe theory to address also the performance analysis. Huang
et al. [17] analysed the performance of a novel evaporation system
based on a humidification—-dehumidification process. Zhou et al. [18]
investigated the thermal performance of a new Closed Wet Cooling
Tower (CWCT). Bamimore et al. [19] investigated the effect of certain
parameters on the performance of an industrial cooling tower. Tomas
et al. [20] analysed the performance of new alternative materials as
filling for cooling towers.

Performance optimisation is another common use of Poppe and
Merkel methods. In Keshtkar [21], the Poppe method was used to in-
vestigate the optimum operative conditions of a specific cooling tower.
The obtained results were compared to the results obtained using the
TOPSIS method. Huang et al. [17] and Li et al. [22] used the Poppe
method to optimise the operation of a humidification-dehumidification
evaporation system. In Singh and Das [23], the Merkel method was
used to perform a simultaneous optimisation of performance param-
eters and energy consumption in induced draft cooling towers. Liao
et al. [24] compared the Merkel, Braun, and Halasz models with the
objective of applying them to optimise the cooling tower approach
temperature control schedule in a cooling system.

Another method used by some authors is the effectiveness-NTU.
Shargawy et al. [25] used this method to analyse the thermal perfor-
mance of packed-bed cross-flow humidifier. Ayoub et al. [26] presented
a model of a natural draft wet type cooling tower, which is based on
the conservation laws of thermodynamics and compared the results
obtained with the Poppe, Merkel and effectiveness-NTU methods.

A detailed comparison between methods for thermal performance
prediction can be found in Kloppers [27] and Kloppers and Kroger [28].
The authors concluded that the Merkel number according to the Poppe
method is greater than the Merkel number predicted by the Merkel
method. The Poppe method provides a more accurate representation
of the physics of the problem (predicts the evolution of the moist
air and allows to calculate the evaporated water). Thus, the Poppe
method is recommended in the analysis of cooling towers where the
state of the outlet air needs to be accurately determined. The Merkel
and effectiveness-NTU methods of analysis give approximately identical
results as they are based on the same simplifying assumptions.

Given the previous background, the main goal of this paper was to
conduct a critical evaluation of the performance characteristics predic-
tion (Merkel number) of the inverted cooling tower. The influence of
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the method of analysis (Merkel and Poppe) and the flow arrangement
between the water and air streams (counterflow, parallel and counter-
flow/parallel) on the performance of the tower for a given operating
conditions has been discussed. The main novelty is the use of the
Poppe model combining two different flow arrangements: parallel and
counterflow. Besides, the adaptation of the Poppe model for parallel
flow is not an approach commonly found in the literature.

This paper is organised as follows: Section 2 contains the descrip-
tion of the experimental setup, the mathematical modelling, and the
experimental procedure for the thermal performance tests. Next, the
results obtained in the tests are presented and discussed in Section 3.
Finally, the most important findings of the research are summarised in
Section 4.

2. Methodology
2.1. Test facility

The experimental tests discussed in this work were carried out in the
installation presented in this section. The forced, mechanical-draft, wet
cooling tower prototype is located on the roof of the ELDI building, at
the Technical University of Cartagena (Spain), Fig. 1. It should be noted
that the facility corresponds to the one described in Ruiz et al. [6] with
two exceptions. Firstly, two open channels were added at two different
heights of the tower to measure the water temperature at additional
locations (intermediate water temperature, T, onwards). Secondly, the
AX model hollow-cone spray nozzles originally installed in the tower
were replaced by LAP-PP40 nozzles (both nozzles were manufactured
by Spraying Systems Co. Ltd.). The main components installed in the
tower and their specifications can be found in Table 1.

The fan drives the air through the interior of the tower, until it
reaches the outlet section, which is at ground level and is composed
of 4 rectangular-shaped (3.5 x 0.7 m?) faces. The tower has a total
height of 3.5 m. The water is driven by a centrifugal pump through the
hydraulic circuit, which is formed by a network of polypropylene pipes.
Its function is that the water moves from the basin to nine hollow-cone
spray nozzles, which are located 1.2 m below the fan in a horizontal
position. In this process, the water passes through the boiler, where the
thermal load to be dissipated is simulated. Once sprayed, the water is
collected in the tower basin after flowing through the trickle-type fill
located between the nozzles and the basin.

The experimental thermal performance characterisation of the
tower requires to modify the water-to-air mass flow ratio value. This
was achieved with two variable frequency drives connected to the
fan and pump, respectively. The thermal characterisation also requires
the measurement of some key variables: water and air conditions and
ambient variables. The sensors installed for this purpose are shown in
Fig. 3.

