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Abstract

The use of air-cooled steam condensers, commonly referred to as dry cooling, can
substantially reduce the demand on the state’s limited freshwater supplies from thermal
power plants. Wind effects on this cooling technology, however, can degrade performance
and reduce power generation. This study is aimed at developing an efficient and reliable
means of evaluating the performance of an air-cooled steam condenser under windy
conditions, through the use of computational fluid dynamics modeling, a numerical
approach to solving fluid flows. A two-step modeling approach is employed due to
computational limitations. The accuracy of the model is verified through a comparison to
test data and previous numerical work. The effect of wind on air-cooled steam condenser
performance at El Dorado Power Plant (Nevada) is subsequently investigated and it is found
that air-cooled steam condenser performance degradation under windy conditions is caused
by reduced fan performance and hot plume recirculation. Reduced fan performance as a
result of inlet flow distortions is the primary contributor to air-cooled steam condenser
performance degradation under windy conditions in this case. Wind screens, solid
walkways and increasing fan power are investigated as possible means of improving air-
cooled steam condenser performance under windy conditions. Wind screens are found to be
beneficial and an improved screen configuration is recommended for El Dorado Energy
facility. Walkways, or skirts, are also found to be beneficial, but increasing the fan power
seems to have limited benefits in this case. The model developed in this study has the
potential to allow for the evaluation of large air-cooled steam condenser installations and
provides a reliable platform from which further investigations into improving air-cooled
steam condenser performance under windy conditions can be carried out.

Keywords: Air-cooled, steam condenser, wind effects, computational fluid dynamics, wind
screens, axial flow fan.
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Executive Summary

Introduction

Water demand from thermal power plants, mainly for steam condensation (power plant
cooling) can place a significant burden on limited local and regional freshwater supplies. An
approach to reducing this cooling water demand is the use of direct dry cooling, which
requires no consumptive water use and can reduce a power plants water demand by up to
95 percent. Direct dry cooling uses air-cooled steam condensers which consist of a series of
finned, air-cooled condenser tubes arranged in an A-frame configuration. Steam is routed
from the steam turbine to the condenser, where the heat from the condensing steam is
rejected to the environment via the finned tubes. Beneath these condenser tubes is an array
of fans, which force a stream of air through the condenser.

A major limitation to using this cooling technology is that air-cooled steam condensers are
unable to maintain their performance during very hot and/or windy periods. This directly
affects energy production because a reduction in condenser performance creates
backpressure on the steam turbine and reduces electricity generation.

Purpose

As the use of air-cooled steam condensers becomes more widespread, it becomes
increasingly important to be able to ensure predictable and reliable cooling performance.
This study sought to develop an efficient and reliable method of modeling large air-cooled
steam condenser installations, and then used this model to evaluate the performance of air-
cooled steam condensers under windy conditions. Furthermore, this study identified and
evaluated strategies to mitigate the negative effects of wind on air-cooled steam condenser
heat transfer rates.

Project Outcomes

e A computation fluid dynamic model (a numerical model to analyze and solve the
flow of fluids) was developed to evaluate wind effects on the air-cooled steam
condenser. Results exhibited good correlation with test data collected during the full
scale testing of the El Dorado Energy’s air-cooled steam condenser.

e The research team identified fan performance degradation and hot plume
recirculation as the causes of reduced air-cooled steam condensers performance
under windy conditions.

e Fan performance degradation due to distorted inlet flow conditions was identified as
the primary contributor to reduced air-cooled steam condenser performance under
windy conditions at El Dorado Energy.

e The research team found the installation of wind screens to be beneficial to air-cooled
steam condensers performance under windy conditions, and an improved screen
configuration was described for El Dorado Energy.

e The installation of solid walkways, or skirts, along the air-cooled steam condenser
periphery was shown to improve air-cooled steam condenser performance under
windy conditions. Increasing the walkway width is beneficial to condensers
performance up to a point, and the selection of an appropriate width must be based
on a lifecycle cost analysis.



e Increasing the fan power under windy conditions was shown to be able to improve
the net plant power output relative to the design fan power case. The improvement
is, however, very small for this case.

Conclusions

The numerical air-cooled steam condenser modeling method developed in this study
provides an accurate and efficient evaluation of air-cooled steam condenser performance
under a variety of ambient conditions. The method also has the potential to allow for the
relatively quick and easy evaluation of novel means of reducing the negative effect of certain
ambient conditions (wind in this case) on air-cooled steam condenser performance.

