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SUMMARY

A thermal power plant’s efficiency is greatly dependent on the temperature of the
saturated steam in the condenser. Wet-cooling provides low temperatures
economically where water is readily available. Increasing the effectiveness of
these wet-cooling towers through performance enhancement could result in a
decrease in life cycle cost. Reuter has found that the rain zone, often overlooked
as a region for performance enhancement, can have a considerable effect on the
performance characteristics of a cooling tower.

In this thesis, the effect of installing a newly developed splash type grid below a
conventional film type fill on the performance characteristics of the rain zone is
investigated experimentally. The proposed grid reduces the mean drop size in the
rain zone to enhance the performance characteristics. The following experimental
performance tests are conducted in a fill test facility: film fill only, fill with rain
zone, fill with rain zone and one layer of splash grids for different placements and
inclination angles below the fill, fill with rain zone and two layers of splash grids
for different placements below the fill. From the experimental performance
characteristics, a Sauter mean drop diameter is calculated, which shows that a
significant reduction in drop size is achieved by means of the grid.

The experimental results are ultimately used in a natural draught wet cooling
tower one dimensional performance model to determine the effect of different fills
and the grid below the fill on the cooling tower re-cooled water temperature and
range.
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OPSOMMING

‘n Termiese kragstasie se doeltreffenheid is hoogs athanklik van die temperatuur
van die versadigde stoom in die kondensators. Nat verkoeling bied tans die laagste
temperatuur wat ekonomies lewensvatbaar is waar water redelik beskikbaar is.
Die verhoging in nat verkoeling torings se effektiwiteit deur die verbetering in
werksverrigting kan ‘n daling in lewensiklus koste tot gevolg bring. Reuter het
gevind dat die reénsone, ‘n aansienlike effek kan hé op die werksverrigting
karakteristieke van ‘n koeltoring.

In hierdie tesis, word die effek van ‘n nuutontwikkelde spatpakrooster onder 'n
konvensionele film tipe pakking op die werkverrigtingskarakteristieke van die
reénsone eksperimenteel ondersoek. Die voorgestelde rooster verklein die
gemiddelde  druppelgrootte in  die reénsone om  sodoende die
werkverrigtingskarakteristiecke te verbeter. Die volgende eksperimentele
werkverrigtingstoetse is gedoen in ’n koeltoringpakking toetsfasiliteit.:
filmpakking alleen, filmpakking met reénsone, filmpakking met reénsone en een
laag van spatpakroosters vir verskillende plasings en hoeke onder die pakking,
filmpakking met reénsone en twee lae van spatpakroosters vir verskillende
plasings onder die pakking. Vanaf die eksperimentele
werkverrigtingskarakteristieke, word daar 'n Sauter gemiddelde druppeldeursnee
bereken, wat toon dat 'n noemenswaardige verlaging in druppelgrootte met behulp
van die spatpakrooster verkry kan word.

Die eksperimentele resultate word uiteindelik gebruik in n een dimensionele
natuurlik trek natkoeltoring werkverrigtingsmodel om die effek van die
spatpakrooster onder die pakking in ‘n natuurlike trek nat koeltoering se
herverkoelde water temperatuur en temperatuurverskil te bepaal.
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CHAPTER 1 INTRODUCTION

1.1 Wet cooling towers

A natural draught wet cooling tower (NDWCT) as shown in Figure 1-1, rejects
waste heat from re-circulating cooling water to the atmosphere and provides the
lowest possible temperatures when using the atmosphere as a low temperature
reservoir. It is a preferred option where water is readily available at low cost.
Heated re-circulating cooling water, which is typically from a surface condenser-
or process type heat exchanger, enters a wet cooling tower from the bottom and
flows upwards in a riser before it is distributed to a grid of sprayers (Figure 1-2a).
The sprayers spray the water as small drops onto the fill. The fill zone, which can
either contain splash- (Figure 1-2b), trickle-(Figure 1-2c) or film fill (Figure
1-2d), increases the water-air interfacial area, which is achieved by the water
splashing, trickling or running down the fill as a thin film, depending on the type
of fill. The type of fill used in cooling towers depends on several factors including
the size of the cooling tower (existing towers), the hydraulic head available
(existing towers), water quality, water temperature and cost. After the water
passes through the fill zone it falls, under the force of gravity, through the so
called rain zone as water drops with a polydisperse size distribution and falls into
a water collecting pond from where it is pumped back to the surface condenser or
process heat exchanger.

Air out
A TR
Tower shell
Water distribution system
Drift eliminators Fill zone
Spray zone Tower supports
Rain zone TR

Pond

1
j <----Hot water

Cold water<-

Figure 1-1: Schematic of natural draught wet cooling

The re-circulating water is cooled by ambient air which is drawn in at the bottom
of the cooling tower due to a low pressure induced by buoyancy effects as a result
of density difference between the air inside the cooling and the air outside the
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cooling tower. This is known as natural draught. The low pressure can also be
induced by fans (mechanical draught). The air enters the cooling tower, passing
through the rain zone where between 10-20% of the heat and mass transfer occurs
(Krbger, 2004). It then enters the fill zone, which can either contain splash-,
trickle-or film fill, where most of the heat and mass transfer occurs. The now
saturated to super saturated air leaves the fill zone, passing through the spray
zone, water distribution system and drift eliminators. The drift eliminators remove
any water drops that might have become entrained in the upward flowing air.
After the air passes through the drift eliminators it flows through the remainder of
the tower and exits to the atmosphere.

c). Trickle fill

« ol

d). Film fill e). Drift eliminators
Figure 1-2: Wet cooling tower internals

A NDWCT performance affects a power plant performance since it affects the
turbine exhaust temperature i.e. condenser steam temperature. In a typical power
plant water/steam cycle with a NDWCT re-circulating cooling water circuit, as
shown in figure 1-3, a steam turbine exhausts wet steam to a surface condenser
where the steam is condensed so that it can be pumped back to a boiler via
feedwater heaters. This condensate is heated and turned back into superheated
steam which is fed to a turbine to complete the power generation cycle.

Reuter (2010) found that the gross efficiency of a typical modern coal fired-power
plant increases between 0.3 to 0.5 % per 1 K decrease in turbine exhaust steam
temperature i.e. condenser steam temperature.

A temperature versus condenser heat load diagram for a typical wet cooled power
plant system is shown in figure 1-4. It can be seen from figure 1.4 that the
condenser steam temperature can be decreased by either decreasing the initial
temperature difference (AT rp) and/or the tower’s approach (ATapp). The initial
temperature difference can typically be decreased by increasing the condenser
heat transfer surface area and the cooling water mass flow rate to reduce the
cooling water temperature rise. The approach can be decreased by either installing
fill with better performance characteristics than the current installed fill,
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decreasing the flow losses, increasing the size of the tower or increasing the
performance of the rain zone.

Generator

Y

Boiler

Turbine Cooling tower

Feed water pump Condenser

Heaters

Condensate extraction pump

Cooling water pump

Figure 1-3: Schematic drawing of a typical power plant water/steam cycle and
natural draught wet cooling tower re-circulating water circuit
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Figure 1-4: T vs Q diagram for a typical wet cooling system diagram

Eskom (South Africa’s parastatal power utility) NDWCT’s of Eskom (which
comprise approximately 75 % of its heat ejection systems) are currently under-
performing. The under-performance can be ascribed to various factors which
include degradation of cooling tower internals as a result of lack of maintenance,
ineffective water treatment and deteriorating water quality.

The performance of the Eskom cooling towers can be improved by introducing a
splash type grid beneath the currently installed fills to reduce the average rain
zone drop size thereby increasing the air-water interface and thus the heat and
mass transfer of this zone.
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This thesis presents the effect of reducing the rain zone drop size by introducing a
specially designed splash type grid below a conventional cross fluted film fill on
the overall performance characteristics of a natural draught wet cooling tower.

1.2 Literature review

This literature review presents the theory and literature concerning NDWCT'’s,
drop size reduction, splash grid design, rain zone performance modelling, fill
performance testing and cooling tower modelling.

1.2.1 NDWCT theory

A NDWCT uses two mechanisms to transfer heat from the heated circulating
cooling water to the atmosphere, namely sensible (convection heat transfer) and
latent heat transfer (diffusion mass transfer). The sensible heat transfer is as a
result of the temperature difference that exists between the water and the air and
the latent heat transfer is as a result of a concentration difference between the air
at the surface of the water and the free stream air. This is illustrated in figure 1-3
and mathematically in equation 1-1, where the subscripts m and c is the heat
transfer due to mass and convection respectively.

dQ = dQp, +dQ, 14

According to Fick’s law the mass transfer from a differential control volume is
given by equation 1-2.

dm,, 1-2

W = hd (Wsw - W)dA

Where hq is known as the mass transfer coefficient.

The energy thus required to evaporate this mass from the water surface to the
adjacent air is given by equation 1-3.

. dm,, . 1-3
~ dz = i,hg(wg, —w)dA

The enthalpy of the water vapour is given by the expression shown in
equation 1-4.

Iy = ifgwo + vaTw 1-4
The sensible heat transfer is given by equation 1-5
dQ. = h(T,, — T,)dA 1-5

The enthalpy of the saturated air at the water’s surface is given by equation 1-6

lnasw = CpaTw + Wsw(ifgwo + vaTw) = CpaTw + Wy by 1-6
Where the term cpTw is the enthalpy associated with the dry air and
Wasw(ifgwotCpv Tw) the enthalpy associated with the water vapour in the air.
Rewriting equation 1-6 to the expression shown below.

lmasw = CpaTw + wiy, + (W, — Wiy, 1-7
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The enthalpy associated with the free stream air away from the surface of the
water is given by equation

lna = CpaTa + W(ifgwo + vaTa) 1-8
Where the term c,a T is the enthalpy associated with the dry air and W(itgwotCpvTa)
the enthalpy associated with the water vapour in the air.

By subtracting equation 1-7 from 1-8 and assuming the difference between the
specific heats are negligible at the different temperatures they are evaluated at
equation 1-9 is obtained.

imasw - ima ~ (Cpa + chv)(Tw - Ta) + (Wsw - W)iv 1-9
Rearranging equation 1-9 to make (T,,-T,) the subject equation 1-10 is obtained.

Ty — Ty = [(masw — tma) — Wew — W)]/Cpma 1-10
Where Cpma = Cpa + WCpy

Equation 1-1 can now be written as equation 1-11 after substituting equation 1-3,
1-5 and 1-10.

1-11
dQ = hy |—— (i —i +11- J — dA
Q d Cpmahd (lmasw lma) < Cpmahd> ly (Wsw W)l
The term . r - is known as the Lewis factor (Lef) and shows the relative rate of
pmalld

heat and mass transfer.

It can be said that the enthalpy transfer from the water to the air is also the change
in the enthalpy of the air from equation 1-10 we have equation 1-12

digg 1dQ hgdA . : 2
o =t [Lef(lmasw —ima) + (1 o Lef)L"(WSW B W)]

dz mgdz mgdz
The area for a one dimensional model of a cooling tower can be written as

dA = aﬁAfrdZ 1-13
Substituting equation 1-13 into 1-12 and assuming the Lewis factor is unity
equation 1-12 reduces to equation 1-14.

dimg _ haaysiApy 1-14

- (imasw - ima)

dz mg
The change in water temperature across a control volume over distance dz can be
obtained by performing a mass and energy balance across a control volume,
which is shown in figure 1-3. By combining the mass and energy balance and
neglecting second order terms the expression below for the change in water
temperature across a control volume of distance dz is obtained.

dr, ma< L ding _ - dw) 1-15

dz m,

w
Cpw dz dz
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dm,, dw
(my, +——dz) ma(1+w +——dz)
dTy . di
(Tw + Edz) (ina + ﬁ dz)
fj- Water Air and water vapour

Saturated air at bulk water
temperature
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Figure 1-5: Counter flow fill control volume (adapted from Kréger, 2004)

Substituting equation 1-14 into 1-15 and assuming the evaporation rate is
negligible equation 1-16 is obtained.

dTW ma 1 hdaﬂAfr . . ) 1-16
= (i —1
dz  mycy, Mg masw. Tma

By rearranging equation 1-16 the expression shown in equation 1-17 is obtained.
The term on the left is known as the transfer coefficient or Merkel number.

hiariLe; Twi CoundT. 1-17
Me = d“fitfi :f pw®liw
TW

Gw o imasw - ima
The process of enthalpy transfer from the water to the air heats and saturates the
air along the height of the tower resulting in a density difference between the air
inside the tower and the air outside the tower. The buoyancy effect causes the air
to flow through the tower.
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Figure 1-6: Illustration of Merkel theory

The air flow rate in a NDWCT is determined by the density difference between
the air inside the tower and the air outside the tower. This buoyancy effect causes
the draught through the tower. The draught through the tower can however be
decreased as a result of flow losses in the cooling tower. The overall loss
coefficient, which is defined as Total loss coefficient = Frictional losses +
momentum losses + static losses and given in equation 1-18.

_ Z[Apfi - (pavovgvo - pavivévi) + (pavi - pavm)gLfi]pava]%r 1-18
fam — m2
avm

1.2.2 Drop size reduction

The purpose of drop size reduction is to increase the air-water interface, which
increases the rain zone’s heat and mass transfer.

Holland (1974) conducted tests on a tower devoid of fill with a water distribution
system distributing the water drops evenly across the tower at a known drop size
distribution. He found that a uniform drop distribution and a drop diameter of
between 1- and 2 mm provide the highest performance.

There are three modes of drop modification, i.e. splashing, dripping and cutting in
a splash pack. Dreyer and Erens (1996) found that the slat width, the drop impact
velocity on the grid and the position of the impact on the grid has a significant
effect on the mechanism of drop break up when drops hits a slat. Splashing (also
known as disintegration) occurs when the impact surface is relatively large
compared to the incoming drop size and/or the impact velocity is high. Splashing
produces a poly-dispersed drop size distribution and forms a mist which can be
carried away by the incoming air. Dripping occurs when the drop size is relatively
large compared to the impact surface or the drop velocity low. Dripping produces
larger drop sizes compared to the incoming drop size. Cutting occurs when the
impact surface is comparable with the drop size. This drop break up mechanism
produces a more uninform drop distribution compared to splashing and smaller
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drops compared to dripping. Hung and Yao (1999) conducted experiments on the
impact of mono-dispersed droplets on finite cylindrical surfaces. They varied the
droplet impact velocity and the size of the cylindrical surface and determined the
effect on the drop break up. Their research was however limited to small droplets,
with their reference droplet size at 350 um and also testing droplet sizes of 110
um and 680 um. They used stainless steel wire with a diameter of 113, 254, 381,
508, 813, 1190, 1588 pm. The result was that most of the droplets either
disintegrated or dripped.

Steenmans (2010) conducted a study where he investigated the drop break up
mechanism for a drop impacting on a single cylindrical surface. He took high
speed digital images of drops after impact and determined the drop size
distribution and average drop diameter. The drop falling height before impact,
wire position, drop size, wire diameter, the drop offset from the wire centre line,
wire shape, tension in wire and wire material were varied systematically to
determine its effect on drop break up. Studies were aimed at producing the
smallest average drop size after impact. The reference conditions for the
experiments were a drop diameter before impact of 4 mm, falling height before
impact of 500 mm, wire diameter of 2 mm, drop offset from wire centreline of
0 mm, wire material of stainless steel, zero tension in the wire and a round shape.
He found that the reference conditions produced a drop size of 1.93 mm after
impact.

The drop size before impact was varied between 2.7 mm and 5.5 mm. There was a
gradual increase of drop size after impact with increasing drop size before impact.
The result was that drop size before impact has an effect on the drop size after
impact similar to the findings of Kréger (2004) and Terblanche (2008). Steenmans
also found that drops deflect at an angle of 20° after impact.

Drop height before impact was varied between 200 mm to 800 mm in increments
of 100 mm. The drop size after impact initially decreased with increasing height,
reached an optimum of 400 mm and then increased for the remainder of the tests.

The wire material was changed from stainless steel to nylon. The tension in the
wire and the wire diameter were varied and found the 1 mm wire diameter and 0
tension produced the smallest drop size after impact and the type of material had a
negligible effect on the drop size after impact.

The investigation was later expanded to multiple wire configurations and its effect
on drop break up. A staggered pattern of single filament nylon 1 mm diameter
wire and drop size reduction were investigated. The wires were placed at an angle
of 15° at a distance of 2.3 mm apart. This configuration produced a drop size after
impact of 1.6 mm. Steenmans later used these parameters in designing a splash
grid to place below the fill.
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1.2.3 Splash grid design

Several studies have been done, which include Terblanche et al. (2009),
Oosthuizen (1995) and Steenmans (2010), in designing a splash grid to be placed
under a conventional fill for reducing the rain zone drop size. The drop size in the
rain zone is largely dependent on the fill above. Three types of fill are most
commonly found in wet cooling towers, including splash, trickle and film fill.
Terblanche et al. (2009) found the Sauter mean drop diameter, for which the
definition is given in equation 1-19, below the fill to range between 5 and 6 mm
for trickle- and film fill and 3.5 mm for splash fill. Modern power stations prefer
the use of film fills since they achieve the highest performance per meter of fill.
The use of film fills is however not conducive to high performance in the rain
zone due to the larger drops exiting the fill.

an3 1-19
Ynd?

Methods for reducing the drop size and its effect on the performance of the rain
zone below the fill region have been done in the past. Oosthuizen (1995)
investigated the effect of a splash grid below a trickle fill on the drop size of the
rain zone. The splash grid, which was made out of a course expanded metal grid,
would reduce the drop size in the rain zone without contributing significantly to
the total pressure drop. He did this by placing two layers of splash grid, spaced 0.1
m apart, at various heights below the trickle fill. He investigated the optimum
distance i.e. the drop height before impact producing the smallest Sauter mean
diameter drop size, of the grid below the fill, drop size distribution as well as the
transfer characteristics associated with such a configuration. He found the Sauter
mean drop diameter to be 4.05 mm for an optimum fill to grid spacing of 0.67 m.

Sauter mean diameter (SMD) = d5, =

Terblanche (2008) also investigated methods to reduce the rain zone drop size and
its effect on the performance of this zone. He measured the drop size distribution
for horizontal grid which comprised of 3 mm wide, 12 mm high PVC slats spaced
10 mm apart as well as expanded metal sheeting placed below trickle fill. He also
determined the optimum distance between the fill and grid which was based on
the smallest Sauter mean drop diameter obtained. He found the smallest Sauter
mean drop diameter of 2.73 mm below a double slat grid configuration placed 0.8
m below the trickle fill.

Steenmans (2010) did several experiments on various parameters concerning
single drop impacting on a single wire as discussed earlier. He used the results to
design a grid. The grid consisted of a 910 mm x 910 mm steel frame, with metal
strips either side of the frame. He used 1 mm Nylon string spanning the cross
sectional area of the frame in a staggered pattern placed at an angle of 20° with
respect to each other, with fourteen wires per diagonal row, grid height of 73 mm
and width between wire centres at 8.8 mm He tested the grid in a cross flow wet
cooling tower test facility at various orientations to determine the smallest Sauter
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mean drop diameter. The drop size was inferred from the experimental transfer
coefficient. The smallest Sauter mean drop diameter was found to be 2.5 mm.

1.2.4 Rain zone performance modelling

The rain zone was previously ignored in the modelling of NDWCT due to its
complexity to model. The rain zone contributes considerably to the overall
transfer coefficient and can thus not be ignored. Several attempts have been made
to include the contribution of the rain- and spray zone by modelling the
aforementioned zones (Rish, 1961; Lowe and Christi, 1961; Missimer and
Bracket, 1986; Sedina, 1992). Some even approached the modelling of the rain
zone numerically (Majumdar and Singhal, 1983, Benocci et al., 1986; Benton and
Rehberg, 1986), however these methods either proves to be only applicable for
either counter-or cross flow. A rain zone is however combination of counter- and
cross flow which is taken into account in the model developed by De Villiers and
Kroger (1997). De Villiers and Kroger made the following assumptions in
developing the model: no drop agglomeration, uniform water flow rate through
the fill, uniform rain zone drop diameter, zero absolute drop velocity for drops
entering the rain zone, the air velocity profile is not influenced by the falling
drops and constant thermophysical properties throughout the rain zone.

1.2.5 Fill performance testing

Fill performance testing is used for generating correlations to describe the
performance characteristics of fill. These correlations can for example later be
used for modelling to determine the effect of the fill on the performance of a
cooling tower.

Experimentally determined correlations are currently the most accurate way to
describe fill performance although attempts have been made to model the
performance (Dreyer and Erens, 1995). There are several test facilities for fill
testing and researchers who produce fill performance results, however neither the
test facility nor the procedure and results are standardised and as a result cannot
be compared directly with each other (Bertrand, 2009). The test conditions or data
to produce the results are most often also not given to verify the correlations.
Bertrand (2009) quantify to what accuracy, reliability and repeatability fill
performance results, be produced in a 1.5 m x 1.5 m counterflow test facility at
the University of Stellenbosch. He also gives the form of the correlations to use
which accurately accounts and describes the transfer- and loss coefficients as
found and verified by Kloppers and Kroger (2003) and are given in equation 1-20
and 1-21 respectively.

Mesi /Ly = a1G2GoT,f 1-20
Kram/Lsi = b1G2Go? + ¢, G2 G 1-21
The exponents in equations 1-20 and 1-21 are determent experimentally through

multi variable linear regression.

10
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1.2.6 One-, two- and three dimensional NDWCT performance modelling

One-, two- and three dimensional NDWCT performance modelling depends on
the density difference between the air inside the tower and the air outside the
tower at the same elevation. The flow rate is dependent on the various flow
resistances due to the cooling tower internals, transfer characteristics of the rain,
fill and spray zones and the cooling tower dimensions (Krdger, 2004).

The Merkel method is still commonly employed for cooling tower analysis in one,
two and three dimensional modelling. The more rigorous Poppe method is
employed in situations where the assumptions made by Merkel are not valid
especially hybrid systems where the outlet air cannot be assumed to be saturated.

One dimensional modelling is still widely used in industry for the design of
NDWCT (Reuter, 2010) due to its relative ease of use, low expense and relatively
accurate results. The one dimensional models do not however take variation of
radial flow, non-uniformities e.g. variation in packing height, shape of the tower
and the effect of cross wind into account. Two and three dimensional model was
introduced to account for the non-uniformities (Al-Waked and Behnia, 2005;
Williamson et al., 2008; Reuter, 2010; Klimanek, 2013). These two- and three
dimensional models however still make use of experimental data to account for
fill performance characteristics.

Williamson et al. (2008) conducted a study by comparing the difference in
cooling range for a one- and two dimensional cooling tower performance models
with different input parameters. They found a difference of 2% between the
models.

1.3 Objectives
The main objective of this thesis is:

e To experimentally evaluate the effect of installing a newly designed splash
grid below a conventional packing cross fluted film fill on rain zone
performance characteristics.

e To investigate the effect of such a splash grid on full scale natural draught
wet-cooling tower performance, using a one-dimensional performance
model developed by Krdger (2004) and improved by Reuter (2010).