Air measurements include the inlet temperature and relative humid-
ity, and the air velocity. These magnitudes were measured at the inlet
and outlet sections of the cooling tower. Eight hot wire anemometers
were placed in the centre of each of the faces of the inlet—outlet sec-
tions. The ambient temperature and relative humidity were measured
by four thermo-hygrometers in the outlet sections and one in the inlet
section. With the measurement of the average air velocity at the inlet
section, the inlet air specific volume, and the inlet section, the air mass
flow rate was calculated.

For the water measurements, the flow rate was measured using an
electromagnetic flowmeter while the temperatures were registered at 4
points: before reaching the nozzles, at two different heights inside the
tower (to measure the temperature in the highest height reached by the
water) and in the discharge of the tower basin. Two open channels were
placed at different heights to ensure that the measurement obtained
corresponds to the above mentioned temperature (Fig. 3).

Finally, environmental conditions (wind speed and direction, am-
bient temperature and ambient relative air humidity) were measured,



P. Navarro et al.

@ Temperature
(IR Relative humidity
@ Flowmeter

) Air velocity

@ Air direction

Applied Thermal Engineering 213 (2022) 118719

//

] [ /|
| R
- / OOE
o / SR
®..8f @ / ﬁ./
EMPTY FILL

Fig. 3. Schematic of the novel mechanical forced draft wet cooling tower.

Table 1

Component specifications.
Device Brand Model Power (kW) Technical specifications
Fan Sodeca HPX-63-4T-2 1.5 Maximum flow-17500 m?® h~!
Pump Pentax CBT400 3 5 m? h™'-6 bar
Nozzles Spraying Systems 3/8LAP-PP40-40 - 0.492 m® h~1-0.2 bar
Fill Control y ventilacién RF240-30 - Compactness — 200 m?> m™3
Boiler Gabarrén CPE45 45 36120 keal h™!

Table 2

Sensor devices specifications.
Measurement Measuring device Brand Model Range Accuracy N°
Air velocity Hot wire anemometer Distech PDCSY-AV-622 0-32 m s! +3% 8
Air temperature Thermohygrometer Siemens QFM3160 -40-70 °C +0.6°C 5
Air humidity 0-100% +2%
Water flow rate Electromagnetic flowmeter Krohne OPTIFLUX 1000 —12-12 m® 57! +0.5% 1
Water temperature RTD-Pt1000 Siemens QAE2164.010 -10-120 °C +0.1% 4

by a meteorological station (Davis Vantage Pro2) located next to the
experimental facility, on the roof of the laboratory.

The data from all these sensors was recorded by a ECLYPSE control
unit (Distech). Table 2 shows their main specifications: brand, model,
measuring range, accuracy and number of sensors installed. This is
important information because it will be used in Section 3 to calculate
experimental uncertainty values for the water-to-air mass flow ratio and
the Merkel number.

2.2. Mathematical modelling

The governing equations for heat and mass transfer in the transfer
region of the cooling tower are presented in this section.

2.2.1. Poppe theory for thermal performance evaluation of wet cooling
towers

Fig. 4 shows a control volume in the transfer area of a wet cooling
tower, where the flow is considered as a one dimensional problem.
The figure includes both, the counterflow (Fig. 4(a)) and the parallel
(Fig. 4(b)) arrangements. The mass and energy balances for the control
volume, which are the same regardless of the flow arrangement, are:

dm,, = m,dw (€8}
tigdh = ti,dhy, = hydii, = igdh = ie, dT, = c, T,din, =0 2

Heat and mass are transferred from the interface between the water
and the air partly as sensible heat, due to temperature difference, and
partly as latent heat, due to difference in vapour concentration. The
total transfer can be expressed as:

dQ =dQ; +dQ, 3)
The corresponding enthalpy transfer for the mass transfer in Eq. (3)

is:

dO, = hydin, = hyhy (wa - a)) dA )

where h, =c; +c, T,. The convective heat transfer is given by:
dQ,=he (T, —-T)dA (%)

In a 1D model of the cooling tower where the available area for
heat and mass transfer is the same at any horizontal section through
the tower, the transfer area for a section dz can be expressed as
dA = ayAdz = aydV. Here, ay is the wetted area divided by the
corresponding volume of the tower, A is the corresponding frontal area
and V is the cooling tower exchange area volume. According to this,
Egs. (4) and (5) can be rewritten as:

do,

hydiiy, = hyhpay <a) - w) av ©)

dQ, = heay (T, —T)dV @)
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mw + dmw ma (1 +w+ dw)
hy + dhy, h+dh
—_—_—_‘.I—_—_—_:.I—i
dz ding, = hp (ws,, T H)
h’C (T'w - T) dA I
e, e i

e (14 w), h

My, Ry

(a)

dA
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My + drity,
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dr,, = hp
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I
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Mg (1 4+ w + dw)
h+dh

(b)

My, Ry

Fig. 4. Control volume in the exchange area of a wet cooling tower. (a) Counterflow and (b) parallel flow arrangements.