Distorted fan inlet conditions appear to be the primary contributor to reduced air-cooled
steam condenser performance under windy conditions in this case and as such, attention
was paid to mitigating the effects of wind on air-cooled steam condenser performance. Wind
screens and solid walkways were shown to hold potential for improving air-cooled steam
condenser performance under these conditions while increasing fan power was shown to be
of negligible benefit.

Recommendations

e The installation of wind screens below the fan platform appears to hold great
potential for reducing the negative effects of wind on air-cooled steam condenser
performance. Careful consideration should be given to the selection of an
appropriate wind screen configuration at all air-cooled steam condenser installations.

e El Dorado’s wind screen configuration should be changed as recommended in this
report to further improve its air-cooled steam condenser performance under windy
conditions.

¢ The installation of solid walkways along the air-cooled steam condenser periphery is
recommended at all air-cooled steam condenser installations. The selection of the
appropriate walkway width must, however, be based on a lifecycle cost analysis.

¢ Increasing the fan power during periods of unfavorable ambient conditions should
be investigated in further detail, and consideration should be given to the installation
of variable speed motors on new air-cooled steam condenser installations based on
the results of such an investigation.

Benefits to California

Growing demand, stringent environmental legislation and restrictions on water resources
has resulted in increased use of air-cooled systems in the power generating industry in
California. This study has shown that significant performance benefits can be obtained from
understanding and reducing wind effects on these systems.

Note: All tables, figures, and photos in this report were produced by the authors, unless
otherwise noted.



1.0 Introduction

1.1 Background and Motivation

Air-cooled condensers (ACCs) use ambient air to cool and condense a process fluid.
Mechanical draft ACCs are used extensively in the chemical and process industries and are
finding increasing application in the global electric power producing industry due to
economic and environmental considerations (Kroger, 2004).

The generation of electric power is traditionally a water intensive activity, and with the
sustainability of fresh water resources becoming a major concern in many parts of the world,
there is increasing pressure on this industry to find ways to reduce their fresh water
consumption. Modern thermoelectric power plants with steam turbines are equipped with a
cooling system to condense the turbine exhaust steam and maintain a certain turbine
exhaust pressure (often referred to as turbine backpressure) in a closed cycle (Kroger, 2004),
as illustrated in Figure 1.1 for a combined cycle gas/steam power plant. To date, most power
plants employ a wet cooling system which typically accounts for a vast majority of plant
water consumption (DiFillipo, 2008). Alternative means of cooling therefore represent the
greatest potential for water consumption reduction in thermoelectric power plants.

Mechanical draft air-cooled steam condensers (ACSCs) consisting of multiple fan units are
used in direct cooled thermoelectric power plants to condense steam in a closed cycle using
ambient air as the cooling medium (Kroger, 2004). No water is directly consumed in the
cooling process and as such the total fresh water consumption of a power plant with an
ACSC is significantly less than one employing wet cooling. There are a number of
advantages over and above water consumption reduction, such as increased plant site
flexibility and shortened licensing periods, associated with the use of ACSCs.

In a direct cooled steam turbine cycle with an ACSC, low pressure steam is ducted from the
turbine exhaust to steam headers that run along the apex of a number of ACSC fan units
(also referred to as A-frame units or cells). A typical forced draft ACSC fan unit, shown in
Figure 1.2, consists of an axial flow fan located below a finned tube heat exchanger bundle.
The steam condenses inside the finned tubes as a result of heat transfer to ambient air forced
through the heat exchanger by the fan. The finned tubes are typically arranged in an A-
frame configuration for cooling applications of this magnitude so as to maximize the
available heat transfer surface area while keeping the ACSC footprint to a minimum. The
inclined tube configuration also aids in the effective drainage of the condensate which is
ultimately pumped back to the boiler (Kroger, 2004), or heat recovery steam generator in the
case of a combined-cycle plant, to complete the closed cycle.
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Figure 1.1. Combined cycle power plant schematic.
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The use of air as the cooling medium in an ACSC means that the heat transfer rate is
influenced by ambient conditions such as wind, temperature and atmospheric instabilities.
Under unfavourable operating conditions, for instance hot and/or windy periods, the
performance of ACSCs has been found to decrease. Due to the dynamic relationship
between the ACSC and the steam turbine, a decrease in ACSC heat transfer rate results in
increased turbine backpressure and subsequently reduced turbine efficiency. The steam
turbine output and/or plant fuel consumption is therefore affected by ACSC performance.