1.4 Motivation

The rain zone can contribute more to the overall heat and mass transfer, also
known as the transfer coefficient and Merkel number, than is currently the case.
The transfer coefficient of the rain zone can be increased by decreasing the Sauter
mean drop diameter of the rain zone.

Reducing the rain zone Sauter mean drop diameter from 6 mm to 2.5 mm
increases the rain zone transfer coefficient of a typical NDWCT cross-counterflow

11
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rain zone by a factor of 4.5 and the loss coefficient by a factor of 1.5. Based on
the NDWCT performance model example given in Kroger (2010), this can reduce
the cooling water outlet temperature by as much as 1.2 °C.

1.5 Scope of work

In order to meet the objectives of this thesis the methodology listed below is
followed:

e A new splash type grid is designed and manufactured for testing.

e A test facility is prepared for testing of the new splash type grid and
conventional fill.

e A software interface program is developed in visual basic to log and
process data during tests.

e Various tests are conducted to investigate the effect of installing the grid
below a conventional film pack on rain zone performance characteristics
(Merkel number and loss coefficient) based on the Merkel method of
analysis

e Computational models are developed for inferring the rain zone drop size
from the experimentally determined transfer coefficients

e A theoretical one-dimensional cooling tower model is programmed for a
full size cooling tower to investigate the effect of different drop sizes in
the rain zone on cooling tower performance

1.6 Thesis summary

Below is an overview of the chapters in this thesis.
CHAPTER 1 - INTRODUCTION

The introduction section introduces the reader to a NDWCT, how it operates, the
affect the performance has on a power plant’s performance, NDWCT
performance issues, typical problems faced by the Eskom power utility and
general solutions to these problems and methods for enhancing the performance
of a NDWCT. This section also provides the reader with the objectives,
motivation and research methodology to achieve the objectives. Lastly the
introduction section provides a thesis summary of all the chapters.

CHAPTER 2- COUNTERFLOW WET COOLING TOWER FILL TEST
FACILITY

This chapter provides an overview of the wet cooling tower test facility (both
counter-and cross flow) located at the University of Stellenbosch. This chapter
also gives the aim of the experimental work, the previous work that was done and
published using the test facility, description and operation of the test facility,
providing more detail on the counterflow test section, which also includes a
description of test grid used as the performance enhancing device during testing.
A description of the measurement techniques and instrumentation is also given.

12
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The experimental procedure used, which include heating of process water, test
facility preparation, testing and data logging is given in this section as well.

CHAPTER 3- EVALUATION OF THE EFFECT OF A GRID ON THE
PERFORMANCE CHARACTERISTICS OF A NDWCT
RAIN ZONE

The experimental results for the effect of different fill/grid configurations on the
overall transfer- and loss coefficient, more specifically the transfer- and loss
coefficient for the rain zone below these configurations are given in this chapter.
The performance characteristics of the rain zone below these configurations are
compared with a reference case, where the reference case is the performance
characteristics of the rain zone below a conventional type film fill. Other content
of this chapter also include the procedure used for determining the rain zone
performance characteristics below the fill configurations, a description of the
specific fill configurations tested, the necessity for the configurations tested and
finally the results are presented.

CHAPTER 4 - RAIN ZONE SAUTER MEAN DROP DIAMETER

The effect of the grid on the rain zone drop size is given in this chapter. The
method used for determining the drop size based on the experimental transfer
coefficient is also given.

CHAPTER 5 - THE EFFECT OF DIFFERENT FILL CONFIGURATIONS
ON THE PERFORMANCE OF A NDWCT

This chapter contains the NDWCT model used, the design data of the cooling
tower being modelled and the type of fill currently installed in the tower. A
comparison of the original design performance and the performance as calculated
using the one dimensional model is given. The current performance of the cooling
tower is incorporated in the one dimensional model. Lastly different fill and
fill/grid configurations are modelled and the best performing configuration
recommended.

CHAPTER 6 - CONCLUSION

The conclusion based on the work presented in this thesis is given.

13
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CHAPTER 2 COUNTERFLOW WET COOLING TOWER FILL TEST
FACILITY

2.1 Introduction

This section of the thesis provides an overview of the wet cooling tower fill
performance test facility, as shown in Figure 2-1, located at the University of
Stellenbosch.

The aim of the experimental work is to determine the performance characteristics
of a conventional film fill as well as a conventional film fill with a grid placed
below it. The results obtained are ultimately used in a one dimensional NDWCT
model to model the effect of the conventional film fill and grid configuration on
the cooling tower performance.

Several experiments have been done, of which the results were also published
(Oosthuizen, 1995; Kloppers and Krdger, 2003; Bertrand, 2011; Grobbelaar,
2012), on the test facility to determine performance characteristics of fill and
different fill configurations. Oosthuizen (1995) used the counteflow test facility to
measure the performance characteristics and drop size distribution below a trickle
fill. He then introduced a splash grid below the trickle fill and determined the
effect of this splash grid on the performance characteristics and drop size
distribution of the rain zone. Kloppers and Kroger (2003) tested film-, trickle-,
and splash fill to generate experimental data which was used for determining the
best fit correlation for describing the loss coefficient. Grobbelaar (2012) used the
cross flow test section to determine a trickle fill’s performance characteristics and
compares it with the same trickle fill performance characteristics, however tested
in the counterflow test facility. The experimental results were also used for
validating a two dimensional model. Bertrand (2011) investigated several non-
ideal factors associated with the counterflow test facility. This includes: air flow
uniformity, air fill bypass, location of water inlet and outlet temperature
measurement points and location of pressure measurement probes. He also
quantified the water distribution obtained with a newly designed water
distribution system. He then tested a film-, trickle- and splash fill to determine
whether these fills can be tested accurately in this test facility. He found that film-
and trickle fill can accurately be tested in the counterflow test facility and to a
lesser degree of accuracy for splash fills where the wall effect i.e. where the water
migrates to the wall of the test facility bypassing the fill, start to dominate.

2.2 Description of test facility

A description of the cooling tower fill test facility measurement, techniques and
instrumentation are given in this section. It comprises of the water flow, air flow,
process water heating and description of the equipment and instrumentation.

The process water is drawn from the top of a 45 000 litre reservoir to the test
facility. The process water is heated by a 150 kW diesel fired boiler. The water is

14
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drawn from the bottom of the reservoir and fed to the boiler where it is heated
approximately 1.5 °C every hour before it returns to the top of the reservoir to
avoid warm water to be drawn and fed to the boiler. This cycle continues until the
process water is heated to 3 °C above the desired temperature to negate the effect
of heat losses to the environment during start-up of the test facility.

1. Round Inlet 8. Centrifugal fan
2. Cross flow test section 9. Counter flow dry-and wet
3. Mixing vanes bulb T/C
Water flow | A 4. Settling screens 10. Water outlet T/C
5. Nozzle dry and wet bulb 11. Water catchment system
1 ’ TIC 12. Differential pressure point
L_M 6. Differential pressure point across fill
13— across nozzle 13. Counterflow test section
12 7. Air flow nozzles 14. Water distribution system
15. Water inlet T/C
7 (6 4 2
s 2] p
Vﬁ ! .7 i Air flow
J g -
q ° {7
) |

Figure 2-1: Schematic drawing of experimental test facility

The process water is pumped from the reservoir to the counter flow test section
where it is distributed evenly onto the fill material by means of a water
distribution system (14, Fig. 2-1 and Fig. 2-2).

The temperature of the water is measured by T/C’s (15, Fig 2-1) upstream of the
water distribution system in the common inlet pipe line. The water flows through
the packing and exits to the rain zone as drops with a poly-dispersed drop
distribution after which it is caught by the water collecting troughs (11, Fig. 2-1).
The water drains from the water collecting troughs to the side manifolds and
outlet pipes. Three T/C’s in each outlet pipe measure the outlet temperature (10,
Fig. 2-1). The two outlet pipes join to form a common line which drains to a
collecting sump at ground level. From the collecting sump it is pumped back to
the bottom of the hot water reservoir thereby ensuring the warmest water remains
at the top.

The air used in the test facility is drawn through a rounded inlet (1, Fig. 2-1) into a
square duct with a cross-sectional area of 4 m?, as shown in Figure 2-1 where the
flow is induced by the centrifugal fan (8, Fig. 2-1). It flows through the cross flow
test section (2, Fig. 2-1) which is not in use during counterflow tests. There is a
pair of mixers in the test facility with each pair containing a horizontal and
vertical mixer. This is to ensure good mixing and uniform temperature distribution
during cross flow fill tests. The horizontal and vertical mixing vanes are similar in
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design, differing only in orientation, where the horizontal vanes are at a 90° angle
to the vertical mixing vanes.

The mixing, however induces large eddies and vortices, which are broken up by
the settling screens (4, Fig. 2-1). From the settling screens the air moves through
the flow nozzles (7, Fig. 2-1) with the pressure drop measured across them (6, Fig.
2-1) and wet- and dry bulb temperature upstream of them (5, Fig. 2-1) used for the
calculation of the air mass flow rate. The air moves via the 50 kW variable speed
drive fan through three 90° bends fitted with guiding vanes to minimize losses.
Before the air enters the last 90° bend it flows through air resistance packing of
varying thickness to create a uniform air flow distribution to the counterflow test
section. From there it enters the vertical/counterflow test section as an
approximately vertical stream. The dry- and wet bulb temperatures are measured
(9, Fig. 2-1) before the air flows through the water collecting troughs (11,
Fig. 2-1) fill, spray, water distribution system and drift eliminator zones before
exiting to the atmosphere.

2.3 Description of the counterflow test section

The primary outcome of this thesis is to determine performance characteristics of
fill grid combinations. The counterflow test section shown in Figure 2-2 is utilized
to determine these characteristics. The various sections of the counterflow test
facility are discussed below.

Process water inlet

\

o
Air outlet | @

Drifcliminators (19)) 0200 | QR e .

IAAA Abi Spray zone (18) ’
//////////////% Fill zone (17)

é@ Rain zone (16)

I s J’ ******* | I
o= /7??@7?@?7?} H o)
Process water outlet * Process water outlet
. Water catchment troughs (11)
i Air inlet
a). Test facility b). Schematic drawing

Figure 2-2: Counterflow wet cooling fill test section
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2.3.1 Water distribution system

The water distribution system (marked 14 in Figure 2-2) shown in Figure 2-3,
distributes the water approximately uniformly across the fill. It consists of a
common inlet pipe, distribution header, down pipes and a double pipe distribution
system. Figure 2-3c shows the water flow through one of the inner- and outer pipe
configuration that branch off from the common manifold. There are 57
distribution pipes arranged in a staggered pattern and spaced 50 mm apart and
50 mm pitch. The distribution pipes (shown in Fig. 2.3c) consists of an inner pipe
with 2 mm holes at the top to prevent air pockets from forming and an outer pipe
with 1 mm holes. The 1 mm holes are arranged in a staggered pattern at a pitch of
10 mm. The bottom row (can be seen in Fig. 2.3b) are set at an angle of 30° while
the top row at an angle of 20°. The angle allows the drops exiting the water
distribution system to have a horizontal component preventing it from falling
through the fill. There are several of these pipes and are arranged in a staggered
pattern as can be seen in Figure 2-3b.

a). Isometric view b). Front view

Water distribution header

own pipe
Outer pipe

N
"

D
||5 — 2>1.|_Inner pipe

d). Water distributin system

c¢). Water flow

Figure 2-3: Water distribution system

One of the Merkel theory assumptions is a uniform water distribution across the
fill. A non-uniform water distribution across the fill will lead to the under-
prediction of the transfer coefficient. Bertrand (2009) measured the water
distribution below the spray frame at water mass velocities of
1.496, 2.997 and 4.485 kg/s m>. He quantified the water distribution achieved by
the spray frame using the Christiansen coefficient which is defined as:
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A Christiansen coefficient of 1 corresponds to a uniform distribution i.e. highest
transfer coefficient achievable for the given conditions. Bertrand found a
Christiansen coefficient of 0.95, 0.96 and 0.94 for 1.49-, 2.99- and 4.49 kg/s m?
respectively. This means that the transfer coefficient deviates from the ideal case
most at a water mass velocity of 4.485 kg/s m?. Kranc (1993) correlated the
percentage deviation of the transfer coefficient from the ideal case with the
Christiansen coefficient. For the water mass velocity of 4.485 kg/s m? case the
deviation is approximately 99.56 %. This means that the water is distributed close
to ideal.

2.3.2 Fill region

The purpose of the fill region is to house the fill to be tested (17, Fig. 2-2). The
overall height of the test facility which include fill, spray and rain zone height can
be extended to 5 m. The test facility can be used with reasonable accuracy to test
film, trickle and to a lesser degree of accuracy splash packs Bertrand (2011). The
water migration effect is the water that runs along the wall bypassing the fill
region. The water will thus partially bypass the fill region under predicting the
fill’s performance. Tim Bertrand (2011) tested various fills and fill heights found
that the maximum deviation for film fill (the conventional fill used for
experiments in this thesis) to be 15% of the average water flow rate. The lowest
Christiansen coefficient was found to be 0.903 for a film fill height of 1.83 m and
water mass velocity of 2.98 kg/s m?. This Christiansen coefficient predicts a 99 %
under prediction of the ideal performance.

2.3.3 Water collecting troughs

The water collecting troughs (Figure 2-4) collect the water falling from the fill
region and drain it to the outlet piping to a collecting sump from where the water
is pumped back to the hot water reservoir. The system consists of two levels of
troughs directly below one another orientated at 90° to minimize water losses and
allow air to pass through it. A deflector plate, shown in Figure 2-4b, was added to
further reduce water losses passing through.
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Deflector plate
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a Water collecting troughs b Trough with deflector plate

Figure 2-4: Two layer water collecting troughs

2.3.4 Description of grid

A description of the grid used for the experimental work is shown in this section.

A splash type grid of which a photograph is shown in Figure 2-5 was built for
placing below a conventional film fill to reduce the Sauter mean rain zone drop
diameter. The design was based on the research conducted by Steenmans (2010).
The main criteria for designing the grid were to reduce the drop size below the fill
to 2 mm with a minimal pressure drop. Steenmans tested various parameters to
determine the optimum grid placement. The grid below was designed such that
the drop is cut and not disintegrating when impacting the wire. This means the
wire size must be smaller but comparable to the drop size resulting in a 1 mm wire
size. Two rows of wires are placed 2 mm apart in a staggered pattern as shown in
Figure 2-5a to reduce the size of the drop to 2 mm. The wires were placed at an
angle of 20° since Steenmans found the smaller drops as a result of the cutting of
the drop deflects by 20° after impact. This would ensure that even if the drop size
after impact is larger than 2 mm can still reduce its size.

T/ ® o
1\ J
20.0° od
O G
. 2,00
a. Grid wire configuration b. Photograph of grid

Figure 2-5: Grid design
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2.4 Measurement techniques and instrumentation

The instrumentation used for measuring the temperature, pressure and water flow
rate is covered in this section.

2.4.1 Temperature

There are eight aspirated psychrometers (5, Fig. 2-1) and (9, Fig. 2-1), each
containing two T-type T/C’s, one for the wetbulb temperature and the other for
the drybulb temperature (schematic drawing figure 2.6).There are three water inlet
and six water outlet T-type T/C’s fitted on the test facility (10, Fig. 2-1 and 15
Fig. 2-1 respectively) measuring the inlet and outlet water temperature
respectively.

Four of the eight aspirated psychrometers measure the temperatures before the
flow nozzles for air mass flow rate calculations. The remaining four measure the
temperatures for performance characteristics calculations of the counterflow test
section. The wet bulb temperature is a crucial component for determining
performance characteristics. It is therefore measured according to ANSI
ANSI/ASHRAE 41.1 — 1986, Standard method for temperature measurement
standard which states:

For dry/wet bulb temperature measurements the T/C’s must be shielded from
radiant heat by fitting it with a metal sleeve. A continuous constant air velocity of
between 4.8 m/s and 5.3 m/s must flow across the T/C’s to ensure the air
surrounding it does not become saturated with water vapour. The T/C’s measuring
the wetbulb temperature must be fitted with a wick covering at least 25.4 mm of
the temperature sensitive part of the thermocouple. Distilled or demineralized
water must be fed to the wick from a reservoir. The temperature of the reservoir
must be at the wetbulb temperature which is practically achievable by allowing
sufficient ventilation across the wick. The wick must also be kept clean from any
contaminants that may influence its wettability or the water’s partial pressure.

Dry bulb thermocouple

Wet bulb thermocouple

Wick

. Water reservoir
Air

Figure 2-6: Schematic drawing of an aspirated psychrometer

The calibration details of the T/C’s can be found in appendix A.

2.4.2 Pressure

There are three Endress and Hauser Deltbar S PMD75 pressure transducers
(Figure 2-7) two measuring the pressure drop across the fill and one across the
flow nozzles. The two pressure transducers measuring the pressure drop across the
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fill are connected to a total of eight H-taps. Clear tubing is used to connect the H-
taps to the pressure transducers making it possible to observe any water or
condensation that may occur in the line. The range and calibration for each
pressure transducer can be found in appendix A.

a. Pressure transducers b. H-tap
Figure 2-7: Pressure transducers and H-tap

2.4.3 Air mass flow rate

The pressure drop across five ASHRAE 51-75 elliptical nozzles (Figure 2-8) is
measured to calculate the air mass flow rate (calculation details can be found in
appendix B). These nozzles can be closed to achieve the required Reynolds
number for a given flow rate.

TLT—%O |80 |

2000

I
U

|

i

" @300

550

550

2000

a) Picture of nozzles b) Schematic drawing of nozzles

Figure 2-8: Elliptical nozzles

2.4.4 Water flow rate

An Endress and Hauser Promag 10W electromagnetic flow meter (Figure 2-9) is
used to measure the flow rate of water to the counter flow test section. The flow
meter is installed between the water reservoir and the test section and is installed
vertically to avoid air to become trapped and lead to erroneous results.
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Figure 2-9: Electromagnetic flow meter

2.5 Experimental procedure

This section provides the procedure used for conducting the experiments. Three
procedures are covered for the different stages of a specific test. These procedures
include the heating of the process water, test facility preparation and the
performance test. The procedure for each of these stages is given below.

2.5.1 Heating of process water

This section provides the procedure for the heating of the process water to the
required temperature for testing.

Before opening any valves the water level in the tank must be sufficient to avoid
the cavitation of the pumps. Sufficient water level is also required to ensure that
the amount of water loss during the tests, through leaks and evaporation have a
negligible effect on the water flow rate to the test facility.

There are two pumps located in the system as seen in Figure 2-10. One of the
pumps is used for circulating process water through the boiler and the other to
supply process water to the counterflow test facility. Both pumps can however be
used to deliver the process water to the test facility if a higher flow rate is
required. The pump can therefore run in series or parallel.

The inlet valve to pump A is configured to be fully opened, while the outlet valve
is slightly open for start-up of the pumps. Pump A is switched on and the outlet
valve is slowly opened until fully opened. Water is now fed to the boiler. There is
a pressure gauge on the water supply line to the boiler to ensure there is water
flowing to the boiler.

With the water supply to the boiler opened the diesel tank level can be checked to
ensure there is enough diesel to heat the water to the required temperature. Once
checked and filled to the required level the diesel supply valve can be opened. The
boiler may be started when the diesel supply line is open. A diesel pump to the
boiler ensures that the diesel enters the boiler at the correct pressure for ignition.
Before the diesel is fed to the boiler, the boiler is automatically purged to rid it of
any volatiles that might ignite. After the system is purged the diesel is ignited and
the water heated. The rate at which the water is heated is approximately 1.5 °C per
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hour. The water should be heated to approximately 3 °C above the desired
temperature to negate heat losses to the environment during start-up of the counter
flow test facility

The shutdown of the boiler takes place in reverse order. This means the boiler is
switched off first, followed by the diesel supply and finally the water supply. The
water supply should be turned off 15 minutes after the boiler has been switched
off to cool down the boiler.

’ i to test ccc1ion>

Pump .-\@—J Pump B,
Boiler
f

Water reservoir

Process water

from test section
Figure 2-10: Process water heating flow diagram

2.5.2 Test facility preparation

Preparation starts with heating the process water to the desired temperature at a
heating rate of approximately 1.5 °C per hour. It may take several hours before the
desired temperature is achieved. The installation of the fill is done while the water
is being heated. In addition blocked holes on the spray frame must be unblocked,
the pressure lines connecting the H-taps and pressure transducers cleared to
ensure a clear path for the air, the water inlet filter must be cleaned and all T/C’s
calibrated. The calibration details can be found in appendix A.

2.5.3 Performance Testing

Tests are conducted during the early morning hours approximately three hours
before sunrise. The atmospheric conditions are most stable at this time of the day.
It takes approximately 2h30 to complete one test when conducting the extensive
test matrix. The extensive test matrix includes water mass velocities ranging from
1.5 to 4.5 kg/s m? in increments of 1.5 kg/s m?. The air mass velocities are
1, 2, 3 and 3.5 kg/s m> It takes approximately 2 minutes for the system to
stabilize after a test condition has been changed. Stabilization in this case refers to
a constant: pressure drop across the fill, mass flow rate, wet- and dry bulb
temperatures and outlet water temperature. In addition the pressure drop as
measured by the pressure transducers must not deviate more than 2 N/m? from the
average pressure drop across the fill.
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The dry- and wet bulb temperature are measured with only the psychrometric fans
running. The dry- and wet bulb temperatures are checked and recorded. As soon
as the temperatures are within 0.2 °C from the average dry- and wet bulb
temperature the performance test can commence.

The atmospheric pressure is measured before each test using a mercury barometer.
The test starts by adjusting the water flow to the required flow rate. This is
followed by adjusting the air flow rate accordingly. Four air flow rates are
evaluated at a specified water flow rate. Once the system has stabilized at the
specified flow rates, readings are taken for 1 minute. This is repeated until the test
matrix is completed.

The shutdown of the test facility includes switching off the water supply pump
and after the level in the collecting sump has dropped to an acceptable level the
recirculation pump is switched off. Both the main fan and the psychrometric fans
are switched off.

2.5.4 Data logging

An Agilent 34972 A unit connected to a laptop via a USB cable was used for data
logging and recording of measured parameters. An Excel macro given in the
Agilent 34972 A user guide was adapted to create the user interface, output
measured and processed data. The output included the measured data on the test
facility and processed data. Computer programs were written in Excel to calculate
the calibrated values from the measured data, the air mass flow rate, the
water- and air mass velocities, transfer- and loss coefficient using the Merkel
method. The output for these parameters is given in Excel tabular and graphical
form as can be seen in Figure 2-11, Figure 2-12 and Figure 2-13. It should be
mentioned that the same hardware setup was used for calibration of T/C’s and
pressure transducers.
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Figure 2-11: Excel graphical output for the experimentally measured pressure drop across
the fill and nozzles, wet- and dry bulb temperatures at the air flow measuring
nozzles
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Figure 2-12: Excel graphical output for the experimentally measured inlet- and outlet water
temperatures and air- and water mass flow rate
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4.62
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0.87
0.87
0.87
0.87
0.87
0.87
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0.87
0.87
0.87
0.87

Typical measured, calibrated and processed data output including Merkel

number and loss coefficient

In the graphical output window (shown in Figure 2-11 and Figure 2-12) the
temperature of the inlet- and outlet water and wet- and dry bulb temperatures have
to be within 0.2 °C from the average temperature thereby indicating the system is
stable. In addition the pressure drop across the fill should be within 2 N/m? from
the average pressure drop. The minimum and maximum are shown on these
graphs. The thermocouple and pressure transducer measurements should be within
these boundaries before data is logged.
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CHAPTER 3 EVALUATION OF THE EFFECT OF A GRID ON THE
PERFORMANCE OF THE RAIN ZONE

The aim of this section is to evaluate the effect of introducing a grid below a
conventional cross fluted film fill, to reduce the size of the drops leaving the fill as
well as the effect of different fill/grid configurations on the performance
characteristics of the rain zone.