Substituting these expressions in Eq. (3):

do

heay (T, —T)dV + hyhpay (cow - w) av =
ay [hc (T =T) + hohp (o, —w)] av )

The temperature differential in Eq. (8) can be replaced by an en-
thalpy differential. The enthalpy of saturated air at water temperature
is given by Eq. (9), while the enthalpy of the moist air per unit mass
of dry air is calculated according to Eq. (10):

hy, = ¢, T,+o, h,=c, T, +wh, + (a)xw - w) h, ©)
h = cpaT+a)(cfv +chT) (10)
Hence, the enthalpy difference:
hy, —h = (cpa +cocpv) (Tw - T) + (wsw - co) h, =
= ¢y, (Tu=T) + (0, ), 1)

where c, is the specific heat of the air-water vapour mixture, and is
defined asc, =c, +wc, .
Substituting Eq. (11) into Egs. (8):

(e, =) = (s, o),

d0 = ay | he - +hyhp (ww - w) av =
Pma
 hpay [’lh (-1 (1= 22 (o)
xdV 12)

where the dimensionless ratio of heat transfer coefficient to mass
transfer coefficient is usually regarded as the Lewis factor (Le
hc/(ey, hp)). The air enthalpy difference can be obtained upon rear-
rangement of Eq. (12):

)
an = 42 _ oty [Le(hx —h>+(1—Le)hU (a)s —a))] av =
= v

hpay
mtl

[(h - h) +(Le—1) [(h - h) - (wa w) h, ] av (13)

Substitute Egs. (6) and (13) into the energy balance (Eq. (2)):

igdhy, = tigdh — hydii, =
= hpay [(h —h)+@e-1) [(h ~1) = (o, - o) hU”
xdV —
= hyhpay (@, —o)dV =
= hpay [(hsw - h) +(Le—1) [(hsw - h) - (a)sw -o) hu]
- (a)sw - co) hw] av 14)
Then, combine Egs. (1) and (2) to find upon rearrangement,
do _ _dh 1ty _ rgdh=iidh, as)
dT, ~ T,dh, T, m, T, dhym,

to finally substitute Egs. (13) and (14) into Eq. (15) to obtain:
dw
dT,

iy,
Pw m,

_ (0 -0)
R (A e P e o

(16)

Now substitute the expression obtained in Eq. (16) into Eq. (15):
(see Eq. (17) in Box 1.)

Combining Egs. (1) and (5), and dividing both sides by r,,, it can
be found that:
h dv 7
oy _ Mo _do (18)
my, my, @, =

The left-hand side of Eq. (18) is independent of the thermodynamic
conditions in the tower and is determined by the characteristics of the
tower design, The dimensionless ratio hpayV /m, is usually known
as Merkel number (Eq. (19)), which is the accepted dimensionless
coefficient of performance of a wet cooling tower. In the literature, this
performance coefficient can also be defined as KaV /L (where K = hp,
a=ay and L = m,,), Tower Characteristic (TC) or just NTU.

hpA _ hpayV

Me = — (19)
my, my,
According to Eq. (18), the Merkel number can be expressed as:
M= [loll [ le do_ [Re T do (20)
m,, ny, oy —o ny, w; — o dT,
Substituting Eq. (16) into Eq. (20),
dMep
dTMﬁ
_ Cpu
(i, =) +@e=D[(n, = 1) = (o, =) | - (o5, —0) A,
21

The set of coupled ordinary differential equations shown in Eq. (16),
(17), and (21) can be solved simultaneously to provide the air humidity,
the air enthalpy, the water temperature, the water mass flow rate and
the Me profiles in the exchange area of a cooling tower. It should
be noted that the equations presented are valid for unsaturated and
saturated air. Refer to Kloppers [27] for a detailed derivation of the
equations for supersaturated air.

The derivation of the governing equations for heat and mass transfer
in the transfer area in the cooling tower was first accomplished by
Poppe and Rogener [13]. That is why the set of differential equations
presented previously is usually regarded as the Poppe model, and the
dimensionless number referred to as Mep in Eq. (21), is the Merkel
number according to the Poppe theory.
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- a)) i T

dh iy, (w

= 1+ (hsw_h)Jr(Le_l)[(hs

PSS R

a7

Box I.

The system of differential equations can be solved by using the
fourth order Runge-Kutta method. Refer to Appendix for the implemen-
tation of the Runge-Kutta method to solve the governing equations of
the Poppe method.

In this paper, the Poppe method is used for counterflow arrange-
ment (standard variant) and parallel arrangement (less usual variant).
Besides, both arrangements are combined in the more rigorous ap-
proach proposed in this paper. The main difference in the analysis
for both variants (counterflow and parallel), lies in the boundary
conditions used (the set of equations remains the same). While in
the counterflow arrangement the inlet hot water exchanges heat and
mass with the hot humid outlet air, in the case of parallel flow the
heat and mass exchange occurs between the inlet hot water and the
inlet unsaturated air (see Fig. 4). A more detailed discussion concern-
ing the boundary conditions used in the Poppe model for both flow
arrangements can be found in Appendix.

