EPJ Web of Conferences 92,02014 (2015)
DOI: 10.1051/epjconf/ 20159202014
© Owned by the authors, published by EDP Sciences, 2015

Analysis of parameters of air passing through the rain zone in a cross-

flow

Lukas Dvorak'?, Jan Cizek' and Ji¥{ Nozicka!

!CTU in Prague, Faculty of Mechanical Engineering, Department of Fluid Dynamics and Thermodynamics, Technicka 4,

Praha 6 - Dejvice, 166 07

Abstract. The research in the field of cooling towers shows that a rigorous determination of each parameter of
air passing through areas with water drops is increasingly important. The transfer of heat, mass and momentum
is represented, on the side of the air, as temperature and humidity increase and static pressure decrease due to

the interaction between the flowing air and falling drops. The present article focuses on the description of the
experimental setup allowing the measurement of these parameters on both the air and the water side, and

possible ways to analyze measured values.

1 Introduction

One of the most important parts of cooling tower,
considering the transfer of momentum, heat and mass, is
the so-called "rain zone", which is located beneath
cooling fill in standard counterflow cooling towers.
Water bodies fall out of the cooling fill, whether film- or
grid-type, in the form of drops in the air, while the
proportion of heat removed from water is not negligible
and, for example, D. G. Kroger [1] states that up to 20%
of the total heat removed by the tower fall on the rain
zone. Therefore, knowledge and exact mathematical
description of the processes, which happen in the rain
zone, are important in terms of design of such
undoubtedly necessary devices.

For correct design of mathematical model, it is
always necessary to verify it by means of one or more
experimental models. Given to relatively small changes
in temperature and water content in the air, this
experimental model must be designed as to maximise
values of these changes. Therefore, an experimental stand
was needed to verify the mathematical model situated in
a vertical position so that both fluids — i.e. cooled and
cooling, flow towards each other in almost crossflow
way, which corresponds, for example, to air intake at the
inlet of the cooling tower with natural draft. Due to
crossflow connection, it is not possible and appropriate to
use the most frequently used Chebyshev integrations for
determining the Merkel number that is dimensionless
characteristic of heat and mass transfer. Therefore, the
Effectiveness — NTU (Number of Transfer Units) method
that may be also applied to evaporative cooling systems
[2] is used in this paper.
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2 Analysis

As mentioned above, the interaction between liquid and
gaseous phases happen in the rain zone. Due to
temperature and concentration gradient between the two
phases, heat is removed from cooled medium, i.e. water,
and transferred to cooling medium, i.e. air. The transfer
of this heat results in enthalpy increase in air. The
increase in this enthalpy may be divided into the one
connected with the mass transfer and into the other
connected with the convective heat transfer, i.e.:

dQ = dQ,, + dQ.. (1)

Then, enthalpy change caused by mass transfer may be
expressed as:

de = ivhd(wsw - W)dA, (2)
where wy,, is the humidity ratio of the saturated air at the
water temperature. For the enthalpy change caused by
convective heat transfer, it may be written:

dQ. = h(T,, — Ty)dA, 3)

where for the difference T,, — T, it may be written:

T, —T, = [Gmasw = ima) — Wsw — W)iv]. )

Cpma
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By substituting such relations into the equation (1) and
with the assumption that the Lewis factor is equal to unity
(Lef = h/(cpmahd) = 1) we get the relation:

dQ = hy(imasw — ima)dA. Q)

The heat conveyed in the control area within the rain
zone may also be expressed by calorimetric equations,
thus writing the thermal balance between water and air
for the control area:

dQ =m,, ¢,y dT,, = Mydin,. (6)
If we substitute the relation aT,, =

dimasw/ ([ dimasw/dT,) into the left part of the equation
(6) and modify the equation, we get the relation:

dispgsw = dQ (dimasw/dTw)/(mepw)- (7

If we subtract the air enthalpy change from the equation
dQ = m,di,, and from the equation (5) from the
equation (7), we get the modified relation:

d(imasw=ima) _ hy ((dimasw/dTw) _ L) dA (8)

(imasw—ima) MwCpw Mmq

Compare the equation (8) with the equation to derive the
mean logarithmic temperature gradient of a heat
exchanger:

d(Th—TC)__U< 11 )dA, ©)