The transfer- and loss coefficient values, determined experimentally using the
Merkel method (appendix C) for several fill/grid configurations, are presented in
this section. The effect of introducing a grid below conventional film fill on the
rain zone performance characteristics is also presented here. Factors regarding the
configuration of the grid below the fill including the distance between the grid and
fill, the introduction of a second grid, rain zone height and the angle of the grid
with the horizontal plane and its effect on the rain zone performance
characteristics are also presented. The transfer- and loss coefficient of the rain
zone below a conventional film fill is used as the reference case for comparing the
rain zone’s performance below other fill configurations.

This section comprise of a procedure for isolating the rain zone performance
characteristics from the overall performance characteristics, the fill configurations
tested as well as the experimental results.

3.1 Procedure for determining the rain zone performance characteristics

The process of determining the rain zone performance characteristics is described
in the following section.

In each test conducted, the overall transfer coefficient also known as the Merkel
number and loss coefficient are determined, which include the contribution of the
spray-, fill-, rain- and water catchment zones. It becomes apparent that in order to
isolate the performance characteristics of the rain zone from the overall
performance characteristics, the performance characteristics of the spray-, fill-and
water catchment zones (configuration 1 in Table 3-1) have to be determined as
shown in Figure 3-1 and equation 3-1. This is subtracted from the overall
performance characteristics of the other tests to isolate the specific test’s rain
zone’s performance characteristics.

To be able to subtract the performance of the spray- fill- and water catchment
zones (configuration 1) from the other tests, it is necessary that these tests be
conducted in the exact same process conditions the aforementioned test was
conducted in. It is difficult to recreate the exact same conditions of
configurationl, however it is possible to create a power curve which is used to
correlate the transfer- and loss coefficient of the 300 mm spray zone, 608 mm fill,
280 mm rain zone and troughs (configuration 1 in Table 3-1).
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Several tests are performed to determine the effect of various fill configurations.
These configurations summarised in Figure 3-2 and Table 3-1 include fill with: no
rain zone, rain zone, grid and rain zone, two grids and rain zone, extended rain
zone, grid and extended rain zone, two grids and extended rain zone and grid at an
angle and extended rain zone.

Mefi, 1

Merz

ST :l Mer;, 2

Figure 3-1: Illustration for the isolation of the rain zone Merkel number

Megperan = Mefi + Me,, 3-1
where Me]ci = Mefi,l + Me]ci‘z

i
. s

H
gg Hy,

N —

Figure 3-2: Notated vertical tower test section

Table 3-1 provides the configuration name and specification for the various tests
conducted.
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Table 3-1: Specification for the various test configurations

Configuration Test Dimensions Number of
description grids used

Hsp Hfi Hfg Hgg Hrz
[mm] [Mmm] [mm] [mm] [mm]

1 Fill 300 608 N/A N/A 280 0
2 Fill rain zone 300 608 N/A N/A 2105 0
3 Grid 200 300 608 200 N/A 1905 1
4 Grid 300 300 608 300 N/A 1905 1
5 Grid 400 300 608 400 N/A 2105 1
6 Additional 300 608 400 400 1905 2
grid 400
7 Additional 300 608 400 800 1905 2
grid 800
8 Fill extended 300 608 N/A N/A 4168 0
rain zone
9 Grid 400 300 608 400 N/A 4168 1
extended rain
zone
10 Additional 300 608 400 800 4168 2
grid 800
extended rain
zone
11 Diagonal grid 300 608 400- N/A 4168 1
extended rain 450
zone

These tests are necessary to determine the effect of various fill/grid configurations
on the rain zone performance characteristics.

3.2 Performance characteristics of a cross fluted film fill

The experimental results for the fill (configuration 1 in Table 3-1) are presented in
this section and the data can be found in appendix E. The configuration of the
setup and notations are shown in Figure 3-2.

The purpose of this test is to determine the performance characteristics of this film
fill. A power curve is fitted through the data for both the transfer- and loss
coefficient. This power curve is later used to deduct the contribution of the film
fill from the overall performance characteristics leaving only the rain zone
performance characteristics as described in section 3.1. These rain zones are used
for comparative studies.

The experimental results and power curve fit for the transfer- and loss coefficient
of configuration 1 are shown in Figure 3-3 and Figure 3-4 respectively. The
correlation plotted in Figure 3-3 is given by equation 3-2 and the correlation for
the data shown in Figure 3-4 by equation 3-3.
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It is imperative that the power curve fits the data well across a wide temperature,

_ Me exp-Me calc

water and air flow rate range. The deviation, 6Me and

Me exp
Kfdm Exp'dem, Calc
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” , are presented in Figure 3-5 and Figure 3-6 respectively.
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Figure 3-3: Transfer coefficient and correlation for configuration 1
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The maximum deviation for the transfer coefficient correlation given by equation
3-2 was found to be 3 %. The maximum deviation for the loss coefficient
correlation given by equation 3-3 was found to be 8 %.
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Figure 3-4: Loss coefficient and correlation for configuration 1
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Figure 3-6: Loss coefficient deviation plot for configuration 1

3.3 Performance characteristics of a rain zone below configuration 2

The performance of a rain zone below a chemically bonded cross fluted film fill is
characterised by determining the total performance characteristics and subtracting
the characteristics of the film fill (configuration 1) presented in section 3.2. The
process of isolating the rain zone performance characteristics are described in
section 3.1.

Test configuration 2 as shown in Table 3-1 will serve as basis for comparing the
performance of other configurations since this is how a typical natural draught wet
cooling tower is configured i.e. conventional fill with a rain zone below it. A
correlation is used for this purpose. Only the isolated performance of the rain zone
will be compared to the other configurations.

The experimental results for the transfer-and loss coefficient of configuration 2
are shown in Figure 3-7 and Figure 3-8 respectively. The correlations fitted
through the data shown in Figure 3-7 and Figure 3-8 are given by equation 3-4
and 3-5 respectively.
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Figure 3-7: Transfer coefficient and correlation for configuration 2
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The deviation plot of the experimental data in Figure 3-7 and correlation
presented by equation 3-4 for the transfer coefficient of configuration 2 are shown
in Figure 3-9. Similarly the deviation plot for the loss coefficient of configuration
2 i.e. experimental data from Figure 3-8 and correlation as given in equation 3-5
are shown in Figure 3-10.
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R%=0.9581

3-4

3-5
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Figure 3-9: Transfer coefficient deviation plot for configuration 2
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Figure 3-10: Loss coefficient deviation plot for configuration 2

15.0%

7.5% A

Sdem, 2

-7.5% A

-15.0%

0.0% -

G, [kg/s m?]

b) Tw=39°C-34°C

o Gy = 1.5 kg/s m?
A G, =3kgls m?
0 Gy = 4.5 kg/s m?

The maximum deviation for the transfer- and loss coefficient was found to be 8 %
and 11 % respectively.

3.4 The effect of installing a grid below a conventional film fill on the rain

zone performance characteristics

The effect of placing a grid (refer to 2.3.4 for a description of the grid) underneath
the fill (configuration 5 in Table 3-1) is investigated in this section.

The experimental results for the transfer- and loss coefficient of configuration 5

are shown in Figure 3-11 and Figure 3-12 respectively.

The rain zone transfer coefficient below the grid per meter rain zone below the
grid as well as the correlation as given by equation 3-6 which was fitted through
the data in Figure 3-13 is shown in Figure 3-13.

35



Stellenbosch University https://scholar.sun.ac.za

3.00

| | ;o
P E——— - e AT
1 1 1
1 [e]] 1
&> | Y [ " L
= b i syl
1 AI o 1
075 4 -~ E------ P e
a | |
1 1 1
000 1 1 1
0 1 2 3 4
G, [ka/s m?]
a) Twi=50°C-43°C
3.00 T T T
1 1 1 o
1 1 d
205 f - mmmodo oo Rl REETEES
| ol |
0 1 1 1 A
D 1 1, 1
S 180 f---m-ofom oo e N--5----
1 4 g °
075 ===~~~ BT P i
1 1 1
1 1 1
0.00 + + +
0 1 2 3 4
G, [kg/s m?]

¢) Twi = 36°C - 32°C

Figure 3-11: Transfer coefficient for configuration 5

50 T T T
9 | |
YA R Tmmmm - jm—— -
1 1 1
w© 1 1 1
I T NN I
Vv 1 1
: o] 4 8
125 ¢+ ------ t--—-=--- t---=-=--- j——=—===
1 1 1
1 1 1
0 1 1 1
0 1 2 3 4
G, [ka/s m?]
a) Tw=50°C-43°C
50 T T T
1 1 1
1 1 1
375 10 | 1
DT T T T T T KT T T T T T-"-—"=-"=-"="""1=-"=-"="=-"==-=
¥ | |
) 1 1 1
e e
: o g8
125 ¢+ ------ t--—-=--- t--=-=--=-" == =—===
1 1 1
1 1 1
0 1 1 1
0 1 2 3 4

G, [kg/s m?]

c) Twi=36°C-32°C

Figure 3-12: Loss coefficient for configuration 5

3.00 T : —3
1 1 O|
225 4 - e e
| [e]] |
" 1 1 1
2 1501 ""c:s' —————— -i ————— Z—i——A———
1 IN o o
| o 1
£ e
‘b H |
1 1 1
0.00 : : :
0 1 2 3 4
G, [kg/s m?]
b) Twi=43°C-37°C
o Gy = 1.5 kgls m?
A G, =3 kgls m?
0 Gy = 4.5 kg/s m?
50 T T T
1 1 1
lo 1 1
375 f------ bmmmm-- qmmmm - jm—— -
1 1 1
wn 1 1 1
E 5f------ I g------- R
! 1 A 1
1 DI EI %
125 f——-—-- R P S R
1 1 1
1 1 1
O 1 1 1
0 1 2 3 4

G, [kg/s m?]

b) Tw=43°C-37°C

0 Gy = 1.5 kgls m?
A Gy, =3 kg/s m?
o Gy = 4.5 kg/s m?

36



Stellenbosch University https://scholar.sun.ac.za

0.18

|
1
1
— 0135 4+ ------ Loop--- -
E : E
:F 009 +=-=====p==—>% A =" — — — T-—-----1 dﬁ
(<5 1 1
S 0045 f------ Lo R TREEEEEE =
1 1 1
1 1 1
1 1 1
0 T T T
0 1 2 3 4
G, [kg/s m?] G, [kg/s m?]
a) Twi=50°C-43°C b) Tw=43°C-37°C

o Gy = 1.5kgls m?
A G, =3 kg/s m?
o Gy = 4.5 kg/s m?
— (Eq. 3.8)

M e5, I’Z/ I_I'Z [m-l]

o
[,
N 4
w
IS

G, [kg/s m?]

¢) Tw=36°C-32°C
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Mes rz

= 0_1436Gc(l).3884GM—/0.3773T‘;i0.0537 3-6

The transfer coefficient ratio for configuration 5 and configuration 2 rain zone is
shown in Figure 3-14. This ratio was calculated using the equation shown in
equation 3-7..

Meb-l,.z,.:Meb-,Z-Me] 3'7
Mez,.z ME?Z—ME?]

From Figure 3-14 it can be seen that the introduction of the grid increased the rain
zone performance by a factor of approximately 4.5. A similar process was
followed to determine the effect of the grid on the rain zone loss coefficient as can
be seen in Figure 3-15. The loss coefficient increased by a factor of approximately
1.5 with the introduction of the grid below the fill.

There is thus a significant increase in the transfer coefficient with a minor
increase in the loss coefficient.

37



Stellenbosch University https://scholar.sun.ac.za

——— e m o ——— |

|
|
4

1
1
[ —
(=}
U
A
o
1
1
1

13

10 F-=-=-=-==4=-=====-

~ <

2l ,Nw_\/_\u .mw_\/_

13

10+-----F=-==-=--

~ <

2 _Nw_\/_\u ,mm_\/_

G, [ka/s m?]

G, [kg/s m?]

Twi=43°C-37°C

b)

Twi=50°C-43°C

a)

1.5 kg/s m?
3 kgls m?

oGy=
AGy=
oGuw=

4.5 kg/s m?

——— e m o ——— |

;

13

10 fmmmmm Al e -

~ <

2 »Nw_\/_\u ,mw_>_

l1+---==="9-—====--

G, [kg/s m?]

Twi =36°C-32°C
Figure 3-14: Ratio of rain zone transfer coefficient for configuration 5 and 2

©)

1 1 1
1 1 1
1 1 1
1 1 1
1 1 o
1 1 1
1 1 1
F-—-rFr—=—=-r-—=-=r—---
1 1 <y
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
F———-L L __ -
1 1 D.Q“.
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
||||1|||1||@1|||
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
i i i
~ [t} ™ — -
21'g .EEK\E ‘S ,EEV‘_
1 1 1
1 1 1
1 1 1
1 1 1
1 0y
1 1 1
1 1 1
F=——r-—==T7-==—Aa-—--
1 1 |
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
- — - Lol gl - — —
1 1 _ﬂ
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
F-—"r-—~7-~®"1~~~~
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
; ; ;
~

2] ™ — ~

z'g ,EEV_\E ‘S ,EEV_

G, [kg/s m?]

G, [ka/s m?]

Twi=43°C-37°C

b)

Twi =50°C-43°C

a)

N o~
E £ «
2 o E
2 23
v n X
— < ™
1 1 1
3 = =
o O O
o o <

8

|
|
&

T
|
|
|
F-——f—"""~"""~"319~"~"~"~“""~“"~“""“"r~“"~“"~“"~“"~“"“°a~"~“~"“~>"~>"=>7=7°%
|
|
|
i Bl i B
|
|
|

~ 1) ™ -

'z ,EEV_\N_ ‘s ,EEV_

G, [kg/s m?]

Twi =36°C-32°C
Figure 3-15: Ratio of rain zone loss coefficient for configuration 5 and 2

©)

38



Stellenbosch University https://scholar.sun.ac.za

3.5 The effect of drop falling height before impact on the rain zone
performance characteristics

The effect of the placement of the grid at 200 (configuration 3)- and 300 mm
(configuration 4) below the fill is considered in this section. A reduced test matrix
is used for experiments. This reduced test matrix is sufficient to determine the
effect of air (Gy)- and water (G,) mass velocities as well as water inlet
temperature (Tyi) on the performance characteristics, however is insufficient test
data to generated a correlation as was the case in the previous sections.
Correlations are however not necessary for this and the sections that follows.

The heights were chosen based on the results as found by Steenmans (2010) with
the results given in the figure below.

2.9
2.7

2.5
2.3 =~

o1 I\ A

1‘3 \\..--"/ T

1.5

d3; [mm]

0 0.2 0.3 0.4 0.6 0.7 0.8 0.9

0.5
AH {m]
Figure 3-16: Drop falling height before impact (Steenmans, 2010)

Steenmans found the smallest drop diameter for a drop falling height before
impact of 400 mm. The other heights tested include 200-and 300 mm. The rest of
the heights in Figure 3-16 were not considered due to the restriction in height of
the counter flow test facility.

The transfer coefficient ratio, which is calculated using the following expression,

Me Me —Me . . .
sz - 3@ "7 for configuration 3 and 4 as well as the test conditions are

Mezlrz MeZ—Me1

given in Figure 3-17, Figure 3-18, Table 3-2 and Table 3-3 respectively. The loss

coefficient ratio calculated using the following expression, Krams@irz _
fdm,2,rz

Kram3@)—Kfam1

for configuration 3 and 4 is given in Figure 3-19. The transfer-and
Kram2—Kfama

loss coefficient for the rain zone below the grid was calculated using correlation
shown in equation 3-6. It should be mentioned that the results of test 7 and 8 were
omitted from the calculation for determining the average loss coefficient ratio.
The difference between the fill (configuration 1) and fill/rain zone (configuration
2) total loss coefficient is negligible leading to a small rain zone loss coefficient.
This small rain zone loss coefficient increases the rain zone loss coefficient ratio
to above 8 for tests 7 and 8 in most cases much higher than the rest of the tests.
This suggests the loss coefficient for the unaltered rain zone, which is present in
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the denominator, might be negligible at this water- and air mass velocities as per
test 7 and 8. It is expected that the loss coefficient increases with increasing water
mass velocity and decreasing air mass velocity. The rain zone loss coefficient is
expected to be more dependent on the air mass velocity since the drop size, which
causes the losses in the rain zone, does not differ much with water mass velocity.
If this is the case then the smallest loss coefficient should be for test 8 conditions.
This was found to be the case with a configuration 2 rain zone loss coefficient of
Ktam, 2,12 =-0.061 compared to the loss coefficient for test 7 K¢gm, 2,z = 0.297. For
all the test conditions these two were found to be the smallest.

The average transfer coefficient ratio for the tests was found to be 3.63 and 4.45
for configuration 3 and 4 respectively, while for the loss coefficient it was found
to be 1.460 and 1.494 respectively.

Table  3-2:  Test parameters  for

13

i : : : configuration 3
10 p--me- i T e
2 ! ! ! ! Test T.i [°C] G, [kg/sm’] G, [kg/s m?]

I S Fooo- oo i SRt 1 39.94 2.01 149
= ! o ! 2 39.81 2.00 3.09
g’ AT I L 3 38.37 199 4.44
! ! ! ! 4 38.37 1.99 3.07
! LT T cooT 5 37.96 1.03 3.07
: ! ! | 6 37.56 2.05 3.06
2 ; : r ! T 7 37.23 2.96 3.06
Test 8 36.86 341 3.07
9 36.26 2.02 3.04

Figure 3-17: Ratio of rain zone transfer
coefficient for configuration 3 and 2

s Table  3-3:  Test parameters  for

configuration 4
0= ity \----- - 1-----
= ! ! ! ! Test T.i [°C] G [kg/sm’] Gy [kg/s m?]

% 7= il Fi ~ Ei 1--;" 1 31.22 1.96 1.57
< - : ; ; 2 30.84 1.95 311
S AT - Bl 3 30.44 193 4.40
= o L n i o 4 29.27 2.00 2.86
: : i i 5 29.19 1.06 2.87
B} : : ] | 6 29.01 2.03 2.87
. ; . . . o 7 28.89 3.02 2.87
Test 8 28.73 3.40 2.86
9 28.39 2.00 2.84

Figure 3-18: Ratio of rain zone transfer
coefficient for configuration 4 and 2
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Figure 3-19: Ratio of rain zone transfer coeffcient for configuration 3 /4 and 2

It can be seen from Fig. 3-17 that a slightly negative transfer coefficient was
obtained for test one of configuration 3. The same was found for test one
configuration 8. In both cases the transfer coefficient for configuration 1 was
found to be greater than the transfer coefficient for configuration 3 and 8 at test 1
test conditions (G,, Gy) (refer to table 3-2 and 3-6 respectively). This is however
highly unlikely that this could actually be the case since both of these
configurations have a rain zone beneath, while configuration 1 does not.
Configuration 3 also has a rain zone modification making it even more unlikely
that configuration 1 has a greater transfer coefficient. In addition if this was truly
the case (Me; > Mesjg) it would be more pronounced for configuration 2’s rain
zone transfer coefficient. This is however not the case as is evident from figure 3-
13.

It is interesting to note that in both cases the negative transfer coefficient ratio is
for test 1 which has approximately the same process parameters. It could be that
the transfer coefficient for configuration 1 is over predicted for these process
parameters. If this was the case all other tests would also indicate negative or
close to zero transfer coefficient ratios. This is however not the case. It should be
mentioned that both configuration 3 and 8 were the first configurations tested and
system might not have reached “steady state” for the first test. As a result test one
for these configurations were omitted when calculating the average transfer
coefficient ratio.

The configuration achieving the highest transfer coefficient ratio was
configuration 4 when comparing configuration 3 and 4. This is however slightly
less than configuration 5 (transfer coefficient ratio of 4.5) similar to the results
given in Steenmans (2010) where the smallest average drop size was achieved for
the configuration 5 followed by configuration 4.

3.6 The effect of an additional grid on the rain zone performance
characteristics

In the preceding section the effect of introducing a grid to the performance
characteristics were considered. The effect of an additional grid is considered in
this section. Steenmans (2010) found that there is a relationship between drop size
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prior to impact and drop size after impact. This means that the additional grid
would further reduce the size of the drop in the rain zone which can result in the
increase of the transfer coefficient in this zone. Two drop falling heights before
impact between the grids are considered in this section. The first is the drop
falling height of 400 mm found to produce the highest rain zone transfer
coefficient in section 3.4 and 3.5. The second drop falling height before impact
considered is 800 mm. This was found according to Terblanche et al. (2009) to be
the height producing the smallest Sauter mean diameter drop size after impact,
although the design of the grid used in his experiments differs from the grid used
here. The higher distance results in a higher drop impact speed causing the drop to
be more likely to split and not drip compared to shorter distances. The effect of
the double grid configuration (configuration 6 and 7) on the transfer-and loss
coefficient is given in Figure 3-20, Figure 3-21 and Figure 3-22 and the test
parameters in Table 3-4 and Table 3-5. As mentioned in section 3.5 test 7 and 8 is
omitted due to the very small loss coefficient achieved for the rain zone below

configuration 2 at their test conditions. The following expressions are used to
Meg7)rz _ Megiy—Mey

calculate the rain zone ratio, = and for the loss coefficient
Mez‘rz MeZ—Mel
ratio, Keame(n)rz _ Kframe()~Kfdma
Kfame(7)rz Kram,2—Kfama
13 T T T T
! ! ! ! Table 3-4: Test parameters for configuration
10 1----- e R T R 6
N ! Loeo ! Test T.i[°C] G [kg/s m*] Gy [ka/s m?]
g P20 — s oo - R d--m-- 1 4253 2.02 1.64
< g oo * T 2 42.02 2.00 3.14
R e - - - 4o 4o 3 40.73 1.98 433
= o ! ! ! 4 40.09 1.98 3.09
14----- [ momo i et 5 39.64 1.00 3.09
| | | | 6 39.38 1.95 3.07
2 5 ' ' 5 7 39.09 2.90 3.08
0 2 4 6 8 1o 8 38.81 3.39 3.09
Test 9 37.95 1.99 3.06

Figure 3-20: Ratio of rain zone transfer
coefficient for configuration 6 and 2

13

Table 3-5 Test parameters for configuration
10 4o s ot EEEEEE EEEES 7
n ! ! ! ! Test T.i[°C] G [kg/s m’] Gy [ka/s m?]
S 7 t---- oo e S i--@-- 1 36.8 1.96 153
S | o | |
< o ! o 2 36.41 1.94 3.07
& AT e === R 3 36.41 193 232
= : : : : 4 36.29 1.94 3.08
e mo- === N - 5 35.98 1.01 3.07
| | | | 6 35.82 2.00 3.08
2 5 ; ; ; 7 35.80 2.96 3.06
0 2 N ¢ 8 10 8 35.47 342 3.06
Test 9 34.76 1.96 3.07

Figure 3-21 Ratio of rain zone transfer
coefficient for configuration 7 and 2

The average transfer coefficient ratio is found to be 5.729 and 6.097 for
configuration 6 and 7 respectively. The corresponding average ratio for the loss
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coefficient was found to be 2.227 and 2.291 for configuration 6 and 7
respectively.
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Figure 3-22: Ratio of rain zone loss coefficient for configuration 6/7 and 2

It should be mentioned that although there is an increase in the transfer coefficient
of the rain zone there is also an increase in the loss coefficient. The increase in the
loss coefficient could possibly negate the increase in the transfer coefficient in a
natural draught wet cooling tower. This means this type of configuration will not
necessarily give the best performance in a cooling tower.