2.2.2. Merkel theory for thermal performance evaluation of wet cooling
towers

The Merkel theory [10] for the performance evaluation of cooling
towers relies on the following critical assumptions:

 The Lewis factor is equal to 1.

« The air exiting the tower is saturated with water vapour and it is
characterised only by its enthalpy.

+ The reduction of water flow rate by evaporation is neglected in
the energy balance.

Taking into account the third of the above mentioned assumptions,
Eq. (2) (energy balance) becomes:

mydh = m,c, dT,, (22)

w=py

Substituting Eq. (13) into Eq. (22) and simplifying for Le = 1 (first
assumption),

hpaydV _  dT,

& 23
mw Pu hxw —h ( )
Integrating:

h %4 Tw, ¢,
MeMZQL:/ e gt (24)
m,, To, hsw —h

Here, Me,, is the Merkel number according to the Merkel theory.
The Merkel number measures the degree of difficulty of the mass
transfer processes taken place in the cooling tower exchange area
since the potential for heat and mass transfer at a particular water
temperature is the difference between A, and h.

The solution of the integral in the rlght hand side of Eq. (24) in-
volves thermodynamic properties which are not analytically integrable
and needs to be evaluated by numerical integration. The four-point
Chebyshev integration technique is recommended by several inter-
nationals standards to determine Me,,. If four intervals are used in
conjunction with the trapezoidal rule, the integral, or Merkel number
is given by,

Tw] pr ( wy w2> 4 1
Me,, = . — 4T, ~c D (25)

— Pw
wy Py =R Y= (h,-n)
) J

Table 3
Calculation procedure for the counterflow tower characteristic according to the
four-point Chebyshev integration technique.

T, h, h (hy, = h)
T, hy
T,, =Ty +09(Ty ~T,) h, (T,) hy=h+09(hy—h) (h, (T, ) hy)
T, =T, +06(Tu| -T,) h, (T,) hg=h+06(hy—h) (h (T, uB —hy)” l
1

Tue =Tu, +04 (T, =T,,)  h, ()  he=h+04(hy=h) (b, (T,)=hc)
Tyy =T, +0.1(Ty, =Ty) by (T,) hp=h +01(hy~h) (h, (T, )—hD) !
T,, h,

p

z 1

= (n, —n),

Table 4

Calculation procedure for the parallel tower characteristic according to the four-point
Chebyshev integration technique.

T, h, h (hy, =h);'

T, hy

T,, =T, +09(T, -T,) h, (T,) hy=h+09(hy—h;) (h (T,)— hA)_]
T,, =T, +06(Tul T,, ) hy (T,) hy=h +06 (hy = hy) (h% (TM,“)—hB)’l
Tyo =T, +04 (T, =Ty) By (T)  he=h +04(hy—h)  (h, (T,)—he)”
T,, =T, +0.1(T, =T,) h, (T,) hp=h+01(hy—h) (h (T, )~ hD)'1
Ty, hy

The Merkel method is also used in this paper for counterflow and
parallel flow arrangements. As previously stated in Section 2.2.1, the
main difference between both variants lies in the boundary conditions
used. Table 3 shows the calculation procedure for the Merkel number
calculated with the Merkel theory for the counterflow arrangement
according to the four-point Chebyshev integration technique. As it can
be seen, the driving force at the inlet of the exchange area depends
on the difference between the inlet hot water (Twl) and the outlet air
(h5). On the other hand, Table 4 contains the calculation procedure for
Merkel number (Merkel theory and Chebyshev integration technique)
in parallel flow arrangement. Here, the inlet hot water (7,, ) exchanges
heat and mass with the inlet unsaturated air (k,) at the inlet of the
exchange area of the tower.

2.3. Experimental procedure

In this investigation, 5 sets of experiments were carried out to criti-
cally evaluate the thermal performance of the cooling tower. According
to the literature, the Merkel number depends on the water-to-air mass
flow ratio (ri1,,/m,). The different levels for the water-to-air mass flow
ratio were obtained by changing the air mass flow rate, which was
achieved by changing the fan frequency. From the maximum level of
50 Hz to a minimum level of f ~ 15 Hz. The water mass flow rate was
fixed at i, ~ 1.3 kg s™! (f = 50 Hz) in order to avoid modifying the
pressure level in the nozzles (it may affect the term a; ). The range for
the experimental 1, /i, values obtained was 0.3-0.8. The thermal load
was 30 kW in all tests.