As the use of ACSCs becomes more widespread the importance of ensuring adequate and
predictable cooling performance becomes critical to the efficient operation of the plant and
ultimately the entire energy network (Maulbetsch and DiFilippo, 2007). An understanding
of the flow in the vicinity of an ACSC can be applied in an attempt to optimize the
performance of these systems. This study will use computational fluid dynamics (CFD) to
investigate the effects of wind on ACSC performance characteristics.
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Figure 1.2. Mechanical draft ACSC fan unit, (a) Schematic, (b) During installation (courtesy
Wurtz and Nagel, 2006).

1.2 Literature Study

Securing sufficient supplies of fresh water for societal, industrial and agricultural uses, while
protecting the natural environment, is becoming increasingly difficult (Barker, 2007). In the
USA, thermoelectric power production accounts for approximately 40% of the total annual
fresh water withdrawals and about 2% of the total fresh water consumption, corresponding
to 27% of non-agricultural consumption (Carney, 2008). Approximately 48% of existing
power plants make use of evaporative or wet cooling (Carney, 2008). These cooling systems
lose approximately 2% of the cooling water they withdraw to evaporation and drift.
Approximately a further 0.4% must be continuously discharged to prevent the build up of
impurities. A 480 MW power plant that employs evaporative cooling would thus consume



approximately 14.4 ML of fresh water on a daily basis (Gadhamshetty et al., 2006). It is
therefore clear that power plants can have a major impact on local water availability.

With water sustainability being a major concern in most areas of the world where
population pressures are mounting (Barker, 2007), increased concerns regarding the effects
of climate variability on fresh water resources (Mills, 2008), and increasing demand for
environmental protection and enhancement (Turnage, 2008), the electric power sector is
under increasing pressure to reduce water consumption. Considering that in a wet cooled
power plant the cooling system accounts for more than 80% of the total plant water
consumption (DiFilippo, 2008), specific emphasis must be placed on cooling. This point is
substantiated by the United States Environmental Protection Agency’s fairly recent proposal
that power plants that utilize more than 7.6 ML of fresh water a day, in other words any
plant exceeding approximately 250 MW capacity, must consider alternative means of
cooling (Gadhamshetty et al., 2006).

As mentioned previously, ACSCs use air as the cooling medium and so no water is required.
Over and above the water conservation advantages of ACSCs, many other environmental
drawbacks associated with wet cooling are eliminated. These drawbacks include plume
formation, brine disposal and Legionella health risks (Gadhamshetty et al., 2006). ACSCs
also hold potential economic and collateral advantages since power plant location will no
longer be dependent on the location of abundant water supplies. Plants can therefore be
located closer to load centres; resulting in reduced transmission losses, increased supply
reliability, and increased security (Gadhamshetty et al., 2006). Recently ACSCs are being
selected for use in projects where the “time-to-market” is an important consideration since
the use of dry cooling can significantly reduce the power plant licensing process
(Maulbetsch, 2004).

Dry cooling systems such as ACSCs are, however, more capital intensive and typically exact
a penalty in terms of plant performance and subsequently increase the cost of power
generation (Barker, 2008). This is primarily due to the poor thermo-hydraulic properties of
air as a cooling medium. Air’s low density and specific heat mean that large volumes need
to be circulated through the heat exchanger in order to achieve satisfactory cooling. Fan
power consumption in ACSCs is therefore significant. Expensive finned tubes are also
required to maximize heat transfer. Also, the allowable pressure drop across the ACSC is
low if adequate circulation is to be achieved (Hassani et al., 2003). This means that the air
flow velocity has to be kept low and subsequently large cross-sectional flow areas are
required in order to achieve the required mass flow rate for adequate heat transfer. As a
result of the above, the capital cost of an ACSC can be as much as three times that of a wet
cooling system of equivalent capacity, while the annual running costs are typically double
(at current water prices) (Maulbetsch, 2008). However, with escalating water prices and the
potential transmission cost savings associated with dry cooling, the annual costs of the two
cooling alternatives mentioned are expected to become increasingly comparable
(Gadhamshetty et al., 2006).

Cost issues aside, a general reluctance exists in the power producing industry to accept
ACSC technology. In the USA less than 1% of power plants are dry cooled (Carney, 2008).
The primary reason for this reluctance is the reduced performance ACSCs experience during
periods of high ambient temperatures and strong winds. ACSCs can experience losses in



cooling effectiveness of up to 10% under the above mentioned conditions (Gadhamshetty et
al., 2006), resulting in a measurable reduction in steam turbine efficiency.