3.7 Effect of extending the rain zone below configuration 2, 5 and 7 on the
rain zone performance characteristics

The effect of rain zone height on the performance characteristics are investigated
in this section. The rain zone below configurations 2, 5 and 7 is extended and
results presented here. The results are for configurations 8, 9 and 10. As
mentioned in section 3.5 and 3.6 test 7 and 8 are omitted when calculating the loss
coefficient ratio. The transfer coefficient ratio were calculated using the following

. Me Me —Me .. .
expression, —210rz _ Z8010 1 and  for the loss coefficient ratio,
Mez'rz Mez—M61
Kfdm,8(9,10)rz _ Kfdm,8(9,10)~Kfdm,1

Kramz2rz Kram2—Kfdm

The rain zone height was increased from 2105 mm to 4168 mm representing an
almost 2 fold increase. The performance characteristics for configuration 8
(extended rain zone below configuration 2) is shown in the Fig. 3-23 and 3-24.

43



Stellenbosch University https://scholar.sun.ac.za

» Table 3-6: Test parameters for

| configuration 8
04— [— [ [ P Test T.i [°C] G [kg/sm’] G, [kg/s m?]
¥ ! ! ! ! 1 47.19 2.02 1.62
P N (S R TR T 2 46.98 2.00 3.04
g : : : : 3 46.78 2.02 455
F At mmm o - - e dmm o 4 46.40 2.04 2.99
p | | | | 5 46.27 1.06 3.00
14---- w-fA-0 - g -g--H--0-- 6 46.02 2.02 2.98
@ | | | 7 45.97 3.02 2.98
2 : ' : ' 8 45.85 3.44 2.98
0 2 4 6 8 10 9 44.40 2.02 3.00
Test
Figure 3-23: Ratio of rain zone transfer
coefficient for configuration 8 and 2
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Figure 3-24: Ratio of rain zone loss coefficient for configuration 8 and 2

There is a slight increase of transfer coefficient with increasing rain zone height
amounting to a factor of approximately 1.06. The loss coefficient also increases
with a factor of approximately 1.224. However the increases are not significant
and indicate that the rain zone height has a negligible effect on the transfer or loss
coefficient for configuration 2.

The performance characteristics for configuration 9 (extended rain zone below a
single grid configuration) are shown in Figure 3-25 and Figure 3-26 and the test
parameters in Table 3-7. The transfer coefficient increases by a factor of 2.89 and
the loss coefficient by 1.56 compared to the rain zone below configuration 2. The
loss coefficient does not show a significant change, however the transfer
coefficient for extended section indicates a decrease in performance where the
average ratio decrease from 4.5 for configuration 5 to 2.893 for the extended rain
zone configuration, configuration 9. The transfer coefficient decreases down the
length of the rain zone as a result of a decrease in residence time per meter rain
zone as the drop accelerates through the rain zone (assuming the drop diameter
stays approximately constant and the drop size distribution remains unchanged
throughout the rain zone). This decrease in residence time is more evident for
smaller drops. This is why the decrease in transfer coefficient is less obvious for
configuration 8 due to the larger drop sizes (less air-water interfacial area). A
similar decreasing trend for the transfer coefficient ratio is found for configuration
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10 (shown in Figure 3-27 for the transfer coefficient and Figure 3-28 for the loss
coefficient), where the average transfer coefficient ratio decreased from 6.097 to
3.388 for configuration 7 and 10 respectively. It can also be seen that the average
loss coefficient ratio is approximately constant when comparing configuration 5
(1.500) and configuration 9 (1.560). The same is valid for configuration 7 (2.317)
and 10 (2.017). This corresponds to the modelling done by Reuter (2010), which
indicates that loss coefficient stays approximately constant for drop path lengths
of greater than two meters.

Table 3-7: Test parameters for

; ; ; configuration 9
10 f----- o = e Rt
M ! ! ! ! Test Twi [°C] G, [ka/sm?] G [kg/s m?]
g” 74----- e oo - S Ao 1 40.65 2.05 1.40
< ! ! ! ! 2 38.43 2.02 2.92
ST T s 4--5-- 3 38.27 2.00 459
= a T oo " o g © 4 36.29 197 2.97
L= oo = Sl it 5 35.94 1.05 2.96
- - - - 6 35.90 2.01 2.96
2 ; ; ; ; 7 35.70 2.96 2.96
0 2 N ® 8 10 8 35.38 3.42 2.95
Test 9 34.66 1.95 2.95
Figure 3-25: Ratio of rain zone transfer
coefficient for Configuration 9 and 2
7 T T T T
SST e T b =
g | | | |
2_ 1 1 1 1
DI CTTT CTTTTT T .
o o 1 1 1 1
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Y 11+----- m-———- == === 1= = === 1= = ===
1 ] : ] ]
0 2 4 6 8 10

Test
Figure 3-26: Ratio of rain zone loss coefficient for configuration 9 and 2
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» Table 3-8: Test parameters for

| configuration 10

04— [ I [ P Test T.i [°C] G [kg/sm’] G, [kg/s m?]
v : : : : 1 43.22 1.97 1.49
g o oo R TR TR 2 4311 195 2.95
< : : : : 3 43.10 1.98 4.41
S 4o I U R 4 43.07 2.00 3.01
g o ] o ® g o " 5 43.03 1.05 2.99
14----- e - R e 6 42.97 2.01 2.99
| | | | 7 42.96 2.98 2.98
2 ! ! | ' 8 42.88 3.39 2.97
0 2 4 6 8 10 9 42.18 1.99 2.97

Test

Figure 3-27: Ratio of rain zone transfer
coefficient for configuration 10 and 2
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Figure 3-28: Ratio of rain zone loss coefficient for configuration 10 and 2

3.8 Effect of placing the grid diagonally on the rain zone performance
characteristics

The effect of placing a grid diagonally below a fill on the rain zone’s performance
characteristics is shown in Figure 3-29 and Figure 3-30 for the transfer-and loss

€11,rz

coefficient ratios respectively. The ratios were calculated according to 1;— =

€2rz

M -M K K -K ..
Zeut8 gnd “fdmdirz _ Zfdmuimlfdmiog4¢ the transfer- and loss coefficient
Me;—Me, Kframz2rz Kram2—Kfama

respectively.

Placing the grid at an angle of 2° has a negligible effect on the performance of the
rain zone as is evident when comparing configuration 9 and configuration 11
where the average transfer coefficient ratio is found to be 2.893 and 2.514
respectively. The average loss coefficient ratio was found to be 1.427
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Table 3-9: Test parameters for

13 T T =T T . .
! ! ! ! configuration 11
04— [ [ [ P Test T.i [°C] G [kg/sm’] G, [kg/s m?]
v : : : : 1 42.32 2.02 1.38
g e [EE— E— TR T 2 41.88 2.00 3.11
< i i i i 3 40.59 1.98 4.40
Gado e e e Ao P 4 39.26 2.01 3.07
) | ] o ] I o
s [ ] a o o o 5 37.99 0.96 3.05
P e A — R — 6 36.99 1.96 3.06
| | | | 7 35.01 2.91 3.05
2 ! ! ! : 8 35.44 3.45 3.05
0 2 4 6 8 10 9 34.73 1.93 3.08
Test
Figure 3-29: Ratio of rain zone transfer
coefficient for configuration 11 and 2
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Figure 3-30: Ratio of rain zone loss coefficient for configuration 11 and 2

3.9 Conclusion

The introduction of the grid below the conventional film fill had a significant
effect on this zone’s transfer coefficient, increasing it by a factor of approximately
4.5, while it had less of an effect on this zone’s loss coefficient increasing it by a
factor of approximately 1.5 compared to an unaltered rain zone (rain zone below
configuration 2).

The drop falling height for a single grid configuration producing the highest rain
zone transfer coefficient was found to be 400 mm or configuration 5.

The double grid configuration achieved the highest transfer coefficient compared
to the other configurations however also had the highest loss coefficient as a result
of the additional grid and smaller average rain zone drop sizes. This could
possibly negate the higher transfer coefficient in a natural draught wet cooling
tower.

Increasing the rain zone height had a negligible effect on the loss coefficient,
however showed a decrease in rain zone transfer coefficient. This decrease was
attributed to the decrease in drop residence time in the rain zone with increasing
rain zone drop path length.
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Lastly the placement of the grid at an angle of 2° was also investigated and was
found to have a negligible effect on the performance of the rain zone. Table 3-10

gives a summary of the results presented in chapter 3.

Table 3-10: Average rain zone transfer-and loss coefficient ratios for the different

configurations

Configuration x Description Me, — Me, Kramx — Krama
Me, — Me, Kramz — Krama
3 Grid 200 3.18 1.73
4 Grid 300 4.45 2.12
5 Grid 400 45 1.5
6 Additional 5.73 2.63
grid 400
7 Additional 6.097 2.85
grid 800
8 Fill extended 1.06 1.06
rain zone
9 Grid 400 2.89 1.86
extended rain
zone
10 Additional 3.39 2,51
grid 800
extended rain
zone
11 Diagonal grid 2.51 1.62
extended rain
zone

48



Stellenbosch University https://scholar.sun.ac.za

CHAPTER 4 RAIN ZONE DROP SIZE

The effect of the introducing a grid below a conventional film fill on the rain zone
Sauter mean diameter (drop size) is presented in this section. The drop size is
inferred from the rain zone’s transfer coefficient according to the algorithm shown
in Fig. 4.1. The purely counterflow one dimensional rain zone model referred to in
the algorithm can be found Kroger (2004). A sample calculation can be found in
Appendix D. The purpose of calculating the Sauter mean drop diameter is to be
able to utilize the experimental data from chapter 3 in the De Villiers and Kroger
(1997) one dimensional NDWCT rain zone model as presented in chapter 5 to
determine the effect of the rain zone modification on cooling tower performance.

Guess rain

zone drop —
size

Purely counter
flow model No

|

Trans
Coefeaiusea =
Trans
0&fepariments

Yes

Rain zone
drop size

Figure 4-1: Rain zone Sauter mean drop diameter algorithm

The Sauter mean drop diameter for several configurations is given in this section.
This includes Sauter mean drop diameter below configuration 2, 3, 4, 5, 7 and 11.

4.1 Rain zone drop size below a conventional fill (configuration 2)

The rain zone Sauter mean drop diameter below configuration 2 is shown in this
section. More configuration details can be found in chapter 3. The rain zone
Sauter mean diameter drop diameter in the 2105 mm rain zone for three different
water inlet temperature ranges and water mass velocities using the Krdger purely
counter flow transfer coefficient correlation is shown in Figure 4-2. Terblanche et
al. (2009) found that the mass velocities for both water and air had a minimal
effect on the Sauter mean drop diameter below the fill and is mostly a function of
the fill used. This is confirmed in the figures below. Thus an overall Sauter mean
drop diameter will be calculated for a specific configuration. There are a number
of outliers as a result of a small rain zone transfer coefficient.

The rain zone Sauter mean drop diameter below configuration 2 for the three tests
shown in Figure 4-2 was found to be 6.527 mm (including the outliers).
Terblanche et al. (2009) found that it is uncommon to find a drop diameter larger
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than 10 mm in the rain zone. These sized drops are often unstable and usually
breaks into smaller drops. By omitting the drops larger than 10 mm the rain zone
Sauter mean drop diameter was found to be 6.08 mm. Terblanche et al. (2009)
found a typical rain zone Sauter mean drop size distribution between 5 and 6 mm
below cross fluted film fills.
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c) Tw=36°C-28°C
Figure 4-2: Rain zone Sauter mean drop diameter below configuration 2

4.2 Rain zone drop size below a single grid

This section presents the rain zone Sauter mean drop diameter below
configuration 5. These configurations consist of a spray zone, fill zone, rain zone
between fill and grid and rain zone below the grid. Subtracting the fill
performance, as determined in chapter 3, would result in a rain zone above and
below the grid, however only the drop size below the grid is of importance. The
rain zone height above the grid is approximately 120 mm and the drop size is
known from section 4.1, since this is the drop size exiting the fill. In order to
isolate the rain zone below the grid it is necessary to determine the correlation for
the transfer coefficient per meter rain zone above the grid. The correlation was
determined in section 3.3. By substituting the conditions (i.e. Twi, Ga, Gy) for the
test considered here the transfer coefficient for the small rain zone above the grid
per meter rain zone is determined. In order to deduct this value from the combined
transfer coefficient it must be multiplied with the height of the small rain zone
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(i.e. 0.12 mm). The resulting transfer coefficient below the grid is then found. The
newly determined transfer coefficient and height below the grid is the parameters
to use in calculating the rain zone Sauter mean drop diameter.

The resulting Sauter mean drop diameter is shown in Fig. 4-3. The rain zone
Sauter mean drop diameter was found to be 2.56 mm
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Figure 4-3: Rain zone Sauter mean drop diameter below configuration 5

4.3 Effect of drop falling height before impact on rain zone Sauter mean
drop diameter

The rain zone Sauter mean drop diameter for the rain zone below configurations 3
and 4 is presented in this section. Steenmans (2010) found the smallest drop size
for a drop falling height of 400 mm. This was followed by the 300 mm and 200
mm configuration respectively.

The rain zone Sauter mean drop diameter for configuration 3 is calculated by
subtracting configuration 1’s transfer coefficient from configuration 3’s transfer
coefficient. Configuration 1’s performance test rain zone height was 280 mm,
which is higher than the distance between the fill and grid for configuration 3.
This means the performance of the configuration 3’s rain zone is underestimated
since an additional 80 mm of rain zone below the fill is deducted from this
configuration’s performance. This additional performance must be added to
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configuration 3’s rain zone transfer coefficient to obtain the true transfer
coefficient below the grid. The rain zone Sauter mean drop diameter for this
configuration is shown in Figure 4-4. The test conditions can be found in Table
3-2.

16

12 4

ds, [mm]

Figure 4-4: Rain zone Sauter mean drop diameter below configuration 3

The rain zone Sauter mean drop diameter for configuration 3 was found to be
2.956 mm.

The rain zone Sauter mean drop diameter for configuration 4 is shown in Figure
4-5 and test conditions in Table 3-3. In this case the additional 20 mm of rain zone
above the grid is deducted in a similar process as in configuration 3..

16

12 A

g, [mm]

Figure 4-5: Rain zone Sauter mean drop diameter for configuration 4

The rain zone Sauter mean drop diameter for configuration 4 was found to be 2.83
mm. The rain zone Sauter mean drop diameter for configuration 3, 4 and 5 is
summarized in Table 4-1.

Table 4-1: Rain zone Satuer mean drop diameter for configuration 3, 4 and 5

Configuration dsp [mm]
5 2.56
4 2.83
3 2.96
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It can be seen from Table 4-1 there is a decrease in rain zone Sauter mean drop
diameter with an increase in drop falling height before impact. A similar trend
was found by Steenmans (2010).

4.4 Rain zone Sauter mean drop diameter for configuration 6

The effect of a double grid configuration on the rain zone Sauter mean drop
diameter are presented here. It is expected that two grids will decrease the Sauter
mean drop diameter. The first grid below the fill will break the drop as before,
however this changes the drop size before impact to the second grid which can
result in a smaller drop size below the second grid. In order to isolate the transfer
coefficient below the second grid it is important to know the transfer coefficient
per meter rain zone for the rain zone exactly below the fill (i.e. above the first
grid) and exiting the first grid (below the first grid). The correlation for this is
given in section 3.3 and 3.4. This is deducted from the overall rain zone transfer
coefficient for this configuration and as a result isolating the rain zone transfer
coefficient below the second grid. The resulting drop size associated with the
transfer coefficient below the second grid for configuration 6 is given in Figure
4-6 with the test conditions given in Table 3-7.
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Figure 4-6: Rain zone Sauter mean drop diameter below the second grid for configuration 6

The rain zone Sauter mean drop diameter below the second grid for configuration
6 was found to be 2.31 mm.

The same procedure was followed for determining the rain zone Sauter mean drop
diameter below the second grid for configuration 7 with the test conditions given
in Table 3-8 and is presented in Figure 4-7.
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Figure 4-7: Rain zone Sauter mean drop diameter below the second grid for configuration 7

The rain zone Sauter mean drop diameter below the second grid of configuration
7 was found to be 2.68 mm.

4.5 Conclusion

The smallest rain zone Sauter mean drop diameter after impact for the single grid
configurations i.e. configurations 3, 4 and 5 was found to be 2.56 mm for a drop
falling height before impact of 400 mm (configuration 5) and 2.31 mm for the
double grid configuration drop falling height before impact between the first and
second grid of 400 mm for configuration 6. Table 4-2 provides a summary of the
results.

Table 4-2: Rain zone Sauter mean drop diameter for configurations 3, 4,5, 6, 7

Configuration ds [mm]
2.96
2.83
2.56
231
2.68

~NOo ok~ W
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CHAPTER 5 THE EFFECT OF DIFFFERENT FILL CONFIGURATIONS
ON THE PERFORMANCE OF A NDWCT

The NDWCT performance in this section is modelled using a one dimensional
model employing the Merkel method for performance evaluation. Fig. 5-1 gives a
labelled drawing of a typical NDWCT. The model is solved by following an
iterative method that satisfies both the draught equation and energy balance across
the NDWCT.

'(—d(,—)-
© Ty @
Shell—~
Hﬁ
Drift eliminators-. @ Water distribution system
185555551 8855885584/
Fill zone— |™~Spray zone #
Rain zone ®
H,
@/ | 2 Y
s /l_ Pond / f/// / /L/ / /T/
Tower supports
F(—d}—)-

Figure 5-1: Labelled drawing of a typical NDWCT

5.1 Cooling tower model

The one dimensional NDWCT model as given in Kroger (2004) is used for
modelling a NDWCT located at a South African power utility, Eskom, coal fired
power station.

Table 5-1 shown below contains the iteration parameters for a converged solution,
the Reuter iteration parameters and the difference between these values both
based on example 7.3.2 Kroger (2004). A sample calculation, input and output
parameters are given in appendix E
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Table 5-1: NDWCT one dimensional iteration parameters

Iteration Symbol Michaels Reuter Difference
parameter
Alir-vapour mass May1s 16 808.98 kg/s 16 810.89 kg/s 0.011 %
flow rate through
fill
Aiir pressure after Pas 83 937.72 N/m* 83 937.7 N/m* 0.000 %
drift eliminators
Temperature Tas 26.438 °C 26.437 °C 0.005 %
after drift
eliminators
Air pressure at Pas 82 650.58 82 650.6 0.000 %
tower outlet
Water outlet Two 21.39°C 21.39°C 0.062 %
temperature

Table 5-3 shows the design data for the cooling tower. A natural draught wet
cooling tower fitted with ashestos cement flat sheet film fill, containing drift
eliminators, water distribution system, spray zone, fill zone and rain zone is
investigated in this section. The correlation for the transfer-and loss coefficient of
which the form is given in equations (5-1) and (5-2) respectively was obtained by
linear extrapolation using the coefficients for asbestos flat sheets as given in
Kroger (2004) and presented in Table 5-2.

‘bd

G,
Mey (G, GoLy)=aq (G—> Ly 5-1
G
deml(Gw; Ga, L )=(ay (G_‘:) + by) Ly 5-2
Table 5-2: Asbestos flat sheet film fill performance characteristics for different sheet spacing
Asbestos flat sheet 44.4 38.1 31.8 25.4 225
spacing [mm] (tower 1)
Transfer coefficient
aq 0.2887 0.361 0.94 0.459 0.4823
by 0.7 0.72 0.76 0.73 0.7539
Loss coefficient
ap 0.725 0.936 0.77 0.89 0.8949
by 1.37 1.3 1.7 1.7 1.7902

The fill currently installed in the cooling towers that are investigated is asbestos
cement flat sheets. The height of the installed fill in the cooling tower is 2.4 m.
The thickness of the Asbestos flat sheets are 4 mm and spacing of the flat sheets is
22.5 mm on the periphery of the tower and 25.4 mm in the centre of the tower
with frontal area (A) of 6 500 m2 The fill with the 22.5 mm spacing constitutes
38 % of the fill wetted surface area and the fill with the 25 mm 62 %.The one
dimensional model can however not model variation in fill characteristics. The
weighted average of each fill’s characteristic was used for the modelling of the
variation in fill using the fill wetted surface area as the basis.

Table 5-4 gives the performance data as calculated using the one dimensional
cooling tower model as found in Kréger (2004) and cooling tower 1 design data as
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input parameters and compares it with the original design performance data. It
was found that the one dimensional model compares well with the original design

data for the re-cooled cooling water temperature.

The current performance of the cooling tower is considered below.

A performance test was conducted on cooling tower 1 in October 2002 following
the cleaning and repairs of the water distribution system to determine how

effective the cleaning was.

Table 5-5 shows the results for the performance
conditions conducted in October 2002.