The standards UNE 13741 “Thermal performance acceptance test-
ing of mechanical draught series wet cooling towers” [29], and CTI
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Table 5
Averaged values in the experimental test runs.
Test T, (°C) be (%) T, (°C) T, (°C) T,, (°C) i, (kg s7) iy, (kg s71)
1 28.47 71.78 33.39 - 28.13 3.9575 1.3151
2 26.39 76.40 34.40 - 29.22 2.9776 1.3109
3 27.36 62.97 36.02 31.33 30.67 2.5029 1.3088
4 27.23 75.30 40.34 36.74 34.94 21145 1.3145
5 30.24 62.23 49.85 49.85 45.47 1.5501 1.3260
Table 6
Merkel number calculated with the different approaches shown in Fig. 5.
. Flow arrangement
Analysis method Merkel Poppe
Test run Hz i, /1
Merkel- . f®Hz) /i, CF PF CF CF + PF  PF
Counter flow (CF) 1 50 03323 08714 09915 09055 1.0320  1.0320
> D 2 40 0.4403  0.6145 0.6685 0.6441  0.7017 0.7017
Parallel flow (PF) 3 30 0.5229  0.4680 0.4971  0.4920 0.4796 0.5233
Poppe 4 25 0.6217 0.3294 0.3437 0.3487  0.3357 0.3643
5 15 0.8555 0.1135 0.1148 0.1216 0.1230 0.1230

Fig. 5. Methods used in this research for thermal performance evaluation.

“Acceptance Test Code for Water Cooling Towers” [30] were taken as
a reference to evaluate the stationary conditions of the tests.

As stated before, the main goal of this work was to conduct a critical
evaluation of the heat and mass transfer taken place in the inverted
cooling tower. In this sense, the Merkel number has been calculated
considering 5 different approaches (listed in Fig. 5).

The two first approaches use the Merkel method considering either
parallel arrangement only (as if the cooling would take place only
in parallel arrangement) and counterflow arrangement only. They are
referred to as Merkel CF and Merkel PF, respectively in Fig. 5. The
Poppe approach is also used considering again as if the cooling would
take place only in parallel and counterflow arrangement only (Poppe
PF and Poppe CF). Besides, since in the novel cooling tower design, heat
and mass are transferred partly in counterflow arrangement and partly
in parallel arrangement, a more rigorous approach was included in the
analysis. This approach takes into account the relative contributions
of both flow arrangements and is referred to as Poppe CF + PF in
Fig. 5. Fig. 6 schematically depicts the steps taken during the calcula-
tion procedure. After a experiment is conducted and all the necessary
variables are measured, the Merkel number is calculated according to
the 5 approaches previously described. In those approaches where the
cooling is considered to take place either in counterflow or parallel
arrangement, only the inlet and outlet water temperatures (T, , T,,,)
are required for the calculation. When the more rigorous approach
is used, the intermediate water temperature, Ty, measured in the
water channels is employed alongside with T, and T,, to calculate
the cooling taking place in counterflow (7, — T,) and parallel
arrangement (T, — T,,,).

3. Results and discussion
3.1. Experimental results

Table 5 shows the averaged values of the most relevant ambient
and operating conditions during the 5 tests outlined in Section 2.3. It
is shown how the water mass flow rate remains constant, while the
air mass flow rate decreases from 3.96 to 1.55 kg s~!'. Regarding the
ambient conditions during the tests, the ambient temperature changed
from 24 °C to 30 °C, while the ambient relative humidity from 62%
to 76%. The temperature of the water at the different locations (inlet,
intermediate and outlet) is also included in Table 5. It is important to
mention that there were not always measurements for the intermediate
temperature, T, , which is measured in the water channels described
in Section 2.1 (top right area of the tower depicted in Fig. 3). A visual

inspection of the water collection channels was carried out during
the tests, showing no water being collected in cases where the fan
frequency was very high.

The experimental results obtained for the variation of the Merkel
number with the water-to-air mass flow ratio, for the 5 approaches
studied, are presented in Table 6.

These results are presented in Fig. 7. The Me —r,,/m, relationship
follows the expected trend: Me decreases potentially with s, /r, (lin-
ear trend on log-log scale). This involves that the effect of s, /1, on
Me becomes less pronounced as i, /i, increases. This behaviour is
attributed to the decrease in the fraction of water that evaporates per
unit of inlet water with increasing ,,/m, values. The situation corre-
sponding to the minimum s, /i, can be interpreted as the maximum
air flow rate for a given water flow rate to be cooled. This results in
the maximum driving force and, therefore, maximum Merkel number.
As m, decreases progressively, the driving force decreases for a given
m,,, and Me decreases accordingly. The experimental uncertainty has
been calculated according to the ISO Guide [31], with the type B
evaluation for standard uncertainty and a coverage factor of k = 2
(level of confidence of 95%) for the expanded uncertainty. The sensor
specifications were taken as a reference for the calculations ( Table 2).
Averaged values of 3.53%, and 11.73% were obtained for 1, /m, and
Me, respectively. It should be mentioned that the above values were
calculated for the Merkel theory and counterflow arrangement. No
significant variations for the uncertainty levels were observed for the
rest of methods of analysis or the flow arrangements considered in this
paper.