(Tp—=Tc) MpCpn  MpCph

where indexes 4 and ¢ are used for hot and cold fluid.
The comparison results in the definition of the heat
capacity for air (i.e. cold medium) as m, and the heat
capacity for water (i.e. hot medium) as
(mwcpw)/(dimasw/dTw)~

The maximum quantity of heat that can be transferred can
be defined as follows:

—A- imai)r (10)

Cemin (lmaswi

Qmax =
where i,,s0; 1S the saturated air enthalpy at the water
inlet temperature, i,,,; is the air inlet enthalpy and A is
the correction factor given by equation:

A = (lmaswo t imaswi — 2lmasw) /% (1

where i,,5w 1S the saturated air enthalpy at the water
mean temperature Ty, = (Tyyi + Tiwo) /2.

Two calculation variants shown in Table 1 are considered
for further calculation. From relations given in the table,
the minimum heat capacity may be determined and
substituted into the relation (10) and the maximum
theoretical heat that can be transferred may be
determined. Effectiveness of a heat exchanger — in this
case, the rain zone is then given by relation:

Q (12)

Qmax

€e

Table 1. Determination of the minimum heat capacity.

Case "1" Case "2"

C. > Cy C, > C,
(mepW) (mwcpw)
m,>—-——"—" ——>m

“ (dlmasw/dTw) (dlmasw/dTw) “
(mwcpw)
Copig = ——————— Comin =M
emn (dlmasw/dTw) emin a
. = (mwcpw) c. = (dimasw/dTy,) - mq
¢ (dimasw/dTw) Mg ¢ (mWCPW)

3 Experimental line

Following the above mentioned, an experimental line has
been designed (Figure 1). As resulting from the
configuration of the whole cooling tower, the mutual
direction of the vectors of the velocity fields of individual
phases (water — humid air) in the rain zone is generally in
all angles and is not purely counterflow or crossflow.
Therefore, the resulting mathematical model must be at
least two-dimensional model. However, obtaining the
accurate data for at least one direction will be sufficient
to verify the mathematical model. Therefore, the "almost"
crossflow model was selected as shown in schemes
below. However, the ideally crossflow connection is not
possible due to the drift of drops by flowing air.
However, given the low measuring area (0.5 m), this drift
of liquid phase may be neglected.

Figure 1. Experimental line

3.1 Water system

Water is supplied to the stand from an elevated tank
equipped with heaters and overflow discharge to maintain
the constant level as well as the constant flow of water
through the measuring section. The constant level is
maintained by means of a pump, which circulates water
from one of the parts of the water tank (equipped with
heaters) to the other (feeding). To increase the flow rate,
it is supplied by means of two pipes (Figure 2), each
equipped with an inductive flowmeter, control valve and
a temperature sensor. High-pressure nozzles, with their
patterns corresponding to stand width, are mounted on
the supply line. Nozzles are used for distributing water to
film cooling fills, with water coming out of it in the form
of drops to the measuring area. Eight separate collecting
vessels are located beneath the fills, which allow to
monitor the change in water temperature along the entire
line as well as to monitor the amount of conveyed heat in
individual sections, whose lengths correspond to the
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lengths of vessels. Water is then drained in piping to the
adjacent water channel from each tank.

P

Figure 2. Water system scheme

3.2 Air system

The entire line is designed as exhausted by means of a
two-stage axial fan. For uniform velocity profile, the inlet
is equipped with a symmetric sine air-conditioning
adapting piece. Due to relatively low velocities in the
measuring section, a contraction in the form of so-called
"two-sine nozzle" is created at the outlet [Jonas 1991].
Four static pressure taps and two taps of total pressure
with Kiel rings are located at the narrowest point of the
nozzle. At this narrow point, the individual extractions
are used for determining the dynamic pressure and then
the average velocity of air along the rain zone. Three
sensors  determining the actual static pressure,
temperature and air humidity are located at the inlet (in
the direction of air flow after inlet nozzle) and at the
outlet (before contraction).