Table 5-3: Cooling tower design parameters

Water conditions:

Water mass flow rate: m, = 12500 kg/s
Water inlet temperature: Tws = 39.44°C
Ambient conditions:

Air temperature at ground level: Ta = 1545°C
Wetbulb temperature at ground level: Taw = 11.05°C
Atmospheric pressure: Pa = 84100 N/m?
Ambient temperature gradient: dT,/dz = -0.00975 K/m
Cooling tower specifications:

Tower height: He = 126.7m
Tower inlet height Hy = 7.157m
Tower inlet diameter d; = 856m
Tower outlet diameter ds = 51821m
Number of tower supports Ng = 72

Length of tower supports Ly = 85m
Diameter of support ds = 0.76m

Drag coefficient of tower support Cos = 1.0

(round)

Shell thickness (inlet) t; = 086m

Fill specifications:

Fill height Ly = 24m

Fill performance characteristics:

Transfer coefficient:

-0.7529 -0.73

Men(GGoL,)=(0.1848 (& 0.2832 (¥ L
¢i( G GarL)=(0. G +0. G, )Lys

Loss coefficient:

test data as well as ambient
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Gy Gy
Kiami (Gu» Ga» Ly )=Ls1(0.3831 (0.8949 (G—) + 1.7902) +0.6169(0.89 <G—)

a a
+1.7)
Other specifications:
Frontal area of fill Ay = 6500 m’
Depth of spray zone above fill Ly = 10m
Mean drop diameter in rain zone dg = 0.005 m

Table 5-4: Performance comparative data for Kroger one dimensional model and original

design data
Parameter 1 D model Original design

Type of fill Film Film

Fill height, L [mm] 2 400 2400

Lg, [mm] 1 000 1000
Outlet water 22.51 22.5
temperature, Ty, [°C]

Cooling tower range, 16.93 16.94

AT, [°C]

Approach, AT, [°C] 11.46 11.45

Table 5-5: Cooling tower 1 latest performance test results

Water conditions:

Water mass flow rate: m, = 14857 kgls
Water inlet temperature: Tws = 44.61°C
Ambient conditions:

Air temperature at ground level: Ty = 25.35°C
Wetbulb temperature at ground level: Taw = 1598 °C
Atmospheric pressure: Par = 84 100 N/m*
Ambient temperature gradient: dT,/dz =  -0.00975 K/m
Results :

Re-cooled water temperature Tw = 29.09°C
Cooling tower range AT, = 1552°C

The current performance is modelled by using the data in

Table 5-5. As mention earlier the performance test was carried out after the
cleaning and repairs of the water distribution system. This means that the current
deterioration of the cooling tower performance is mostly attributed to the
degradation of the fill. There are two factors that are currently responsible for the
fill degradation, which include: missing/broken fill and fouling of fill. For the
current cooling tower under investigation the latter is a major contributor to the
degradation of the performance.
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The fouling of fill will result in increase in the loss coefficient across the fill
resulting in decrease in draught i.e. air mass flow rate through the cooling tower
leading to decrease in cooling tower performance.

The fouling will be modelled as an increase in flow resistance as a result of the
smaller spacing between the sheets. This increase is incorporated in the fill loss
coefficient. Although the spacing between the fill sheets is different the
correlation for the transfer coefficient will remain unchanged since the fill transfer
area remains unchanged. The decrease in transfer coefficient is as a result of the
decrease in air mass flow rate caused by the increase in flow resistance. The new
loss coefficient correlation was found through an iterative process by changing the
total loss coefficient until the re-cooled water outlet temperature as given in Table
5-5 is reached. The correlations for both the transfer-and loss coefficient are given
in Table 5-6 and the results given in Table 5-7.

5.2 Cooling tower modelling

There are several performance enhancement methods investigated in this section.
These include replacing the current fill with new types of modern fill and
introduction of a grid below a conventional fill to reduce rain zone Sauter mean
diameter. Four different fills are investigated in this section. These include three
different film fills, including the current fill installed and one trickle fill. All fills
would have to use the existing tower configurations which results in the fill height
being limited to 2 400 mm as this is the current maximum height. The spray zone
height of the cooling tower will remain constant at Ls, = 1 000 mm, while the fill
height Ly can vary to achieve the optimum height for the specific fill limited to a
height of 2400 mm and finally the rain zone height which can vary as well
depending on the fill height, however it has a minimum height of H;; = 7 157 mm.
It should also be noted that the effect of the air flow at the cooling tower inlet as a
result of the change in rain zone height was not modelled.

Table 5-6.shows the performance characteristics of the different fills used. It
should be mentioned all performance characteristics were determined using the
Merkel method. Some of the correlations parameters were given in imperial units,
which are converted directly in the correlation. The current characteristics of the
installed fill including the effect of fouling is also given in the table below. It
should however be noted that only the correlation for the loss coefficient is
different from the clean installed fill and the current condition of the fill, which
was discussed earlier in this section.
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Table 5-6: Performance characteristics for different fills

Fill

Transfer coefficient

Asbestos  flat  sheet G, ~0.7529 G %)
(cleanand fouled):  Men(G, Guly)=0.1848 () +02832(g") L

High performance Fill: Meﬁ:2.746G;8~934(;2~737;%104 L/;IQOSS

Anti-fouling film fill: G52 60y, \OIET | 069676

Me;=0.1744 (== —
=017 (G) (O.3048> (0.3048)

Trickle fill: Me;=3.931G0% GYOH 10285029

wi
Loss coefficient

Asbestos  flat sheet

G,
(clean): Kiimi (G, G, Ly)=L;(0.3831 (0.8949 (G—> +1.7902>

GVV
+0.6169(0.89 (G—) +1.7)

e

Asbestos  flat sheet G,
(Fouled): K1 (G G L) =L3(3.9065 (F) +7.5974)

a

ngh performance Fill: ](/dm:(4499G3/359G;11122+9577G3}028G2056)L}i0043

Anti-fouling film fill: Ay )2

]</dm:498' 1 778Apﬁllpav15 <%

- ” 4 ./ 60w, 1.9965
=498.1778p (%) (0.13257x10 (0,3048)

+(1.472513G,,)(0.60829%107°+0.79793x10™®

X( o )2))( =l )(0.06243p )/0.07
0.3048) ”’\0.3048 wis

Trickle fill: Kan=(3.402G%%7 G092 11 304G078 G TT7) L3055

1

5.3 Effect of changing the fill on NDWCT performance

Table 5-7 and 5-8 below shows the performance results when installing different
fill in the cooling tower. The optimum height for the different fill is not
necessarily the same height as the current installed fill leaving room for an
additional rain zone. Tables 5-7 and 5-8 below shows the effect of leaving the rain

zone height at the original height and the other is to increase it.
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Table 5-7: Cooling tower one performance results constant inlet temperature

Parameter Units  Asbestos Asbestos High Anti- Trickle
flat sheet flat sheet perform- fouling fill
(clean)  (fouled) ance film film fill

fill
Type of fill Film Film Film Film Trickle
Fill height Lg mm 2 400 2 400 1220 1660 1220
Spray zone Lsp mm 1000 1000 1000 1000 1000
height
Rain zone Hy, mm 7.157 7.157 7.157 7.157 7 157
height
Rain zone dg mm 5 5 5 5 5
drop size
Air mass Mayis Ka/ 11898 9954 11 640 11522 12 154
flow rate g's
Inlet water T °c 39.44 39.44 39.44 39.44 39.44
temperature
Outlet water "o °c 22.51 23.88 21.22 20.98 22.29
temperature
Dry bulb T 29.45 30.66 30.68 30.99 29.34
temperature °c
above drift
eliminators
Pressure Pas 83959 83949 83 958 83954 83 967
above drift N/m?
eliminators
Pressure at Pas 2 82849 82849 82 651 82 849 82 849
N/m
tower outlet
Cooling AT oc 16.93  15.56 18.21 18.46 17.15
tower range
Approach AT oo oc 1146  12.83 10.18 9.93 11.24

Table 5-8 shows the effect of adjusting the rain zone to the available height after
installing new fill at the new fill’s optimum or recommended height.

The best performing fill according to the one dimensional model based on the
lowest outlet water temperature (Two), cooling tower range (ATy) and approach
(ATapp) for both the original rain zone height (as shown in Table 5-7) and adjusted
rain zone height based on the optimum or recommended fill height (as shown in
Table 5-8) was found to be for the anti-fouling film fill. It should be mentioned
that the effect of changing the inlet conditions by increasing the rain zone height
was not taken into account. The increase in rain zone height was taken into
account by including the increase in the rain zone transfer-and loss coefficient
correlations. Based on these results the recommended fill would be the anti-
fouling film fill. 1t should however be mentioned that the fill chosen should not be
purely based on the re-cooled outlet water temperature and should other factors
also be considered including fouling rate.
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Table 5-8: Cooling tower one performance results with variable rain zone height

Parameter Units Asbestos  Asbestos High Anti- Trickle
flat sheet flat sheet performa  fouling pack
(clean) (fouled) nce film filmfill
fill
Type of fill Film Film Film Film Trickle
Fill height, 2400 2400 1220 1660 1220
L, mm
Ly mm 1000 1000 1000 1000 1 000
Rain zone 7157 7.157 8.337 7.897 8.337
. mm
height, H,,
Rain zone 5 5 5 5 5
droplet size, mm
dg
Air mass 11 898 9954 12 008 11759 12 684
flow rate, kals
Mayvis
Inlet water 39.44 39.44 39.44 39.44 39.44
temperature, °Cc
TW5
Outlet water 22.51 23.88 20.92 20.77 21.91
temperature, °Cc
TWO
Dry bulb 29.45 30.66 30.49 30.87 29.08
temperat-ure
above drift °C
eliminators,
Ta5
Pressure 83 959 83949 83949 83949 83 959
above drift 2
. N/m
eliminators,
Pas
Pressure at 82 849 82 849 82 848 82 849 82 849
tower outlet, N/m?
Pas
Cooling 16.93 15.56 18.52 18.67 17.53
tower range, °Cc
AT,,
Approach, o 11.46 12.83 9.87 9.72 10.86
C
ATy

5.4 Introduction of a splash grid to reduce rain zone drop size

The effect of introducing a splash pack grid (referred to as grid in the text) below
a conventional fill is modelled using the one dimensional model and its effect on
the performance of the cooling tower where performance is measured in terms of
cooling water range, approach and water outlet temperature.

The effect of a single grid and double grid below a conventional fill on the
performance is modelled. In this case there are two conventional fills considered.
This include asbestos cement flat sheet film fill (currently installed in the cooling
tower) and anti-fouling film fill, which was found to be the best performing fill
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from parametric study. Both a clean and fouled asbestos cement film fill is
modelled

Figure 5-2 below shows a schematic of the proposed configuration of the grid
below the conventional fill installed at an angle of two degrees from the
horizontal plane in the cooling tower.

Shell—»

Drift eliminators 1 Water distribution syste

Spray zone

Rain zon By e W I U

- 4
YOy, Pond [ LFT

Tower supports

Figure 5-2: Proposed grid placement below the fill zone in a typical NDWCT

The angle is necessary to reduce the surface area occupied by the frame of the
grid.. Fig. 5-2 is a sketch illustrating the reduction in surface area compared to
placing the grid horizontally adjacent and placing it at an angle.

Wire

Grid frame . Surface area of grid frame

Wire ) -
f Wire
Wire
Surface area of grid frame Grid frame
a). Horizontal grid arrangement b). Angle grid arrangement

Figure 5-3: Grid frame surface area comparison

The design data for the modelling of the cooling tower with the addition of the
grid is similar to what is given in Table 5-3 with the exception of rain zone drop
size and rain zone height, although the total rain zone height remains the same it is
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divided into two (three in the double grid configuration) different rain zones based
on rain zone drop size. These two rain zones would be referred to as rain zone
above the grid and rain zone below the grid (below the second grid in a double
grid configuration). The results for the grid modelling are given in Table 5-11 to
Table 5-15. The grid was modelled as a screen. It is necessary to add the loss
coefficient of the screens since the rain zone loss coefficient correlation accounts
for the rain zone drops and not the screen. The correlation to be used is based on
the screen Reynolds number as given below.

_ pvds

~ Bsu
Where:

5-3

Reg

The properties shown in equation 5-3 are determined at the mean free stream
condition of the fluid flowing across the screen.

2
And Bs _ Area of holes _ (1 _%)

Total area Pg

The screen loss coefficient for 60 < Res < 1000 as given in Krdger (2004) is
shown in the correlation below.

Ks = 6(1 - ﬁs)ﬁs_zRes_o'SSS 5'4
The input parameters for calculating the screen loss coefficient is given in Table
5-9.

Table 5-9: Input parameters for calculation screen loss coefficient according to equation 5-4

Description Symbol Value
Porosity of the screen (B,)
Wire diameter ds 1 mm
Screen pitch Ps 3mm
Porosity of screen Bs 0.4444
Screen Reynolds number (Re,)
Mean density of air flowing across Pavis 0.9859 kg/m®
screen
Mean air velocity across screen Vavis 1.8067 m/s
Mean air viscosity across screen Havis 1.84x10° kg/ms
Screen Reynolds number Reg 217.83

The resulting screen loss coefficient was found according to equation 5-4 to be K,
=2.8104

The rain zone above the grid (Hr, above gria), Which is around 400 mm, cannot be
modelled using the correlation proposed by De Villiers and Krdger (1997),
equation Error! Reference source not found., since it is only valid for rain zone
heights of greater than 4 m. To account for the performance characteristics of such
small rain zones a correlation for both the transfer-and loss coefficient was
experimentally determined for a rain zone below a conventional film fill in section
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5.3. Terblanche et al. (2008) found that the rain zone Sauter mean drop diameter
for most film-and trickle fill ranges between 5-6 mm, which subsequently means
that the aforementioned correlation can be used in most film and trickle fill cases.
The correlations as determined in section 3.3 will thus be used for both the
asbestos flat sheet as well as the anti-fouling fill. Similar correlations were
determined in section 3.4 for the rain zone below the grid, which is used for the
rain zone between grids in a double grid configuration. The rest of the rain zone
i.e. the rain zone exiting the grid configuration can be modelled using the De
Villiers and Krdger correlation for the transfer-and loss coefficient since the rain
zone height is greater than 4 m. The correlations for the transfer-and loss
coefficients of a rain zone below a conventional fill and below a single grid are
given below in Table 5-10.

Table 5-10: Rain zone transfer-and loss coefficient correlations

Rain zone performance characteristics below conventional film fill

Me,,/L,,=0.0284 101 GA-6234 G;04412 5-5
& = 0.3095G3-2407 ;2.5950 5-6
LTZ ¢ v

Rain zone performance characteristics below the splash grid

Me -
I rz — 0.3348T‘;i0'087963'3988GM_,0'3816 5 7

rzZ

K., 5-8
—==12572 —1.4663 ~0.9803

L 5725G, Gy

The results of the effect of the grid and double grid configurations for both the
current installed fill as well as anti-fouling film fill on the re-cooled water outlet
temperature, range and approach are shown in Tables 11, 12 and 13.

It is clear from Table 5-11 above that clean current asbestos cement film fill with
a single grid installed below it gives a better performance with a re-cooled water
outlet temperature of 21.59 °C compared to 22.51 °C of an unaltered rain zone.
The double grid configuration was however expected to give the best performance
due to its smaller rain zone Sauter mean drop diameter. The double grid
configuration however only achieved a re-cooled cooling water outlet temperature
of 21.70 °C compared to the single grid’s 22.51 °C. The additional grid as well as
the smaller drop size increases the flow losses throughout the cooling tower as is
evident from the lower air flow rate as can be seen in the Table 5-11 above. This
means the additional heat-and mass transfer as a result of the smaller rain zone
drop size is partially negated by the additional flow resistances due to the
additional grid and smaller Sauter mean drop diameter.
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Table 5-11: Cooling tower 1 performance results for current clean film fill, film fill with
single grid and film fill with double grid configuration

Parameter Units Asbestos flat Asbestos flat Asbestos flat
sheet (clean) sheet (clean) + sheet (clean) +
single grid double grid
Type of fill Film Film/splash Film/splash
Fill height, Ly mm 2 400 2 400 2 400
Lgp mm 1000 1000 1000
Rain zone height, H,, mm 7 157 7 157 7 157
Rain zone height above N/A 400 400
. . mm
first grid, Hy,, first
Rain zone height above N/A N/A 400
. mm
second grid, Hy,. second
Rain zone height below N/A 6 757 6 326
. mm
last g”dv Hrz, below
Rain zone drop size, dq mm 5 N/A N/A
Rain zone drop size above N/A 5 5
: mm
gfld, dd, above
Rain zone drop size below N/A 2.56 2.56
. . mm
first grid, dq first
Rain zone drop size below N/A N/A 2.31
) mm
second grid, dg. second
Air mass flow rate, m,ys kg/s 11 898 11 352 10 860
Inlet water temperature, oc 39.44 39.44 39.44
TW5
Outlet water temperature, oc 22.51 21.59 21.70
Two
Dry bulb temperature °c 29.45 30.74 31.25
above drift eliminators, T,
Pressure above drift N/m? 83 959 83 960 83 964
eliminators, pas
Pressure at tower outlet, p,s  N/m’ 82 849 82 849 82 849
Cooling tower range, AT, °C 16.93 17.84 17.74
Approach, ATqy, oc 11.45 10.55 10.65

Table 5-12 shows the effect of the single-and double grid configuration if installed
below the fouled asbestos cement film fill.
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Table 5-12: Cooling tower 1 performance results for current fouled film fill, fouled film fill
with single grid and fouled film fill with double grid configuration

Parameter Units Asbestos flat Asbestos flat Asbestos flat
sheet (fouled) sheet (fouled) +  sheet (fouled) +
single grid double grid
Type of fill Film Film/splash Film/splash
Fill height, Ly mm 2 400 2 400 2 400
Lgp mm 1000 1 000 1000
Rain zone height, H,, mm 7157 7157 7 157
Rain zone height above N/A 400 400
. . mm
first grid, Hy,, first
Rain zone height above N/A N/A 400
. mm
second grid, Hy,. second
Rain zone height below N/A 6 757 6 326
. mm
last grid, Hy;. pelow
Rain zone drop size, dq mm 5 N/A N/A
Rain zone drop size above N/A 5 5
: mm
gfld, dd, above
Rain zone drop size below N/A 2.56 2.56
. . mm
first grid, dq first
Rain zone drop size below N/A N/A 2.31
. mm
second grid, dg. second
Air mass flow rate, m,ys kg/s 9954 9 685 9393
Inlet water temperature, oc 39.44 39.44 39.44
TW5
Outlet water temperature, oc 23.88 22.81 22.82
Two
Dry bulb temperature °c 30.66 31.92 32.33
above drift eliminators, T,
Pressure above drift N/m? 83948 83 948 83 952
eliminators, pas
Pressure at tower outlet, p,s N/m? 82 849 82 849 82 849
Cooling tower range, AT, °C 15.56 16.63 16.62
Approach, ATqy, oc 12.83 11.76 11.77

It can be seen from Table 5-12 above that the difference between the single-and
double grid configuration is marginal with the single grid giving a slight better
performance compared to the double grid configuration. In this case the
contribution of the rain zone’s loss coefficient to the overall cooling tower loss
coefficient is less. This is due to the increase in flow resistance in the fill zone.

From Table 5-13 it can be seen that the effect of the additional grid becomes more
evident when considering the difference in cooling tower range for the single grid
configuration and the double grid configuration. This is due to the larger
contribution of the rain zone loss coefficient to the overall loss coefficient.

A similar process is followed to calculate the effect of the addition of the single
grid to the overall performance of the cooling tower, however the range is kept
constant at 16.94 °C and varying the cooling tower inlet water temperature.
Cooling towers provide a constant range for given conditions. This will reduce the
re-cooled water temperature. The results are shown in Table 5-14.
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Table 5-13: Cooling tower 1 performance results for anti-fouling film fill, anti-fouling film
fill with single grid and anti-fouling film fill with double grid configuration

Parameter Units Anti-fouling Anti-fouling Asbestos flat
film fill film fill + single  sheet (fouled) +
grid double grid
Type of fill Film Film/splash Film/splash
Fill height, Ly mm 2400 2 400 2 400
Lgp mm 1000 1000 1000
Rain zone height, H,, mm 7 897 7 897 7 897
Rain zone height above N/A 400 400
. . mm
first grid, Hy,, first
Rain zone height above N/A N/A 400
- mm
second grid, Hy,. second
Rain zone height below N/A 7497 7097
. mm
last grid, Hy;. pelow
Rain zone drop size, dq mm 5 N/A N/A
Rain zone drop size above N/A 5 5
: mm
gfld, dd, above
Rain zone drop size below N/A 2.56 2.56
h . mm
first grid, dq first
Rain zone drop size below N/A N/A 2.31
; mm
second grid, dg. second
Air mass flow rate, m.ys kg/s 11759 10 852 10511
Inlet water temperature, oc 39.44 39.44 39.44
TW5
Outlet water temperature, oc 20.77 19.71 19.87
Two
Dry bulb temperature °c 30.87 32.71 33.04
above drift eliminators, T,
Pressure above drift N/m? 83949 83941 83 946
eliminators, pas
Pressure at tower outlet, p,s  N/m’ 82 849 82 848 82 848
Cooling tower range, AT, °C 18.67 19.73 19.57
Approach, ATqy, oc 9.72 8.66 8.82

The re-cooled water outlet temperature for a constant range was found to be

22.51 °C, 24.05 °C and 20.71 °C for the clean asbestos cement, fouled asbestos
cement and anti-fouling film fill respectively. The result for the addition of a grid
below the fill for a constant range is shown in the table below. The re-cooled
outlet water temperature for this configuration was found to be 21.27 °C, 22.84 °C
and 19.73 °C for the clean asbestos cement, fouled asbestos cement and anti-
fouling film fill respectively.
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Table 5-14: Cooling tower 1 performance results for asbestos cement film fill (clean),
asbestos cement film fill (fouled) and anti-fouling film fill at constant cooling

range
Parameter Units Asbestos Asbestos Anti-fouling
cement flat cement flat film fill
sheet (clean) sheet (fouled)
Type of fill Film Film Film
Fill height, Ly mm 2 400 2 400 2400
Lsp mm 1000 1000 1000
Rain zone height, H,, mm 7 157 7 157 7897
Rain zone height above N/A N/A N/A
. . mm
first grid, Hy, first
Rain zone height above N/A N/A N/A
. mm
second grid, Hy,. second
Rain zone height below N/A N/A N/A
. mm
last grid, Hi;. pelow
Rain zone drop size, dq mm 5 5 5
Rain zone drop size above N/A N/A N/A
: mm
gfld, dd, above
Rain zone drop size below N/A N/A N/A
. . mm
first grid, dg. first
Rain zone drop size below N/A N/A N/A
) mm
second grid, dg. second
Air mass flow rate, m.ys kg/s 11 900 10 229 11 404
Inlet water temperature, oc 39.45 40.99 37.65
TW5
Outlet water temperature, oc 22.51 24.05 20.71
Two
Dry bulb temperature °c 29.45 31.43 30.00
above drift eliminators, T,
Pressure above drift N/m? 83 960 83 945 83 952
eliminators, pas
Pressure at tower outlet, p,s  N/m° 82 849 82 849 82 849
Cooling tower range, AT,, °C 16.94 16.94 16.94
Approach, ATy, °c 11.46 13.00 9.66
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Table 5-15: Cooling tower 1 performance results for asbestos cement film fill (clean + single
grid), asbestos cement film fill (fouled + single grid) and anti-fouling film fill
(single grid) at constant range

Parameter Units Asbestos Asbestos Anti-fouling
cement flat cement flat film fill (single
sheet (clean + sheet (fouled + grid)
single grid) single grid)
Type of fill Film Film Film
Fill height, Ly mm 2 400 2 400 2400
Lsp mm 1000 1000 1000
Rain zone height, H,, mm 7157 7157 7897
Rain zone height above 400 400 400
. . mm
first grid, Hy,, first
Rain zone height above N/A N/A N/A
. mm
second grid, Hy,. second
Rain zone height below 6 757 6 757 7497
. mm
IaSt g”dv Hrz, below
Rain zone drop size, dq mm 5 5 5
Rain zone drop size above 5 5 5
- mm
grld, dd, above
Rain zone drop size below 2.56 2.56 2.56
. . mm
first grid, dg. first
Rain zone drop size below N/A N/A N/A
) mm
second grid, dg. second
Air mass flow rate, m.ys kg/s 11 480 9743 10 344
Inlet water temperature, oc 38.21 39.78 36.67
TW5
Outlet water temperature, oc 21.27 22.84 19.73
Two
Dry bulb temperature °c 29.92 32.09 31.28
above drift eliminators, T
Pressure above drift N/m? 83 965 83948 83947
eliminators, pas
Pressure at tower outlet, p,s  N/m° 82 849 82 849 82 849
Cooling tower range, AT,, °C 16.94 16.94 16.94
Approach, ATy, oc 10.22 11.79 8.68

5.5 Conclusion

The Krdger (2004) one dimensional NDWCT model was used to model a South
African coal fired power station cooling tower. The performance of the tower as
measured in October 2002 following the cleaning and repairs of the water
distribution system. The system showed an increase of 1.2 °C in the re-cooled
outlet water temperature compared to a clean tower. The deterioration of
performance was largely attributed to the fouling of fill and was modelled as such.