The sequence in terms of decreasing Merkel number is Poppe
method in parallel arrangement, Poppe method in combined counter-
flow and parallel arrangement, Merkel method in parallel arrangement,
Poppe counterflow, and Merkel counterflow.

The Merkel method for wet cooling tower performance evaluation
tends to underestimate the performance characteristics of the tower.
The Merkel number, determined by the Poppe theory for the trickle
fill employed in the inverted cooling tower, is 5.13% higher than the
Merkel number determined by the Merkel method. This difference is
roughly constant regardless of the flow arrangement considered (paral-
lel or counterflow) and changes slightly with the water-to-air mass flow
ratio tested (3.84% with r,, /i, = 0.33 and 6.64% with r,,,/m, = 0.86).

Concerning the influence of the flow arrangement on the thermal
performance analysis, the Merkel number calculated for the parallel
arrangement is higher than the one obtained for the counterflow ar-
rangement. This statement is valid for the Merkel number calculated
with both, Poppe and Merkel theories. On average, the difference
is 6.32%, with a maximum of 12% for some water-to-air mass flow
ratios. This fact can be explained as a higher transfer coefficient being
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Fig. 7. Experimental results for the Me number as a function of s, /r,.

required to achieve the same cooling for parallel arrangement com-
pared to counterflow arrangement. If the results obtained with the
parallel arrangement and the Poppe method are compared with those
obtained with the rigorous approach proposed in this research, they
are slightly higher (average difference ~ 3.24%). When compared to the
counterflow arrangement, the results obtained with the proposed model
are 5.57% higher on average. These results follow the logical sequence
Mepr > Mecpypr > Mecg, since the rigorous approach includes both
arrangements and the results are closer to a totally parallel behaviour.

Table 7 shows the results predicted by the rigorous method pro-
posed in this paper. It presents the Merkel number calculated for each
flow arrangement, the total Merkel number (Mecg,pp = Mecp + Mepg)
and the contribution of the parallel and counterflow arrangements as a
fraction of the total cooling (Mepg / Mecp,pr and Mecg / Mecgpp)-

As it can be seen, the cooling occurs mostly in parallel arrangement
for high fan frequencies (f > 40 Hz), as well as for low frequencies
(f =~ 15 Hz). The cooling is mixed (counterflow and parallel) for
intermediate frequency levels.

For those cases where the fan frequency is very high, the highest
height reached by the water (where the arrangement of the flows

Table 7
Values of the Merkel number and the contribution of each flow arrangement, in the
experimental thermal tests carried out.

Test run  f (Hz) s /i,  Meg Mepp Megripr — pod
'CCF+PF CCR+PF
1 50 0.3323  0.0000 1.0320 1.0320  0.00 1.00
2 40 0.4403  0.0000 0.7017 0.7017  0.00 1.00
3 30 05229  0.4070  0.0726  0.4796  0.85 0.15
4 25 0.6217  0.2048 0.1309 0.3357  0.61 0.39
5 15 0.8555  0.0000 0.1230 0.1230  0.00 1.00

changes) is very close to the location where the nozzles are placed.
Therefore, it can be said that the counterflow cooling in this case is
practically zero and therefore, all the cooling occurs in parallel. As the
frequency of the fan decreases, water is collected in the channels and it
is possible to identify the amount of counterflow and parallel cooling.
Finally, for the lowest fan frequency level tested, the water reaches
the channels without modifying its temperature, probably because the
short time required to reach the top height. Therefore, for these cases
the counterflow cooling is zero and all cooling occurs in parallel. Fig. 8
graphically attempts to explain this behaviour.

Table 7 includes the ratios of the cooling occurring in parallel and
counterflow to the total cooling, in terms of the Merkel number. It can
be seen that the Merkel number calculated in counterflow arrangement
initially increases when the air mass flow rate decreases (increasing the
water droplets travelling distance). Subsequently, the Merkel number
calculated in counterflow arrangement begins to decrease while the
water-to-air mass flow ratio increases. This is justified because for very
high water-to-air mass flow ratios the air flow rate is low and, therefore,
the cooling capacity decreases (term 4p).

3.2. Correlation and validation

As stated in Section 2.3, the transfer coefficient of the tower (Merkel
number) depends on the water-to-air mass flow ratio. In this sense, the
calculated Me has been correlated as a function of m,,/m, (Eq. (26)) as
suggested by [28,32,33], among others.

i —n
Me=c (—w> (26)
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Table 8

Constants ¢ and n for the Poppe and Merkel theories and the different flow

arrangements.