Figure 3. Left — Nozzle at the inlet to the measuring
area; Right — Nozzle for measuring the air velocity

4 Evaluation of results

Data from all sensors are recorded throughout the
measurement and parameters of both fluids — i.e. cooling
and cooled, are then real-time evaluated. Given the
relatively high cooling performance of the whole
experimental system it is then impossible to measure
continuously, however with the maximum water flow, it
is possible to operate the line for approximately 30
minutes, during which the heat and mass transfer in the
stand stabilises around constant values. The values
obtained on the experimental stand are then used for

evaluating the change in air enthalpy after passing
through the actual length of measuring section. The
length of measuring section can be then discreetly
shortened by closing the individual nozzles or only one of
two water pipes may be possibly used. The inlet
temperature of each pipe and the water outlet temperature
of each of the collecting vessels are then measured on the
water side. An example of outlet temperatures of
individual vessels is given in Figure 4. This chart shows
that the most intensive heat transfer (maximum cooling of
the water) occurs at the beginning of the rain zone due to
the highest temperature and concentration gradient.
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Figure 4. Course of water temperatures along
experimental stand

Throughout the measurement, the total heat flux, both on
the water side and on the air side, is evaluated from data
obtained from individual sensors. To determine quality of
the measurement it is then possible to use the heat
balance defined as ratio of the heat fluxes. An example of
recording the actual heat fluxes evaluated from individual
meters is given in Figure 5. The record shows a very
good agreement between the heat removed from the
water and transferred to the air.
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Figure 5. Time characteristic of measured heat flux

=t

4.3F]

A non-dimensional characteristic Merkel number of an
additive nature is used for determining the rate of heat
and mass transfer in cooling towers. Therefore, it can be
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said that for individual sections of a cooling tower, in
which heat and mass transfer happen, i.e. the spray zone,
fill zone and the rain zone, the total Merkel number may
be defined, which is the sum of Merkel numbers of the
zones. As indicated above, the so-called "Chebyshev
integration", which is derived for counterflow towers, is
most often used for evaluating the Merkel number of the
cooling fill. Therefore, the e-NTU method, modified for
evaporative cooling systems, was used for this
experiment setting.

The principle of the e-NTU method is to determine
the effectiveness of a heat exchanger according to the
equation (12). To calculate the effectiveness of a heat
exchanger, Kays [3] suggested several equations for
several types of heat exchangers. The equations are the
function of the ratio of heat capacities and non-
dimensional parameter NTU (Number of Transfer Units),
which is widely used for the analysis of heat exchangers.
However, this case concerns a reverse task, as the
effectiveness may be easily determined from the data
measured. To evaluate the Merkel number for the rain
zone in the crossflow connection, it is then necessary to
determine first the NTU from the following equation:

e.=1—exp [(NTUO'ZZ{‘”"’[_Cie'NTUO'm]—l})], (13)

where C, is determined from Table 1. To determine the
NTU this equation was solved by a simple iteration
method. The Merkel number for individual modes may
be then easily evaluated from the following equation:

C..
Me = NTU =2, (14)

mW
The results of individual measurements are given in Fig.

6 for individual values of m,, /1, i.e. the ratio of mass
flows of water and air.
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Figure 6. Dependance of the Merkel number on the
ratio of mass flows of water and air

5 Conclusion

Within the research of the transmission of heat,
momentum and mass in two-phase flow in a cooling
tower, which is aimed at intensifying the performance by
correct design of water spray in cooling towers, it is

necessary to create a suitable mathematical model best
suited to experimental data. Therefore, an experimental
stand was designed and assembled to allow to obtain
relevant data under appropriately defined conditions.
Data that helped in selecting and locating the suitable
meters to make the measured data as accurate as possible
were obtained within stand testing. The evaluated heat
fluxes that were measured in individual fluids were used
for calculating the heat balance of the whole experimental
stand. If this balance approximates the unity, all meters
may be deemed to record correct data.
For the possibility of further use of data, e.g. to verify and
set the prepared mathematical model, the data obtained
had to be sufficiently generalised. For this generalisation,
the most frequently used characteristic was used — the so-
called Merkel number. The e-NTU method that may be
also applied, when modified appropriately, to evaporative
cooling systems was then used for calculating the Merkel
number. The Merkel numbers for individual modes were
assembled in the characteristic shown in Fig. 6 depending
on the actual ratio of mass flows of the two fluids.
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