Two different NDWCT performance enhancement methods were modelled, which
include replacing of the fill with newer type fills and introducing a grid below the
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fill. For the modelling of the fill four different fill were considered (five if the
fouled fill is also considered as a separate fill). These fills include the current
installed asbestos cement flat sheets-, high performance-, anti-fouling film fill and
trickle fill. These fills were chosen based on either their high performance or anti-
fouling combined with relatively high performance characteristics. The following
results for the re-cooled water outlet temperature for the same tower design
parameters and atmospheric conditions were obtained. The current installed fill if
cleaned conditions are assumed achieved an outlet water temperature of 22.51 °C,
while fouled fill achieved an outlet temperature of 23.88 °C. An improvement for
the outlet temperature was achieved for both the high performance film-and
trickle fill at 21.22 °C and 22.29 °C respectively, however the anti-fouling fill
achieved the best performance for the fill considered achieving an outlet water
temperature of 20.98 °C.

The rain zone height was also adjusted where the adjustment depended on the fill
optimum or recommended height. In this case the anti-fouling fill achieved the
best performance reaching a re-cooled outlet water temperature of 20.77 °C.

The introduction of a grid caused a significant increase in performance of the rain
zone compared to the unaltered rain zone for both the single-and double grid
configuration. For the clean asbestos cement film fill the unaltered outlet
temperature of 22.51 °C was achieved compared to the single-and double grid
outlet temperature of 21.59 °C and 21.70 °C respectively. The double grid
configuration was expected to give the best performance, however this was not
the case due to the increase in flow losses reducing the air mass flow rate through
the tower. Similar results were achieved for the fouled fill which had a re-cooled
outlet water temperature of 23.88 °C, 22.81 °C and 22.82 °C for the unaltered rain
zone, single-and double grid configuration respectively. This was also the case for
the anti-fouling film fill, which achieved a re-cooled water outlet temperature of
20.77 °C, 19.71 °C and 19.87 °C for the unaltered rain zone, single-and double
grid configuration.

Similar modelling was done for a constant range across the cooling tower for the
unaltered rain zone and single grid configuration for clean asbestos cement, fouled
asbestos cement- and anti-fouling film fill. The re-cooled outlet water
temperatures were found to be 22.51 °C, 24.05 °C and 20.71 °C for the clean
asbestos cement-, fouled asbestos cement-and anti-fouling film fill respectively.
The addition of the grid reduced the re-cooled outlet water temperature for a
constant range to 21.27 °C, 22.84 °C and 19.73 °C for the clean asbestos cement-,
fouled asbestos cement-and anti-fouling film fill respectively.
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CHAPTER 6 CONCLUSION

Kroger (2004) found that the rain zone can contribute up to 20% of the overall
cooling tower performance. The introduction of a grid below a film fill on the
performance characteristics of a rain zone was investigated.

Several tests were conducted to determine the effect of the grid as well as the
optimum placement below a conventional film fill.

It was found that the grid had a significant effect on the rain zone performance
characteristics where an increase in the transfer-and loss coefficient of 4.5 and 1.5
respectively compared to an unaltered rain zone was achieved. This performance
improvement was found for a drop falling height before impact of 400 mm.

The addition of a second grid was also investigated and found that it improved the
performance characteristics by a factor of 6.097 and 2.85 for the transfer-and loss
coefficient respectively. It should however be mentioned that the increase in
transfer coefficient might be negated by the increase in the loss coefficient which
would decrease the air mass flow rate through the tower.

A decrease in the transfer coefficient was found when extending the rain zone,
while the loss coefficient stayed approximately constant. The decrease in the
transfer coefficient is as a result of the decrease in the rain zone drop residence
time with increase in drop path length.

The addition of the grid resulted in a drop size reduction from 6 mm to 2.56 mm
and 2.31 mm below a single-and double grid configuration, which is also used in
the modelling of the NDWCT.

A South African coal fired power station NDWCT is modelled using the one
dimensional Kroger (2004) model. Two cooling tower performance enhancement
methods are considered, which include replacing the current fill and the
introduction of a grid below a conventional fill to reduce the rain zone drop size
and subsequently increase the performance of the rain zone. There are four
different fills considered which include the current installed asbestos cement-,
high performance-, anti-fouling film fill and trickle fill. The current state of the
asbestos cement film fill is also modelled. The current installed fill achieved a re-
cooled water outlet temperature of approximately 22.51 °C, while the current state
of the installed fill achieved a temperature of 23.88 °C. The best performing fill
based on the re-cooled water outlet temperature is for the anti-fouling film fill
achieving a temperature of 20.98 °C. This result is achieved for a rain zone height
of 7.157 m, however in certain cases the rain zone height is adjusted to the
optimum or recommended fill height to achieve the best performance. The rain
zone height is limited to 2.4 m, which is the rain zone of the current installed fill.
The decrease in height for the fill is added to the rain zone height. The lowest re-
cooled water outlet temperature for the anti-fouling fill is 20.77 °C.
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The modification of the rain zone by adding a single-or double grid below the fill
increased the cooling tower performance. Clean-and fouled asbestos cement film
fill as well as the best performing fill which was found to be the anti-fouling film
fill were chosen as the conventional film fill. For the single grid configuration the
outlet water temperature was 21.59 °C, 22.81 °C and 19.71 °C for the clean
asbestos cement-, fouled asbestos cement-and anti-fouling film fill respectively.
The same or slightly worse performance was achieved for the double grid
configuration where the outlet temperature was found to be 21.7 °C, 22.82 °C and
19.87 °C for the clean ashestos cement-, fouled asbestos cement-and anti-fouling
film fill respectively. The slight decrease in performance was attributed to the
increase in flow losses in the tower due to the additional grid and smaller rain
zone drop size. The modelling was however for a constant inlet re-cooled water
temperature.

For a constant range across the cooling tower the re-cooled outlet water
temperature for an unaltered rain zone was found to be 22.51 °C, 24.05 °C and
20.71 °C for clean ashestos cement-, fouled asbestos cement-and anti-fouling film
fill respectively. The addition of the grid decreased the outlet water temperature
further to 21.27 °C, 22.84 °C and 19.73 °C for the clean asbestos cement-, fouled
asbestos cement- and anti-foiling film fill.
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APPENDIX.A CALIBRATION

This section contains the calibration details of the instrumentation on the test
facility, which include the flow meter, pressure transducers and thermocouples.

A.1 Water flow meter

An Endress and Hauser Promag 10 W electromagnetic flow meter measures the
process water flow rate to the counter flow fill performance test section. The
current output ranging from 4-20 mA direct current is measured against various
flow rates. The flow to the counter flow test section is diverted to a tank next to
the test section. The volume of the tank was calibrated by measuring the weight of
water that filled the tank. The temperature of the water was also measured to
determine the density since it is used for the conversion from mass to volume. The
current against flow rate is shown in figure A-1 and the equation describing the
curve in equation A-1.

== b bk
o th D Lh
1 1 1

Flow rate [I/s]

Lh
1

0 T T
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Output current [A]

Figure A-1: Calibration curve for flow meter

V=1250.83837-4.9082, 1/s R?=0.9997 A-1

A.2 Air flow rate pressure transducer

The air flow rate is calculated from the pressure drop across ASHRAE 51-75
elliptical converging nozzles. This pressure drop is converted to a voltage by an
Endress and Hauser Deltbar S PMD75 pressure transducer. A Betz manometer is
used for calibrating the pressure transducer. A known pressure output is plotted
against a corresponding voltage output and is shown in figure A-2 and calibration
curve in equation A-2.

A-1



Stellenbosch University https://scholar.sun.ac.za

[ R O e

o o o <9

o o o O
I I I I

Pressure drop [N/m?]

0 T T
0 2 4 6
Voltage output [V]

Figure A-2: Calibration curve for 0-10 000 N/m? pressure transducer

Ap, =231.5065/-248.7281 R?=0.9999 A-2

A.3 Fill pressure drop pressure transducer

Pressure drop across the fill is measured using eight H-taps connected to two
Endress and Hauser Deltabar S PMD75 pressure transducers. It is calibrated using
a Betz manometer where the pressure drop is plotted against the voltage output.
This is shown in figure A-3 a and b and the equation describing the calibration
curve shown in equations A.3 and A.4

500 __500
£ 400 - £ 400 -
= Z
a 300 A 2 300 -
s 5
S 200 A o 200
5 >
2 100 1 2 100 A
T 0 . . > 0 . .
0 2 4 6 0 2 4 6
Voltage output [V] Voltage output [V]
a. 0-1000 N/m? pressure transducer b. 0- 2500 N/m? pressure transducer

Figure A-3: Calibration curve for pressure transducers outputting pressure drop across fill

4p =115.76681-124.6738 R*=1.0000 A-3

Ap,=116.1259 1-124.7574 R?=1.0000 A-4
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A.4 Thermocouple

There are 17 T-type thermocouples used for measuring the water inlet
temperature, water outlet temperature, wet-and dry bulb temperature upstream of
nozzle and wet-and dry bulb temperature of vertical test section.. Each was
calibrated by placing it along with a reference platinum resistance thermometer, in
a Fluke 9142 field metrology metal well. The thermocouples were calibrated
between 10 and 60 °C in intervals of 10 °C and the measured temperature of each
thermocouple and resistance as measured by the platinum resistance thermometer
recorded. The resistance as measured by the platinum resistance thermometer is
converted to a temperature according to a calibration curve and this serves as the
reference temperature to which the thermocouples are adjusted to. A linear
relationship exists between the reference thermometer and thermocouples
according to:

T, ref m7, measTC

The thermocouples were calibrated within 0.1 °C from the reference thermometer.
The calibration constants are shown in Table A-1

Table A-1: Thermocouple calibration curve constants

Thermocouple m c
Water side
Al 0.9981 0.7186
A2 0.9953 0.7742
A3 1.0008 0.7188
FE1 1.0152 -0.3270
FE 2 0.9987 0.1780
FE 3 1.0012 0.0973
FW 1 0.9964 0.4946
FW 2 0.9969 0.1860
FW 3 0.9973 0.5994
Alir side
ATn 1 0.9904 1.0947
ATn 1wb 0.9915 0.9469
ATn 2 0.9900 0.9765
ATn 2 wb 0.9920 0.8380
ATn 3 0.9887 0.7648
ATn 3 wb 0.9892 0.7013
ATn 4 0.9939 0.5972
ATn 4 wb 0.9951 0.6032
AT 1 0.9986 -0.0729
AT 1 wb 1.0009 -0.0783
AT 2 1.0023  -0.0924
AT 2 wb 0.9998 -0.0582
AT 3 1.0055 -0.0839
AT 3 wb 1.0018 0.0928
AT 4 1.0054 0.1927
AT 4 wb 0.9973 0.4999
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The deviation of the counter flow test section air side thermocouples before and

after calibration is shown in figure A-4
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Figure A-4: Before and after calibration deviation from the reference temperature for the

counter flow test section airside thermocouples
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APPENDIX.B SAMPLE CALCULATION AIR MASS FLOW RATE

The method for determining the air mass flow rate from the pressure drop across
the nozzles is covered in this section. An iterative method is utilized to obtain the
air mass flow rate from pressure drop across nozzles.

Test conditions:

Atmospheric pressure pa = 100410 N/m’
Pressure drop across nozzle dprez = 48.73 N/m?
Wetbulb temperature upstream from Tw = 132 °C
nozzle

Dry bulb temperature upstream from Ta = 1755 °C
nozzle

Nozzle and system specifications:

Nozzle diameter d, = 03m
Nozzle area A, = 0071 m
Area upstream from nozzle Aws = 4m
Number of nozzles #Nozzles = 3

The iterative method for calculating the mass flow rate requires the specification
of an initial mass flow rate. An initial mass flow rate is calculated using Bernoulli.
This is shown below.

Thermophysical properties:

Vapour pressure Pep = 1515 N/m’
Humidity ratio w = 0011
Air-vapour density pa = 1195 kg/m®

The air mass flow rate is calculated from Bernoulli, equation B-1 shown below
de‘IOZ . \
(=) )
] ] 0.5 ]

Mpernouin, = # nozzles k B.1

=2.289 kg/s

As mentioned before the mass flow rate calculated using equation B-1 serves only
as an initial guess. There are two underlying assumptions made leading to
inaccuracies by using equation 1-1 the iterative method does not make. These
assumptions include constant fluid properties before and after the nozzle and a flat

B-1
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velocity profile. This value calculated using the Bernoulli equation does however
serve as a good initial guess. The iterative method is shown below.

The parameters shown in equation B-2 are calculated below.

My = c,,¢gYA,,(2pavndpn)0‘5 B-2

The nozzle discharge coefficient, Cy, is a function of Reynolds number according
to:

For 3x10%<Re,<10°

C, = 0.954803+6.37817x10" Re,-4.65394x10"?Re2 + 1.3351 x 10~'7Re} B-3

For 10°<Re,<3.5x10°

C, = 0.9758+1.08x107Re,-1.6x10"*Re? B-4
For Re,>3.5%10°

C, = 0.994 B-5

Where Re, = &

Haypin

The gas expansion factor, according to Kroger (2004)

dp,,.
eo(i)
The approach velocity, as given by Krdger (2004)
=1 A” ’ 2 A” ? dpnoz B-7
r=vos() 2(3) T

The inlet density is necessary for calculating the mass flow rate, however it is a
function of the inlet pressure, which is given by:

B-8
Pai = patm-pdyn
Where the dynamic pressure is given by
Payn = 0-5paw~‘%i B-9

Assuming the mass flow rate stays approximately constant through the nozzle the
inlet velocity is given by
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Mav B-10
paviAfr

Vai =

It can be seen from the relations above that the inlet pressure is a function of the
dynamic pressure, which is a function of the inlet velocity, which is a function of
the mass flow rate, which is in turn a function of the inlet pressure. It becomes
apparent that an iterative solution is required. The mass flow rate was found to be:

My = 2.267 Kgls

B-3
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APPENDIX.C SAMPLE CALCULATION MERKEL NUMBER AND
LOSS COEFFICIENT

The sample calculation presented in this section illustrates the calculation of the
Merkel number and loss coefficient using the Merkel method of analysis.

Test conditions:

Atmospheric pressure pa = 100700 N/m?
Air inlet temperature Ta = 808°C

Wet bulb temperature Tw = 635°C
Dry air mass flow rate m, = 4.44kgls
Pressure drop across fill dpi = 2213 N/m?
Water inlet temperature Ts = 3961°C
Water outlet temperature Tw = 2016 °C
Water mass flow rate (in) m., = 3.36 kg/s
Gravitational acceleration g = 981ms

Fill specifications:

Fill height Ly = 061 m
Fill frontal area Ay = 225 m?

Merkel number
The Merkel number expression as shown in equation C-1

C-1

hdafiLfi=fTWi v g7
GW w

Two Unasw™tma

Chebyshev method is used to approximate the integral numerically as given by
equation C-2

g ba c-2
[ Fedx =22 Gt 41t 4105

The function is evaluated at intermediate position along the cooling tower height,
x as shown below

f(x1) for x;, =a + 0.1(b-a)
f(x2) for xo =a + 0.4(b-a)
f(xs) for x3 =a + 0.6(b-a)

C-1
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f(x4) for x4 =a + 0.9(b-a)

The Merkel number in the form of the Chebyshev numerical integral given in
equation C-3

Twi c T,;-T, Cpwi € c Co
f pw dT. = ( wi wo)( pw1+ pw2+ pw3+ pw4)

(imasw - ima) v 4 Ai] Aiz Ai3 Ai4 C'3

TWO

Assuming the specific heat of water between the inlet and outlet temperature stays
approximately constant the Merkel number reduces to equation C-4

hdafiLfi — cpwm(Twi'ng) L+L+L+L)

Gw 4 iy iy Adiy iy C-4

The intermediate temperatures at which the enthalpy differentials in the
Chebyshev integral are calculated at are shown below.

TW2 = TWO + O.4(TW| + TWQ) TW2 = 27.94OC
Twz = Two + 0.6(Twi + Two) Tws = 31.83°C
Tw4 = TWO + O.g(TW| + TWQ) Tw4 = 37.67OC

The mean specific heat of water evaluated at T, =242

T Tum = 29.89°C

Heat capacity of water Cpwm = 4179 Jkg K

The entering air enthalpy is used to determine the enthalpy away from the air
water interface. The entering air thermophysical properties for determining the
inlet air enthalpy.

Entering air  thermophysical

properties:

Specific heat of dry air Csi = 1006 J/kg K
Specific heat of water vapour Coi = 1866 J/kg K
Vapour pressure pi = 95831 N/m’
Humidity ratio of entering air w; = 0.005
Enthalpy of entering air imai = 2.502x10° J/kg
Enthalpy differential 1

thermophysical properties

Specific heat of dry air Cor = 1007 J/kg K
Specific heat of water vapour Cu = 1872 JkgK
Vapour pressure pp = 2662 N/m’
Humidity ratio of saturated air wg = 0.017

C-2
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The enthalpy of saturated air at Ty,

imaswl = Cpa] (Twl -273. 15)+Ws1 [iiﬁvo+cpv1 (Tw1'273- 15)]
=65 421 J/kg

, _ mwcpwm (TWI 'Two) .
lma1 = m Unai
a

=27 616 J/kg K
Enthalpy of the air away from the air water interface at position x=x1

With the enthalpy of the air at the air water interface and away from the air water
interface known find the enthalpy differential at position X = x1

Ail = (imaswl - imal)
=37 880 J/kg K
Similarly for intermediate enthalpies for 2, 3 and 4

Ai, = 44 231 Jikg
Aiz =52 392 Jlkg
Aig =72 403 J/kg

The Merkel number is found to be

m (Li= T, 1 1 1 1
e = S Ti-Tuo) _.+_.+_.+_.)
4 17 Alz Al3 Al4

=1.66
Loss coefficient

The pressure drop across the fill is due to frictional- and drag force and difference
in momentum. The buoyancy effect due to the difference in density counteracts
these losses, however loss still occurs since these forces don’t balance out. The

— 2 2
Apfi - ApfdJr(pavaVa"o_pavava"i)_(pava-pavm)gLﬁ C-5

equation shown below formulates this effect.

It is of interest to know frictional drag force (4ptq) since this is caused by the fill.
This term can however not be determined directly. It is a function of the fill
design and along with the Merkel number is a characteristic of the fill. It is
normally expressed as a loss coefficient as shown in equation

24py C-6
Rearranging equation C-5 and substituting it in equation C-6 above gives the

following expression for the loss coefficient:

C-3
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2 [Apﬁ_(pavovﬁVO_pavivﬁVi)+(pavi_pavm)gLﬂ] C_7
Kpa = 2

pv
The loss coefficient is based upon mean vapour flow rate and density. Equation C-
7 is substituted with the mean air vapour properties and the velocity, which is
written in terms of mean mass flow rate, as shown in equation C-8

2 2
2 [Apﬁ_(pavaVavo_paviviVi)+(pavi_pavm)gLﬁ] pavaﬁ' C-8
mgvm
The inlet air density is required for the calculation of the in air mass flow rate.
The inlet air flow rate is found to be:

fa =

Mai = Ma + wim,
=4.45 kgls

The inlet air velocity is then found to be
My
Vavi = p Afr

avt .

=1.64 m/s

From an energy balance it is known that the change in enthalpy for the air must be
the same as the change in enthalpy for the water. This is shown below:

ma(imao - imai) = mepwm(Twi - Two)

Rearranging the equation above to isolate the outlet air enthalpy (imao) the
expression below is obtained.

. _ m, cpwm (Twi -T, WO) .
lmao = m Unai
a

=82 895 J/kg

It is also assumed that the air leaving the fill is saturated which means the
condition of the outlet air is known and thus the following expression shown
below can also be used to calculate the enthalpy at the outlet.

ima = Cpa(T-273.15) + W[itgwo + Cpu(T-273.15)]

All the properties used in the equation shown above are a function of the outlet
temperature. This can be found through an iterative method by minimising the
difference between the outlet enthalpies. T, = 24.28 °C is taken as the initial
guess. To assess the correctness of the iterative solution all the necessary
thermophysical properties are determined at the final outlet temperature.

Entering air  thermophysical

properties

Specific heat of dry air Cpo = 1007 J/kg K
Specific heat of water vapour Cowo = 1873 JkgK
Vapour pressure Po = 3036 N/m’
Humidity ratio of entering air wg = 0.019
Enthalpy of entering air imo = 73940 Jkg K

C-4
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The outlet air mass flow rate is found to be
Mayo = Ma + WsoMy
=4.486 kgls
And the outlet air velocity to be:
mavo
Pavo L
=1.73 m/s
The arithmetic mean mass flow rate through the fill

Uavo -

_ M gy +mavo
Maym = 2

=4.486 kgls
The harmonic mean density through the fill

2<P1 + ! )4
p = — T
o avi pavo
=1.185 kg/m?

The loss coefficient is found to be

_ 2 [Apﬁ_(pavavﬁvo_paviviVi)+(pavi_pavm)gLﬁ] pava/Zi’
fdm —

=13.35

2
Maym
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APPENDIX.D SAMPLE CALCULATION RAIN ZONE DROP SIZE

The drop size in the rain zone below a cross fluted film fill is calculated from the
Kroger purely counter flow model. The following conditions and parameters are
used in calculating the rain zone’s Merkel number.

Experimental conditions:

Atmospheric pressure p,, = 101460 N/m’
Ambient temperature 7, = 5962°C
Wetbulb temperature T, = 5185°C
Water outlet temperature 1, = 16767°C
Air mass flow rate m, = 4605kgs
Air mass flow rate m,, = 4629kg/s
Water vapour gas constant R, = 4615 JkegK
Gravitational acceleration g = 98 ms’
Frontal area 4, = 225w
Drop diameter d, = 0.0035m
Rain zone height H, = 38m

Thermophysical properties:

Inlet air humidity ratio w;, = 0.005

Inlet air density Poy = 1262, kg/m’
Inlet air viscosity t,, = 1.744x10° kg/ms
Density of water p, = 998.735, kg/m’
Surface tension of water o, = 0.073,N/m
Humidity ratio of saturated air at w,, = 0.012

outlet water conditions

The air outlet velocity

It is assumed that the air exiting the rain zone and entering the fill is at the same
conditions as measured by the aspirated psychrometers. The resulting air velocity
is thus found by the relation shown below.