1.55

1M (kg/s)
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Fig. 8. Channel location and flow arrangement.

Method

Poppe PF
Poppe CF
Poppe CF + PF
Merkel PF
Merkel CF

0.1066
0.1081
0.1014
0.0991
0.1005

2.2227
2.0977
2.2479
2.2532
2.1292

Table 9

Maximum and averaged difference between calculated and measured outlet water

temperatures.

Method

Max dif. (%)

Averaged dif. (%)

Poppe PF
Poppe CF
Poppe CF + PF
Merkel PF
Merkel CF

1.94
211
2.08
1.97
213

1.36
1.60
1.31
1.36
1.59

The solid lines in Fig. 7 correspond to the transfer characteristic
of the cooling tower, described by Eq. (26). Constants ¢ and » in the
equation can be found in Table 8 for the 5 approaches analysed.

This information regarding the transfer coefficient is commonly
used in the cooling tower analysis to predict the water outlet temper-
ature. The results of the comparison between calculated and measured
outlet water temperatures, for the 5 approaches analysed are remark-
ably confident (Table 9). For the proposed rigorous approach, the
maximum and averaged differences between experimental and pre-
dicted results are 0.74 °C and 0.44 °C, respectively. This translates into
a maximum percentage difference of 2.08% (~ 1.31% on average). No
significant differences were observed in the results regardless of the
model used or the arrangement considered. Fig. 9 shows the calcu-
lated and experimental outlet water temperatures for the 5 approaches
analysed in this paper.

Notwithstanding the observed differences between the Merkel num-
bers calculated with the Poppe and Merkel methods, the subsequent
application of the Merkel method employing the smaller value for the
Merkel number obtained during cooling tower tests, will predict nearly
the same cooling tower water outlet temperature as obtained by the
Poppe method.

As the Poppe method provides the air profiles (humidity ratio and
enthalpy) in the transfer region of the cooling tower both, the evolution
of the air properties and the outlet temperature, can be predicted.

T, experimental (°C)

0

Fig. 9. Comparison between experimental and predicted cooling tower outlet water
temperatures.

The evolution of the air and water properties in the psychrometric
chart is displayed in Fig. 10 for three different experimental tests. The
solid lines overlapping the saturation curve depict the evolution of the
water, since the driving force in the cooling process depends on the
difference between the enthalpy of the saturated air evaluated at the
water temperature and the air enthalpy.

It can be observed how the air is heated up and increases its
moisture contents while evolving to the outlet water temperature. In
the case corresponding to the largest fan frequency level tested (f =
50 Hz, blue series in Fig. 10), the temperature evolution is shorter due
to the smaller contact time between air and water due to the large
air velocity. Besides, the temperature difference near the outlet of the
cooling tower is T > T,,. This implies that the sensible heat transfer is
from the air to the water while the latent heat transfer is from the water
to the air. The net enthalpy transfer is still in the direction of the air. As
a result, in this area both, the air and the water, are cooled. In the case
corresponding to f = 25 Hz, the air evolution in both arrangements is
presented in different colours (yellow and green). It can be seen how
both predictions provide the same air temperature at the location of
the nozzles.

The maximum difference between calculated and measured outlet
air temperatures for the Poppe theory using the rigorous approach
combining both flow arrangements is 1.33 °C (~4.30%), and the average
is 0.58 °C (1.95%). Those values highlight the goodness of the pro-
posed approach of analysis. Similar average differences, though slightly
worse, are observed in counterflow and parallel arrangement by the
Poppe method to those obtained by the proposed method. Note that
the Merkel approach does not predict the air outlet temperature.

In the light of the results obtained, it can be said that choos-
ing a particular method of analysis when evaluating the performance
characteristics of the tower is important, because this method must
subsequently be employed in the analytical approach to predict cooling
tower performance. In this sense, if only the water outlet temperature
is of relevance, any of the approaches described in this paper can be
used, as they predict practically identical water outlet temperatures.
However, in the case of the inverted tower, using the Poppe method
of analysis including both of the transfer arrangements is suggested.
Not only it provides the best predictions for the outlet water and air
temperatures but it is a good approximation of the complex underlying
physics of the problem and the state of the outlet air is accurately
determined.

4. Conclusions

In this study, a critical evaluation of the heat and mass transfer
processes taken place in a mechanical forced draft, counterflow-parallel
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flow, wet cooling tower (known as inverted cooling tower) has been in-
vestigated. The results obtained during the research can be summarised
as follows:

It has been assessed, by experimental observation, that the tower
cools the water in both, parallel and counterflow, flow arrangements.
Hence, a rigorous approach that uses the Poppe theory and com-
bines both flow arrangements is proposed to evaluate the thermal
performance of the novel cooling tower prototype.