Vour = mavl/(palefr)

=1.630 m/s

D-1
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Schmidt number

Sc= ’uaVI/(pav]D)
=(0.762

The “a” coefficients

a, =998/py
=0.999
4 9\ 025
a, =3.061x10° (’ﬁ>
a'w
=0.999
255 0.25
a, = 73.298( p3w>
=1.007
- 0.25
a, = 6.122 (g—w>
=1.002

The rain zone Merkel number using Kroger purely counterflow model

1 (ws+0.622)
DdrzarZHi -36 patm ( D ) (E) Sco'33 n w+(0.622
GW . Rv Ta w voutdd dd We-W

X [5.01134a,p -192121.7a,u -2.57724
+23.61842{0.2539(a,v,,)"*7+0.18}
x {0.83666(a, H,)*5299+0.42}{43.0696 (a,d )"

+0.52}]

=0.222

The experimental rain zone Merkel number was however found to be

<DdTZaTZHi) = 0.479
GW Exp

A rain zone droplet size is obtained by following an iterative procedure of
minimizing the difference between the calculated rain zone Merkel number and
experimentally obtained Merkel number. The rain zone droplet was found to be
2.203 mm

D-2
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APPENDIX.E

SAMPLE CALCULATION MODELLING OF A

NDWCT USING A ONE DIMENSIONAL MODEL

This section covers the sample calculation for the NDWCT one dimensional
model as given by Kroger (2004) example 7.3.2. The sample calculation is used
for verification of the model which is used to do a parametric study and determine
its effect on the heat rejection rate and cooling tower approach. Figure E-1 shows
a labelled tower used for the sample calculation.

Shell—

Drift eliminators

®

Water distribution system
55555555555 5555555555555 /

Fill zone—#X X3 X XXX ~Spray zone
Rain zone ©) I &
H;
@®© . | D Y
| Pond r/f///f,*
Tower supports
€ 3

Figure E-1: Notated counter flow NDWCT

The input parameters are shown below.

Water conditions:

Water mass flow rate
Water inlet temperature

my
TW5 =

12 500 kg/s
40 °C

E-1
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Ambient conditions:

Air temperature at ground level
Wetbulb temperature at ground level
Atmospheric pressure

Ambient temperature gradient

Cooling tower specifications:

Tower height

Tower inlet height

Tower inlet diameter
Tower outlet diameter
Number of tower supports
Length of tower supports
Diameter of support

Drag coefficient of tower support
(round)
Shell thickness (inlet)

Fill specifications:

Fill height
Fill performance characteristics:

Transfer coefficient:

Me;(Gy, Gy) =0.25575 G0 GO 0%3
Loss coefficient:

Kian1 (G, G)=1.851G, "7 G

Other specifications:
Frontal area of fill

Depth of spray zone above fill
Mean drop diameter in rain zone

Talwb

pal
dT4/dz

15.45 °C
11.05 °C
84100 N/m?
-0.00975 K/m

147 m
10 m
104.5m
60.85 m
72

116 m
0.8 m
1.0

1.0m

2504 m

8300 m?
05 m
0.0035 m
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An iterative method is employed to solve this problem. Selecting the parameters
as listed below solves both the energy and draught equation.

Iteration parameters:

Air-vapour mass flow rate through May1s
the fill

Pressure after drift eliminators Pas
Air  temperature  after  drift Tas
eliminators

Mean temperature of water in basin Two
Pressure at tower outlet Pas

= 16808.98 kg/s

= 83937.72 N/m?
= 26.44 °C

= 2139 °C
=  82650.58 N/m’

The thermophysical properties at the tower inlet conditions.

Thermophysical properties at

tower inlet:

Air-vapour density Pai
Humidity ratio of air Wy
Heat capacity of dry air Cpa1
Heat capacity of water vapour Cpvt
Latent heat at 273.15 K Igwo
Enthalpy of the inlet air Imat

Thermophysical properties immediately after
assumed the air is saturated i.e. Tas = Tawbs

Thermophysical properties
immediately after the drift

eliminators:

Saturated vapour pressure Ps
Air-vapour density Pavs
Humidity ratio of air Ws
Heat capacity of dry air Cpas
Heat capacity of water vapour Cpvs
Latent heat at 273.15 K Ifgwo
Dynamic viscosity of air Has
Dynamic viscosity of water vapour s
Dynamic viscosity of air-vapour Havs
Enthalpy of air immediately after Imas

drift eliminators

= 1.0101 kg/m®

= 0.008127 kg/kg dry air
= 1006.44 J/kg.K

= 1869.2 Jkg.K

= 2.5016x10° J/kg.K

= 36114.71 J/kg

the drift eliminators where it is

= 344527 N/m?

= 0.96079 kg/m®

= 0.02676

= 1006.5515 J/kgK
= 1873.812 JikgK
= 2.5016x10° J/kgK
= 1.84x10° kg/ms

= 1.0032x10” kg/ms
= 1.8173x10” kg/ms
= 94865.621 J/kg

E-3
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Thermophysical properties at
water outlet:

997.8696 kg/m®
0.07256 N/m

Density of water Puo
Surface tension Owo
The harmonic mean density of air —vapour through the fill

Pavis = 2/(Up,, +1/p. )= 2/(1/1.0101+1/0.96079)=0.9848 kg/m’

Mass flow rates:

The dry air mass flow rate is calculated as shown below

Ma=(2m5)/(2+w +ws ) = 2x16 808.4/(2+0.008127 + 0.02676)=16 520.57 kg/s
Mass flow rate at position 1 and 5 from fig D-1 can be found to be:

Moy = m_ (1+w;) = 16 520.57(1+0.008127)=16 654.83 ks

Maps = m,(1+ws) =16 520.57(1+0.02676)=16 963.13 kg/s
Mass velocities:

The corresponding mass velocities are as follows:

Gapis = m, /A, = 16 808.98/8 300 =2.02518 kg/s m’

avls
Gy = m /A3=16 520.57/8 300=1.99043 kg /s m*
Gan = m,,,/A;=16 654.83/8 300=2.007 kg/sm’
Gavs = m, /A;=16 963/8 300=2.04375 kg/sm’

Gy = m, /A;=12 500/8 300=1.50602 kg/sm’

The heat and mass transfer in the cooling tower evaluation is dependent upon the
frontal area of the cooling tower. However the frontal area is reduced due to flow
distortion caused by the various flow resistances. An effective frontal area must
thus be calculated. The loss coefficients of the various flow resistances are

required to determine the effective frontal area.

Loss coefficients:

The specified loss coefficient due to the fill support structure and contraction loss

of the fill is shown below.

Krspi + Keveri = (p,,5/0,1 Y(Mayi/mayrs )= 0.5(0.9848/1.0101) (16 654.83/16 808.4)’

=0.4786
The specified fill loss coefficient

Kram = 1.851L,G,*7 G, °=1.851x2.504x1.50602' *"*x1.99043"*%°=3 83021

E-4
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The actual cooling tower fill loss coefficient relation is shown below

Kfl' = 1(ﬁ1m+(G¢21v5/pav5 'Gtzzvl/pavj )/(G§v15/pav15 )
=3.83021+(2.04375%/0.96079-2.007%/1.0101) /( 2.02957°/0.98484)=3.90828
The expansion loss coefficient

Kctefi = (I'Aﬁ'/AS )2 (pav15/pav5 )(mav5/mav15 )2

]ZX 0.98484 X(16963.13
1x104.522 (0.96079) 16 808.4

Loss coefficient through the spray zone above the fill

2
= [1—8 300x > =0.00109

Kepsi = Lp[0.4(G, /G )1 (p, /P s ) (Mays/may s )

= 0.5[0.4(1.506/1.995)+1]x(0.98/0.96) x (16 963.13/16 808.4)?=0.67995
The specified loss coefficient for the water distribution system

Kuari = 0.5(p,,,5/P 05 ) Mays/Mays )= 0.5(0.98/0.96) (16 963.13/16 808.4)?=0.5219
The loss coefficient for the specified type c drift eliminators based on fill
conditions

-0.14247 2
Kdefi = 27'4892[maV5/(ﬂav5 A/"’ )] (pav15/pav5 ) X (mav5/mav]5 )

16 963.13 17014247
=27.4892 [—5]
1.8x10°x8 300

Sum of these loss coefficients

x(0.98/0.96) (16 963.13/16 808.04)*=5.47101

(Kps + Keee + Kpi + Koo + Ko + Kiypg + Kde)ﬁ
=0.4786+3.9082+0.0011+0.6796+0.5219+5.4710=11.07164

The effective fill diameter

dys = [1.27-0.16722 In(d;/H; ) +10.043653 In(ds/H; ) — 0.062658}

X ln(Kﬁv+Kctc+1<ﬁ+Kcte+Ksp+Kwd+Kde)ﬁ ]

104.5 104.5
= 104.5[1.27—0.17ln< o )+{0.044ln( T )-0.063}1n(11.07164)]=101.7m
The corresponding effective frontal area is as follows

Apye = mdog/4 = 1x101.7%/4=8123.3 m?

The effective frontal area is approximately equal to the frontal area. This means
that the frontal area will still be used in subsequent calculations.

The loss coefficient due to the tower supports

Cdts Lts dts Ny A]Zr 2
tsfi = [W (Ponrs Pt ) Pat/Meyys )
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83
= _— 2
[1><11.6XO.8><72 <1045 10) ](O 98/1.01)(16 654.8/16 808.04)7=1.2452

(n
Tower inlet loss coefficient

2
Keepi = 1.5exp(0.2d5/H; ) (/P01 ) ayi/mays V2 [445/(nd3)]

[ 04645223043 2;’103”’3 0. 00095(d3 ) ]
X [Kﬁv+K(7tc+Kf‘+K(te+K + K, d+K ]

104.5) (0.98484) ( 16 654.8 )2 [ 8 300 ]2

X—_—_—_—_—
10 1.0101 / \16 808.04 1x104.5%

[04645+0 02303x10‘(‘)5 1%5) ]
=4.9453

= 15exp (O.2><

0. 00095(
X 11.0605

Rain zone loss coefficient

H;
K., = 3a,v,; (d_d) [0.22460-0.31467a,p_ +5263.04a,u +0.775526

% {1.4824163 exp(71.52a;d,)-0.91} {0.39064 exp(0.0109124a, d;)
—0.17}{2.0892(a,v,,3)"39%

1d;
+0.14}exp[ {0.8449 ln( 5 ) -2.312}%{0.3724 In(a,v,,;) +0.7263}1n{206.757 (a  H;) >3
+0.43}]]
=3x1.0008x0.001509 (W) [0.22460-0.31467x1.0001x1.0101+5263.04x1.7857

x107+0.775526 {1.4824163exp(71.52x1.0003%0.0035)-0.91} {0.39064exp(0.010912
%1.0003%104.5)

-0.17}x[2.0892(1.0009%1.9972)"***+0.14]exp {(0.84491In(1.0003x104.5/2)-2.312}
x {0.37241n(1.008%1.99)+0.7263} xIn(206.757(1.000x10) 2834 4 0.43}]]

=7.22370
Transfer coefficients:

The parameters for the rain zone transfer coefficient. The “a” coefficients as
shown below.

a, = 3.061x10°(p* %0, )= 3.061x10°(997.84*x9.8°/0.07257) " **=1.0000
a, = 998/p_=998/997.87 = 1.0001

= 73.298(g%3, /3, )= 73.298(9.8°x0.07257%1997.87° ) '=1.0008

0.25

a, = 6.122(go,/p,, ) = 6.122(9.8x0.07257/997.87)°%=1.0003

Schmidt number
Sc=u, /p,, D) =1.7857x107/(1.0101x2.2997x10°) = 0.7687

The humidity ratio of saturated air at T,; and diffusion coefficient at inlet
conditions are given below

0.01950
2.2997x10° m¥s

Humidity ratio of saturated air Wy
Diffusion coefficient D,
The air vapour velocity before the fill

E-6
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Vavz = mav1/(paV1Aﬁ):l.99083 m/s
Rain zone transfer coefficient

n (W51+0.622)
D H 0.622

Me,, = 12( ! ) (—3) (L) 50033 | ~WIFOLL 7N o 10.90757a,p,
Vav3 dd vara]pwa Wer-Wi

-30341.04a,u, ,-0.37564 +4.04016[ {0.55+41.7215% (a,d,) "7}

x{0.713+3.741(a, H;) 34} {3.11 exp(0.15a,v,,3) -3.13}
xexp[{5.3759 exp(-0.2092a, H;) }In{0.3719xexp(0.0019055a, d;)
+0.55}11]

84100

2.2997x107 10 1613252836
=12 (5005) % | % 6 10.7687"
(1.9908><0.0035> 0.0035 997.87

x (0'01950+0'622> (0.0195-0.008127)][0.90757%1.00x1.0101-30341.0
"0.008127+0.622) / (0-0193-0- 10. AR :

x1.7857x10-0.37564+4.04016x[{0.55+41.7215(1.0003x0.0035)59043}x {0.713

+3.741(1.0003x10) 23456} (3 1 Texp(0.15%1.0008x1.9908)-3.13}

xexpl {5.3759(exp(-0.2092x1.0003x 10)}1n{0.3719exp(0.0019% 1.0003x104.5)+0.55 1]

—0.414382

Fill transfer coefficient

Meg; = 0.25575L,G, " GY 9= 0.25575%2.504x1.50602" 7% 1.99043%0>3
=0.932802

The spray zone transfer coefficient

Meg, = 0.2L,,(G,/G,)"°=0.2x0.5(1.99043/1.50602)"°
=0.114963

Overall transfer coefficient

Me,, + Mes; + Meg, = 0.414382+0.932802+0.114963
=1.462147

The total Merkel (Me,, + Me; + Mey, = Mecr) number can also be calculated using the
Merkel method as shown below

fTWi' prdTv.v %prm(nvi'Two) <L+L+L+L)
Two lmasw - lma 4 Al[ Alz Al3 Al4

The enthalpy differentials shown in the equation above are calculated at the
following intermediate temperatures

Twi = T, +0.1(T,-T,,,) = 294.526+0.1(313.15-294.526)=296.3884 K

Tws = T, Y0.4(T,-T,,) = 294.526+0.4(313.15-294.526)=301.9756 K

Tws = T, +0.6(T,,;-T,,) = 294.526+0.6(313.15-294.526)=305.7004 K

Ta = Typt0.9(T,i-T,,) = 294.526+0.9(313.15-294.526)=311.2876 K

E-7
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In order to calculate the enthalpy differentials the thermophysical properties is
calculated at their respective temperatures. This is done for Ty;.

Thermophysical properties at Ty,

Specific heat of air Cpar =  1006.516 J/kg K
Specific heat of water vapour Ci =  1872.466 J/kg K
Pressure of the water vapour Pt =  2849.024 J/kgK
Humidity ratio wg = 0.021944 J/kg K

The corresponding enthalpy at Ty
imaswl = cpa] (Twl -273.1 5) +Ws1 [l_.fgwo—i_cpvl (Twl -273.1 5)]
=1006.52(296.39-273.15)+0.0219[2.5106x 10°+1872.466(296.3884-273.15)]
=79 294.418 J/kg dry air

The enthalpy of air at T,,; away from the film of water

mwcpwm (Twl 'Two)

imal = m— Unal
12 500x 4 178.833(296.3884-294.526) 36 114.729
- 16 551.58 '

=41 998.4376 J/kg dry air

The difference between the above calculated are shown for each of the enthalpy
differentials at their respective temperatures.

Aty = Lpasw(o) Ema(o)

Aiy = 37295.843 J/kg dry air
Ai, = 48 551.6031J)/kg dry air
Ais = 60 726.024 J/kg dry air
Ai, = 88 224.358 J/kg dry air

Substitute these values into the approximate integral and find the combined
Merkel number for all three zones

fTWi. CPWdTV'V chwm(Twi'Two) (L+L+L+L>
Two lnasw ~ lma 4 Ai; Ai, Ai; Aiy

=1.4636735

The Merkel number obtained using the Merkel method agrees with the Merkel
number previously obtained. This means that the chosen outlet water temperature
(Two) is correct.

The heat rejected by the cooling tower

Q=1 Cppom(T,yi-Tyo)=12 500x4 178.33(313.15-294.526)

=972024218.951 W
The heat absorbed by the air is shown below
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Q= (ias-inar) = 16 520.57(94 951.920-36 114.72)

972 024 081.2 W

The heat released by the water and absorbed by the air corresponds well thus
confirming that T,s is correct.

With all the loss coefficients known it is possible to confirm pas

Y P
S(HV”){I w1+0.62198}

3.
Pas = p,, [1-0.00975(Hy+L,/2)/T, ;]
2
+Kvp+Kwd+Kde+Krz+Kts+Kct)ﬁ (mav15/Afr ) /(2pav15)

'(Kfs +Kctc + 1<ﬁ +Kcte

0.008127
—84100[1-0.00975(10-+2.504/2)/288.61>* 108120 { 1 -G qs12750 62795

-24.486x(16 808.04/8300)%/(2x0.98484)
=83 937.718 N/m?

This value is similar to the one used for previous calculations.
The temperature lapse rate above the drift eliminators as shown below

Ers = W) {Cpgt1.966X10™ /D Tos[iuo~(Cpry=Cp)N(T5-273.15)]
xexp(-5406.1915/T,5)}

7.966x10' 6
=-9.8(1+0.02676)/{1056.697+ > x[2.5016x10°-(4192.603-1873.8)
83037.56x299.5719

299.5719-273.15 >406.
X - e,
(299. A3)exp(- 5552715

= -0.002091057 K/m

In order to find the pressure difference between the tower outlet and the ambient
at the same elevation (pas — pa7) the Froude number and air properties must be
known. A value for pressure at 6 must be chosen to calculate the air properties.
This value was chosen as 82 650.58912 N/m? .

The temperature at 6 can be found by using the temperature lapse rate from 5.

Tas = T+ p,s(Hs-Hs-Ly-Ly,) = 299.5719-0.002092433(147-10-2.504-0.5)
=299.2916 K
The density of the air-vapour mixture at the specified temperature and pressure.

pavs = (L4w5) |1 (RT, )

Ws ]
w5+0.62198|Pas
0.02676

= +0. ——_—
(1+0.02676) [1 0.02676+0.62198

X 82 650.58/(287.08%299.0291)

=0.946941 N/m?

With the temperature lapse rate of the ambient air known the temperature at 7 can
be calculated.

Ty; = T,,-0.00975H;=288.6-0.00975x147

=287.16675 K
The corresponding pressure at 7 is found to be
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0.00975H,7> 3w ){ 1570 2r98)
Pa7 =P, [1_T—1]

0.008127

3.5(1+0.008127) {1- 568177 +0.62108)

]

=84 100[1_0'00975X288.6

=82 654.268 N/m?
With the temperature and pressure known at 7 and assuming a uniform humidity
ratio of wj the density of air-vapour mixture can be determined.

pay = (L) [1- IRT, )

w; ]
lO_

8.127x107340.62198

= (1+8.127x107) [1—8.127 x ] *82 654.268/(287.08x287.16675)

=0.99771 N/m?
The Froud number is determined assuming there is no cold inflow
Myys 2
FTD - ( A6 ) /[‘Dav6 (paV7-pav6 )gd6]
3 [ 16963.13 1°

m] /[0.946941(0.9977-0.9469)x9.8x60.85]
25%xwx60.

=1.19
The relation shown below is used to confirm the value chosen for p,e is correct

0.147 (M4y5)2
Pas =P+ [o.ozFr3~5-—]( < ) .

FrD Aﬁ
0.14 ( 16 963.13 )2/0946941
1.170331 \0.25%7%60.85%/

=82 654.268+ [0.02x1.17033'1<5-

=82 650.581 N/m?

The draught equation can now be solved. The LHS of the draught equation is
found to be

AN
0.00975 (H3+ 7)
LHS = 1-
pal[ Tal
( ; Reézys
$rus (H6'H3'7f)
X +——

Ta5

{1 0.00975H6}3'5(HW’){1'7w;+(;4.)é2198}

-1.5 Mays 2
T 1-(0.02F7)- -0.14/FrD)< ) P

Ag

0.008127
2.504) 3.5(1+0.008127){ 15750872770 62798

2

0.00975 ( 10+

=84 100[{ 1- TG

2.504 0.02676
*{1-0.0020024(147-10-=5—)/299.571 9310026761360 6108
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9.8

™ 2287.08x0.00209
=68.4

The value on the right hand side

_11-0.0098%147/288.6 3.501+0.008){ 155551 9.67795)
{ } ]

RHS= (Kf? +KCtC +Kﬁ +Kcte+KS‘p+Kwd +Kde+Krz+Kts +Kcl ) fi /ZV] 5j
| i

Ws
(1+W5)[1_W5+0.62198]g

RE Myy5)2
- (zpav15)[1+§Ta5(H6_H3_Lﬁ/2)/TaS ] Ta5 +ae6< A6 ) /(2pav6)
24.456 (—16 808'04)2/ 2x0.98484)[1-0 0020924(147 10 —2'504>
= X X - - -
' g300 ) /(20-9848DI1-0. 3 2
16999.66
0.02676 1.01 (35r05-—
- 299,5719]-(H0‘02676)[1'0A02676_+0A6219_8 x 9.8 n (2908.111)

-287.08x0.0020924 2x0.946941
=68.4

The LHS of the draught equation is approximately equal to the RHS thus the air-
vapour flowrate chosen is correct.

E-11
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EXPERIMENTAL DATA

This section contains the experimental data for the entire tests done for all

configurations.