The amount of cooling taking place in the counterflow arrangement
increases and then decreases with decreasing fan frequency. This is
because for high fan frequency levels the drag force rapidly overcomes
the momentum of the water droplets when they are sprayed and for low
fan frequency levels the contact time between the air and the water in
counterflow arrangement is small.

In the light of the results obtained in this research, the proposed ap-
proach of analysis is the best way to evaluate the thermal characteristic
of the cooling tower prototype. It provides remarkable predictions for
the outlet water and air temperatures. On average, 0.44 °C difference
for the water prediction and 0.74 °C difference for the air prediction
are observed.

The Merkel and Poppe methods of analysis for thermal performance
prediction, report differences ranging from 3.84% to 6.64% (Mep >
Me,,). The particular method of analysis when evaluating the perfor-
mance characteristics of a certain fill material must subsequently be
employed in the analytical approach to predict cooling tower perfor-
mance. If only the water outlet temperature is of relevance, the Merkel
approach can be used, as it predicts practically identical water outlet
temperatures than the Poppe approach.

The influence of the flow arrangement on the thermal performance
prediction has also been investigated. A higher Merkel number is ob-
tained for the parallel arrangement compared to counterflow to achieve
the same cooling. Differences from 1.12% to 12.19% are observed for
the range of tested water-to-air mass flow ratios. This fact is justified
by the higher transfer coefficient required to achieve the same cooling
for parallel arrangement compared to counterflow arrangement.
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Appendix. Solving the system of differential equations by means
of the fourth order runge-kutta method

The fourth order Runge-Kutta method is used to solve the system
of differential equations shown in Eq. (16), (17), and (21), which can
be written as:

do
ar. = f1 (0,h,T,,) A1
dh
ar. = f2 (0,0, T,,) (A2)
dMe
dTwP = f3 (@, h,T,) (A.3)

The calculation procedure is detailed below:

+ The transfer area is divided into levels with the same water
temperature difference across each interval, Eq. (A.4).

+ Levels (imaginary horizontal planes at the top and bottom of the
transfer area and between two intervals) are also specified (see
Fig. A.11).

+ Initial values of the variables T,,, # and » are required on a
particular level, say level (n). This point is of high relevance
when analysing different flow arrangements. For a counterflow
arrangement, the initial values for the variables at level O are
T = Tw,» by = M1 and o) = w;. In the parallel arrangement

LU((]) w
however, T, Ty,s hoy = h, and o) = ;.

W) =

» The values of the variables can then be determined at level (n+1)
with the aid of the Egs. (A.5)-(A.7). Here, j, k and / are calculated
using Egs. (A.8)—(A.19).

AT, = (T'L';—TWZ) A4

Jos1y T 212 + 2ign13) T ige1,4)
Wity = Wiy + 5 (A.5)

kine1,1) + 2kur12) + 2K1.3) + Kna1.4)

huety = hey + 3 (A.6)
/ +21 +21 +1
_ (n+1,1) (n+1.2) (n+1,3) T Lnt1,4)
Mep(m) = Mep(n) + G (A.7)
j(n+l,l) = ATw
L1+ (Tt Py W) (A.8)
K1,y = ATy,

L2 Ty Py Weny) (A.9)
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Fig. A.11. Counterflow cooling tower exchange area divided into five intervals.

l(n+1,1) = AT,

S5 (Tt Py W) (A.10)

j(n+1,2) = ATw

AT, K11y Jnt11)
To + = h+ —5 W+ —
kp12) = ATy,

AT, k(1,1 Jnr1,)
Tw(,,)+—2 shey + 2 s Wiy + )

l(n+1,2) = AT,

AT, knt1,1) Jr1,1)
wny + - shiy + 7 Wy + )

w
win t byt Wy +
k(n+1,3) = 4T,

T, k(nt1,2) Jn+1,2)
w5t T W+

lnr13) = AT,

k J
(n+1,2) (n+1,2)
S Wiy +
2 0 2

( )
( )
- AT( |
1) = "’( AT ks /<n+u>>
( )
( )

Jo+14) = AT, -

I (Tt + AT hgy + K13y Wiy + Jus13y)  (A17)
k(n+1,4) = 4T,

-8 (T + AT By + K(u1 3y Wiy + Jnr1 ) (A18)
l(n+1,4) = 4T,

B (T + AT higy + K13y Wiy + Jnp13))  (A19)

The four variables in the Runge-Kutta method are T,,, w, h and
Mep from the left-hand side of Egs. (16), (17), and (21). For this
reason Egs. (A.1)-(A.3) are functions of only 7,,, w, and h. Most of the
other variables are functions of these variables. Egs. (A.1)—(A.3) are not
functions of Mep because d Mep /dT,, is a function of dw/dT,, as can
be seen from Eq. (20). Thus, Egs. (16) and (17) can be solved without
Eq. (21).
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