Table F-1: Experimental data and results for Hg, = 300 mm, Hq = 608 mm, Hiy = N/A, Hgg =

N/A, H, =280 mm (configuration 1)

Pa Lsi Guw Ga Me  Kiam T Toawo Trioo  Triwb  dPnz dpsi Tui Tuwo
N/m*>  mm kg/sm® kg/sm® °C °C °C °C Nm* Nm’ °C °C
101720 608 4.65 3.45 092 1389 790 6.21 874 6.70 55211 7450 46.83 29.01
101720 608 4.65 294 083 1404 774 6.23 841 6.67 398.83 5467 46.05 30.16
101720 608 461 1.91 062 1591 738 594 784 632 166.71 26.01 45.07 33.25
101720 608 4.59 103 040 2265 7.67 605 790 6.44 48.75 1055 4434 36.96
101720 608 3.01 1.03 0.60 20.00 800 6.28 8.05 6.47 49.38 9.30 42.76 33.05
101720 608 2.99 2.00 093 1436 808 645 820 6.54 18390 2534 4237 27.81
101720 608 3.00 2.93 1.20 1313 7.76 6.25 8.34 6.58 396.61 4952 4175 24.42
101720 608 3.00 3.43 135 1298 7.76 6.18 858 6.62 54292 6652 41.00 22.77
101720 608 1.50 1.04 112 1729 7.86 6.27 7.92 6.44 4944 7.88 40.14 25.76
101720 608 1.49 1.97 169 1320 7.89 6.28 808 6.35 178.89 22.13 39.61 20.16
101720 608 1.49 2.93 220 1220 7.16 586 790 6.19 39484 4479 39.32 16.68
101720 608 1.50 3.43 243 1204 724 583 811 6.24 54305 6040 39.16 1551
101720 608 461 1.04 042 2228 7.79 6.17 801 647 4986 1042 38.96 33.26
101720 608 4.60 193 063 1588 814 640 828 657 17154 26.06 38.75 29.88
101720 608 4.59 2.92 084 1419 829 653 877 685 39415 5314 38.32 26.99
101720 608 4.57 3.42 094 1405 821 652 895 695 540.64 7176 38.15 25.76
101720 608 3.02 103 062 1993 824 6.62 840 6.87 49.00 9.06 37.62 30.10
101720 608 3.03 1.95 094 1453 7.73 631 816 6.66 17548 2417 37.40 25.95
101720 608 3.03 2.82 119 1328 751 6.10 817 6.52 36751 46.00 37.30 23.20
101720 608 3.02 3.36 134 1306 751 6.07 836 656 52020 63.68 37.27 2182
101720 608 1.55 1.04 111 1737 777 615 790 6.38 49.46 7.88 37.01 24.75
101720 608 1.56 1.96 165 1332 771 6.13 797 6.32 176.48 2193 36.69 19.77
101720 608 1.56 2.97 217 1225 7.71 6.13 830 6.44 408.08 46.26 36.71 16.53
101720 608 1.56 3.42 240 1210 7.19 596 825 650 54159 6043 36.67 15.43
101720 608 4.56 1.02 043 2229 739 6.00 7.84 6.39 47.89 9.95 36.90 31.78
101720 608 4.56 1.98 0.67 15.72 7.12 577 764 6.13 179.04 26.77 36.28 28.15
101720 608 4.55 2.89 0.85 1425 724 584 793 6.26 38394 5164 3552 2551
101720 608 4.59 3.37 096 14.15 7.23 585 815 642 52519 6948 3347 2354
101720 608 3.03 0.93 056 21.15 752 595 772 6.25 40.22 7.73 3232 27.14
101720 608 3.03 1.93 094 1462 766 610 780 6.29 17048 2320 31.20 22.88
101720 608 3.03 2.95 126 1329 7.78 6.13 812 6.33 401.36 49.33 30.64 20.12
101720 608 3.04 3.41 1.39 1318 7.73 6.09 834 6.42 53835 6532 30.27 19.10
101720 608 1.57 0.96 1.06 1780 8.06 6.33 7.87 6.35 4284 6.85 29.44 21.69
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Pa L Gw Ga Me  Kiam  Toab Toawo Trie Triwo  OPn dpsi Tui Two
N/m*> mm kg/sm®’ kg/sm? °C °C °C °C Nm* Nm?’ °C °C
101720 608 1.57 1.97 1.69 1335 811 6.23 808 6.17 177.66 21.76 2887 17.21
101720 608 1.59 2.88 215 1243 797 6.25 838 640 38154 4326 2859 14091
101720 608  1.58 341 239 1225 785 621 861 654 53833 59.84 2833 1391
Table F-2: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, Hyy = N/A, Hgg =

N/A, H;, = 2105 mm (configuration 2)

Pa L Gw Ga Me  Kim  Traab Toawb T Triwo  dPng dpsi Tui Two
N/m>  mm Kkg/sm? Kkg/sm? °C °C °C °C  N/m> N/m* °C °C
100700 608 451 3.36 0.97 16.29 12.15 1148 13.19 11.95 532.14 84.49 49.10 30.25
100700 608 4.52 2.91 0.90 16.85 1216 1151 13.02 1191 396.12 65.13 47.04 30.77
100700 608 4.52 1.97 0.71 2041 1224 1156 1280 11.86 180.41 36.10 45.67 33.37
100700 608 4.52 0.99 0.44 36.34 1236 11.61 1297 12.02 4576 16.08 44.69 37.47
100700 608 3.02 1.00 0.61 30.02 1240 1161 1278 1190 46.54 13.32 43.70 34.28
100700 608 3.01 204 099 1751 1234 1158 1273 11.84 194.05 32.67 43.37 28.84
100700 608 3.00 2.92 126 15.09 1222 1150 1290 11.84 399.28 57.38 43.13 25.83
100700 608 3.00 3.41 141 1462 1229 1151 13.18 11.94 54723 75.64 4277 24.48
100700 608 1.68 1.03 1.06 2279 1260 1158 1264 11.67 49.88 10.61 4142 28.12
100700 608 1.68 1.99 159 1518 1265 11.61 1280 11.69 186.18 26.59 41.12 23.05
100700 608 1.68 2.96 205 1338 1270 1164 13.14 11.84 41081 51.14 40.72 20.12
100700 608 1.68 3.44 230 13.05 12.67 11.64 1345 1198 557.16 67.25 40.34 18.98
100700 608 4.39 1.03 0.45 3494 1273 11.72 13.18 12.03 49.64 16.43 39.68 34.01
100700 608 4.38 1.97 0.72 2036 12.61 11.67 13.03 1190 181.17 3520 38.88 30.04
100700 608 4.38 2.90 0.93 1690 1271 11.79 1336 12.10 396.08 63.31 38.15 27.32
100700 608 4.35 3.45 1.06 16.24 1269 11.67 1358 12.09 560.83 8554 37.77 2597
100700 608 3.14 1.03 0.62 2942 12.67 11.71 13.00 1195 4996 13.71 36.57 30.24
100700 608 3.15 1.95 0.96 1818 12.67 11.73 1296 1186 177.46 30.40 36.30 26.57
100700 608 3.13 291 126 1534 1272 11.76 13.28 12.01 399.20 57.21 3590 23.89
100700 608 3.12 3.38 1.40 1483 1270 11.74 1354 12.13 539.87 7445 3557 2282
100700 608 1.57 0.98 112 23.03 1278 11.86 1285 11.89 45.67 9.65 34.78 25.26
100700 608 1.57 1.98 1.73 15.03 1270 1181 1292 11.87 18392 25.63 3455 20.88
100700 608 1.57 2.94 223 1328 1274 11.76 13.27 1198 406.20 49.61 34.39 1847
100700 608 1.56 3.43 250 1296 1282 11.77 1359 12.07 55466 6570 34.00 17.49
100700 608 4.39 1.02 0.43 3486 1280 11.81 13.20 1210 49.21 15.89 33.13 29.45
100700 608 4.38 194 071 2052 1281 11.76 13.15 1195 17551 33.69 3282 26.76
100700 608 4.37 2.90 094 1695 1281 11.71 13.38 11.97 394.76 62.21 3244 24.64
100700 608 4.37 3.42 1.07 1631 1291 11.74 13.67 12.09 550.56 83.03 32.08 23.60
100700 608 3.09 1.03 0.63 2890 13.04 11.78 13.14 1191 4955 13.15 31.37 26.83
100700 608 3.08 1.99 1.00 1778 1311 11.84 1322 1190 185.78 30.62 31.02 23.79
100700 608 3.08 2.96 1.32 1520 1310 1184 1358 12.06 413.75 5797 30.93 21.76
100700 608 3.09 3.35 143 1483 1313 11.85 1381 1214 529.81 7215 30.70 21.08
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100700 608  1.59 1.03 118 2199 13.12 11.88 13.10 11.88 50.10 10.03 30.33 2295
100700 608  1.58 192 172 1521 13.13 11.96 13.23 1198 173.64 24.26 30.11 19.76
100700 608  1.58 297 225 1330 1315 12.03 1356 12.15 41582 5041 29.96 17.62
100700 608  1.58 341 250 13.01 1321 1210 13.97 12.38 54860 64.80 29.76 16.99
Table F-3: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, Hgy = 200 mm, Hg,q
= N/A, H;; = 1905 mm (configuration 3)
Pa Lsi Gw Ga Me  Kim  Toab Trawb Triw  Trwo P dpsi Tui Tuwo
N/m>  mm kg/sm? Kkg/sm? °C °C °C °C Nm* Nm* °C °C
101920 608  1.60 195 175 1636 732 630 761 648 172.88 28.15 5347 22.49
101920 608  3.06 198 1.04 19.76 7.62 653 789 6.70 178.17 3539 5410 30.52
101920 608  4.40 197 076 2264 758 656 798 6.82 17545 40.61 54.28 35.04
101920 608  1.58 200 181 1984 763 650 7.91 6.62 180.93 28.88 52.80 22.00
101920 608  1.57 1.08 131 3252 801 667 795 668 5298 1258 5233 27.96
101920 608  1.56 194 173 1958 754 642 790 659 17047 2757 5130 22.30
101920 608  1.58 291 222 1673 701 606 7.77 641 38535 5255 5053 18.33
101920 608  1.58 344 260 1620 687 597 7.86 6.45 539.16 70.03 49.83 16.29
101920 608  1.58 198 181 1959 733 623 782 657 177.96 28.39 4872 2151
Table F-4: Experimental data and results for Hg, = 300 mm, Hy = 608 mm, H¢; = 300 mm, Hg,g
= N/A, H;; = 1905 mm (configuration 4)
Pa L Gw Ga Me  Kiam  Tnab  Trawb  Triw  Trwo  OPn dpri Tui Tuwo
N/m*> mm Kkg/sm® kg/sm? °C °C °C °C Nm* Nm*> °C °C
101800 608  1.56 203 171 1676 827 737 852 7.46 187.63 29.22 48.60 2212
101800 608  3.00 201 108 2041 820 740 851 7.52 184.42 3547 49.29 29.12
101800 608  4.41 200 079 2341 835 744 865 7.60 181.65 41.12 4955 3342
101800 608  3.08 202 107 1958 784 699 826 7.24 18481 36.05 49.31 29.24
101800 608  3.09 1.06 072 3134 791 701 811 721 5130 16.81 49.24 3533
101800 608  3.09 196 1.02 1944 791 707 827 738 17517 35.05 49.22 29.78
101800 608  3.08 298 137 1655 821 735 887 7.73 40637 64.99 48.78 2539
101800 608  3.08 342 151 1608 805 724 9.01 7.76 53739 82.05 4835 2393
101800 608  3.09 201 110 1944 847 745 898 7.78 184.42 35.68 44.26 27.78
Table F-5: Experimental data and results for Hg, = 300 mm, Hy= 608 mm, H¢y = 400 mm, Hg,q
= N/A, H,, = 2105 mm (configuration 5)
Pa Lsi Gw Ga Me  Kiam  Tnab  Trawb  Trie  Trwo  dPn dpri Tui Tuwo
N/m>  mm kg/sm? Kkg/sm? °C °C °C  °C Nm* Nm* °C °C
101130 608  4.46 097 052 2654 529 418 599 471 4352 10.72 38.03 23.34
101130 608  4.48 199 082 1725 620 479 659 505 166.28 27.32 4423 20.30
101130 608  4.50 285 1.03 1460 638 490 7.05 538 38550 5291 43.64 1641
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Pa Lsi Gu Ga Me  Kim  Toao Trawb  Trigo  Triwo  OPn dpsi Tui Tuwo
N/m*>  mm Kkg/sm® kg/sm? °C °C °C °C Nm* Nm*> °C °C
101130 608 4.53 3.42 117 1404 6.23 482 7.16 541 53279 69.82 4337 15.04
101130 608 3.21 0.99 0.69 3707 6.24 491 6.22 498 4449 16.13 4757 35.16
101130 608 3.22 1.94 1.04 2123 6.04 484 632 501 17140 3582 47.14 28.86
101130 608 3.22 2.88 135 1734 591 472 641 505 379.03 63.90 46.77 24.76
101130 608 3.21 3.43 152 1645 6.14 489 6.76 524 537.79 8522 46.42 22.90
101130 608 1.56 1.04 134 4398 570 454 585 4.63 4337 19.09 4991 39.27
101130 608 1.57 1.91 183 2346 547 442 587 460 180.24 4275 50.66 33.14
101130 608 1.57 2.90 240 1924 530 427 586 472 36845 7133 5249 29.95
101130 608 1.56 3.41 264 18.08 509 423 590 540 533.65 96.67 5352 28.25
101130 608 4.37 1.06 053 2579 6.26 485 629 499 4928 12.04 4512 26.05
101130 608 4.37 1.97 083 1683 489 400 590 459 169.19 26.73 37.57 17.54
101130 608 4.37 2.90 1.08 1445 542 424 633 488 38091 5107 37.03 14.19
101130 608 4.35 3.38 120 1390 556 437 6.75 513 531.05 68.03 36.77 13.08
101130 608 3.18 0.97 071 3772 622 480 6.58 508 4264 1530 40.26 3144
101130 608 3.17 2.03 1.14 20.66 550 439 6.13 494 186.07 36.97 39.49 2544
101130 608 3.17 2.85 141 1748 525 424 6.06 4.71 369.01 6148 39.07 22.36
101130 608 3.17 3.42 158 1655 489 401 6.15 471 53337 8360 38.63 20.64
101130 608 141 0.98 141 4153 645 494 6.78 520 48.32 19.44 4287 34.87
101130 608 1.40 193 204 2371 639 49 6.85 527 176.08 40.68 42.02 29.82
101130 608 1.40 2.89 264 19.19 6.27 490 7.02 551 38342 71.07 4161 26.44
101130 608 1.39 3.41 291 1821 6.24 484 713 540 52324 9141 4122 24.86
101130 608 4.36 1.07 059 2697 537 423 6.02 466 4459 11.06 33.09 2210
101130 608 4.34 2.03 087 1726 532 424 6.17 474 167.78 26.95 32.64 17.12
101130 608 4.34 2.95 112 1462 530 421 6.30 4.76 40233 5423 3257 13.99
101130 608 4.31 3.39 124 1414 555 433 6.63 5.01 53227 69.06 3231 12.92
101130 608 3.17 1.00 0.78 3659 551 431 6.33 481 4529 1552 3431 27.54
101130 608 3.17 1.97 112 21.02 552 435 648 483 17651 3510 34.00 23.34
101130 608 3.17 2.95 146 1731 542 426 649 491 39505 64.23 33.77 20.33
101130 608 3.15 3.39 162 1659 528 422 653 492 52479 8140 3349 19.06
101130 608 1.53 0.99 131 40.12 580 450 6.62 5.02 5170 19.66 36.19 30.27
101130 608 1.53 1.92 194 2323 589 459 6.75 510 186.42 4134 3576 26.43
101130 608 154 2.97 250 19.08 598 466 7.02 531 39582 7161 3547 23.72
101130 608 1.53 3.41 279 1823 578 454 702 526 526.12 90.48 35.07 2243
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Table F-6: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, Hgy = 400 mm, Hg,q
=400 mm, H,, = 1905 mm (configuration 6)

Pa Lsi Gu Ga Me  Kum  Thab Toaww  Trie  Trwb  dPn dpsi Tuwi Tuwo
N/m*> mm Kkg/sm? kg/sm’ °C °C °C °C N/m* N/m? °C °C
100540 608 1.64 2.02 178 17.83 11.08 10.30 11.16 1049 190.25 32.05 4253 22.09
100540 608 3.14 200 114 2186 1146 1054 11.16 10.70 186.82 39.26 42.02 27.65
100540 608 4.33 198 089 2489 1157 1056 11.39 10.70 183.74 4410 40.73 29.86
100540 608 3.09 1.99 118 21.84 11.68 10.67 11.52 10.83 18441 38.49 40.09 26.83
100540 608 3.09 100 082 3847 1157 1054 1145 10.77 46.65 17.03 39.64 31.26
100540 608 3.07 195 118 2211 1152 1049 1151 10.73 176.70 37.28 39.38 26.61
100540 608 3.08 290 150 18.21 1111 10.22 11.38 10.58 395.03 68.00 39.09 2351
100540 608 3.09 3.39 166 1744 1109 10.16 11.37 10.61 540.68 88.56 38.81 22.22
100540 608 3.06 1.99 125 21.75 1144 1040 1143 10.78 185.27 38.32 37.95 2571
Table F-7: Experimental data and results for Hg, = 300 mm, Hy = 608 mm, H¢; = 400 mm, Hg,g

=800 mm, H,, = 1905 mm (configuration 7)

Pa L+ Gw Ga Me  Krm  Thab Thawb Tride  Ttiwb dpn; dpri Tui Two
N/m> mm Kkg/sm® kg/sm’ °C °C °C °C N/m*> N/m?> °C °C
100540 608 1.53 196 204 1791 1140 1044 1140 10.74 178.84 29.88 36.41 19.86
100540 608 3.07 194 123 2221 1145 1048 11.32 10.75 176.30 37.12 36.80 25.40
100540 608 4.32 193 090 2558 11.69 10.67 1153 10.80 173.98 4230 36.41 27.87
100540 608 3.08 194 119 2227 1180 10.65 11.65 10.84 17642 37.15 36.29 25.37
100540 608 3.07 101 084 3834 11.78 1058 11.63 10.83 47.64 17.12 3598 29.06
100540 608 3.06 200 111 22,09 11.83 10.72 1169 10.85 187.15 3893 35.82 25.36
100540 608  3.06 296 150 18.23 11.82 10.69 11.90 10.94 41051 69.96 3580 2247
100540 608 3.06 3.42 164 1753 1201 1081 12.00 11.26 552.35 90.00 3547 2144
100540 608 3.07 196 123 2208 1216 1092 12.10 11.22 180.24 37.46 34.76 24.65
Table F-8: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, He; = N/A, Hgg =

N/A, H,, = 4168 mm (configuration 8)

Pa L Gw Ga Me  Kim Tz Toawb Trioo  Triwo  OPng dpri Tui Tuwo
N/m*> mm kg/sm® kg/sm? °C °C °C °C Nm* Nm*> °C °C
101480 608 1.62 2.02 154 1759 6.02 436 6.16 484 18531 3100 4585 21.90
101480 608  3.04 200 1.03 2228 634 460 594 480 180.63 39.27 46.73 28.35
101480 608 4.55 202 077 2680 6.62 489 745 597 18476 49.17 47.19 32.56
101480 608 2.99 204 108 2168 650 492 659 519 188.63 39.93 46.78 27.85
101480 608  3.00 1.06 073 4057 659 487 6.62 523 5086 20.11 46.40 33.66
101480 608 2.98 2.02 1.06 2220 641 479 6.62 520 18432 39.89 46.27 27.90
101480 608 2.98 3.02 137 1729 6.11 462 6.61 511 41392 6891 46.02 23.92
101480 608 2.98 344 157 16.27 648 484 6.95 534 54058 84.24 4597 2225
101480 608  3.00 202 109 2193 6.16 457 650 523 18542 39.48 44.40 27.14
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Table F-9: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, H¢; = 400, Hgg =
N/A, H,, = 4168 mm (configuration 9)

Pa Lsi Gw Ga Me  Kim  Toab Toawo  Thide T OPn dpi Tui Two
N/m®>  mm Kkg/sm® kg/sm? °C °C °C °C Nm* Nm* °C °C
101480 608 1.40 2.05 233 1807 6.75 518 596 518 190.24 3215 38.27 16.77
101480 608 2.97 2.02 1.31 2399 631 494 6.08 513 18530 42.78 40.65 24.84
101480 608 4.59 2.00 0.85 30.11 6.49 500 6.90 6.01 181.18 5256 38.43 28.36
101480 608 2.97 1.97 126 2471 708 535 6.81 556 17696 4145 36.29 23.69
101480 608 2.96 1.05 092 46.64 7.11 541 6.84 5.60 50.57 22.24 3590 27.70
101480 608 2.96 2.01 124 2443 735 555 714 571 18425 4257 3595 2357
101480 608 2.96 2.96 157 1886 7.60 568 7.44 580 400.79 70.82 3570 20.56
101480 608 2.95 3.42 181 1752 803 582 781 6.09 536.62 8758 3538 19.10
101480 608 2.95 1.95 131 2465 829 6.10 840 6.60 174.42 4056 34.66 23.13
Table F-10: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, Hg, = 400, Hyg =

800, H;, = 4168 mm (configuration 10)

Pa L Gw Ga Me  Kim  Trb  Toawb Trib Trwo  OPn dpri Tui Two
N/m> mm kg/sm®* Kkg/sm’ °C °C °C °C  N/m* N/m*> °C °C
100520 608 1.49 1.97 219 2106 1381 937 1331 9.41 18232 3598 4218 19.79
100520 608 2.95 1.95 1.36 27.70 13.27 935 13.41 944 178,60 4758 42.88 26.33
100520 608 441 1.98 0.92 3242 1373 9.24 1327 9.34 173.27 57.77 4322 30.51
100520 608 3.01 2.00 133 2746 1422 949 1345 943 189.13 49.78 43.11 26.51
100520 608 2.99 105 089 54.08 1440 9.61 1349 9.60 5210 27.05 43.10 31.99
100520 608 3.00 2.01 129 2746 1451 989 13.78 959 19086 50.16 43.07 26.65
100520 608 2.98 2.98 1.75 20.72 1455 975 13.97 9.77 41997 8232 43.03 22.80
100520 608 2.97 3.39 1.94 19.39 1444 957 1462 9.74 546.87 99.80 4296 21.50
100520 608 2.97 1.99 1.38 2735 1455 974 1414 971 18656 4893 4297 26.29
Table F-11: Experimental data and results for Hg, = 300 mm, Hg = 608 mm, H¢, = 400-450,

Hgg = N/A, Hy, = 4168 mm (configuration 11)

Pa L Gw Ga Me  Kim T Toawb  Tridb  Trwo  OPng dpri Tui Tuwo
N/m> mm kg/sm®* Kkg/sm® °C °C °C °C  N/m* N/m?> °C °C
100520 608 1.38 2.02 216 1764 1435 981 1379 9.73 19299 31.65 40.59 19.37
100520 608 3.11 2.00 119 2416 1433 989 13.74 982 188.22 4349 4232 27.15
100520 608 4.40 198 089 2882 1438 9.89 14.01 9.69 18494 51.28 41.88 30.12
100520 608 3.07 2.01 116 2416 1436 982 13.89 9.61 189.49 4328 39.26 26.14
100520 608 3.05 096 0.78 50.64 1439 9.88 1359 9.65 44.02 20.92 37.99 30.32
100520 608 3.06 1.96 1.16 2470 1429 975 13.80 950 180.25 41.83 36.99 25.34
100520 608 3.05 2.91 154 1885 1431 968 14.13 952 40144 70.28 3591 2194
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Pa L Gu Ga Me  Kim  Trab Towb  Trico  Trwo  OPns dpsi Tui Two
N/m?> mm kg/sm®* Kkg/sm? °C °C °C °C  N/m* N/m?> °C °C

100520 608  3.05 345 173 1741 1445 979 1451 09.69 56507 90.76 3544 20.62

100520 608  3.08 193 125 2479 1441 971 1401 9.48 17564 40.71 3473 24.23