A number of investigations have been undertaken to attempt to identify, quantify and
reduce the effects of wind on ACSC performance. It has been found that the negative effects
of wind are a result of both distorted fan inlet conditions and hot plume recirculation
(Duvenhage and Kroger, 1996). Distorted inlet flow conditions (see Figure 1.3), identified
experimentally by Van Aarde (1990), result in reduced flow rates through the fans and
subsequently reduced ACSC heat transfer rates (Bredell, 2005). These distortions are
predominant on the windward or leading edge fans in an ACSC, and can result in
significant reductions in flow rates (50% to 70%) in some of these fans (Maulbetsch, 2008;
McGowin et al., 2008). With regard to plume recirculation, when hot plume air is drawn
back into the ACSC the effective cooling air temperature is increased resulting in decreased
heat transfer rates (Duvenhage and Kroger, 1996). This recirculation effect is most
predominant at the downwind edges and corners of the ACSC. It has, however, been found
that the magnitude of the hot air recirculation is small for most wind conditions at specific
plants (Maulbetsch, 2008; McGowin et al., 2008; Liu et al., 2009).

Distorted fan inlet conditions occur during windless periods since flow can only enter at the
edges of the fan platform and so the inner fans automatically induce a cross-flow component
across the periphery fans (Stinnes and von Backstrom, 2002). This component may be
exacerbated by unfavourable wind conditions (Stinnes and von Backstrom, 2002) and result
in off-axis inflow to the fans. The proximity of buildings or other structures can also
contribute to these distorted inflow conditions (Thiart and von Backstrom, 1993). The flow
rate through the fans is adversely affected by these distorted inflow conditions (Duvenhage
and Kroger, 1996; Bredell et al., 2006) due to a reduction in the static pressure rise across
each fan. This pressure rise reduction is caused by increased kinetic energy per unit volume
at the fan exit, and greater dissipation through the fan itself (Hotchkiss et al., 2006).

Several approaches have been investigated in an attempt to minimize distorted inflow to
fans in large ACSCs. It is well documented that fan performance can be improved by
increasing the fan platform height above the ground (Salta and Kroger, 1995; Duvenhage
and Kroger, 1996). This is primarily due to the fact that raising the fan platform results in an
increase in the flow area under the fans and, subsequently, reduced cross-flow accelerations
(Duvenhage and Kroger, 1996). An empirical relationship between fan volumetric
effectiveness and fan platform height is derived by Salta and Kroger (1995). Furthermore,
Salta and Kroger (1995) found through experimental methods that the addition of a solid
walkway or skirt around the periphery of the ACSC at the fan platform height reduces the
negative effects of wind on the performance of the periphery fans. This was later confirmed
numerically by Bredell et al. (2006) and will be expanded on in subsequent chapters of this
document. It has also been shown that the type of fan inlet shroud has a marked effect on
fan performance under windy conditions (Duvenhage et al., 1996), but that the optimum
shroud configuration is dependent on factors such as fan platform height amongst others
(Meyer, 2005).

Computational Fluid Dynamics (CFD) has been identified as a useful tool to investigate
large scale air-cooled heat exchangers that are characteristically difficult (Meyer, 2005) and
prohibitively expensive (Meyer and Kroger, 2004) to investigate experimentally. This is in



part due to the fact that CFD is an effective tool for generating detailed parametric studies
that allow for the evaluation of far more design alternatives than build and test methods
(Kelecy, 2000). CFD also provides more complete information than physical experimentation
and thus provides more insight into reasons for designs performing in certain ways (Kelecy,
2000). CFD therefore provides extensive opportunities for rapid design optimization. It is,
however, essential to validate CFD results with well documented test cases (Kelecy, 2000).
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Figure 1.3. Typical fan inlet flow distortions, caused by (a) wind effects, (b) the proximity of
buildings, and (c) cross-draft induced by other fans.



1.3 Problem Statement and Objectives

The effects of wind on ACSC performance will be investigated through CFD simulations of
the flow about and through two ACSCs, illustrated in Figure 1.4. Both ACSCs consist of 30
fan units.
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Figure 1.4. ACSC fan unit configuration, (a) El Dorado, (b) generic ACSC.

El Dorado power plant is a modern, high efficiency combined cycle plant located in the
Mojave Desert in Nevada, USA. This study will focus primarily on the effects of wind on the
performance of this specific ACSC (note that wind screens are installed under this ACSC in
the locations indicated in Figure 1.4). The generic ACSC corresponds with that considered
by Van Rooyen (2008). This ACSC provides a useful means of comparing the results
generated in this study to previous numerical work, as well as providing a platform to
investigate potential ACSC modifications that are not suited to El Dorado.

The objectives of this study are to generate an efficient and reliable method of modelling
large ACSC installations, and to apply the resulting models in an effort to evaluate the
performance of an ACSC under windy conditions. Furthermore, an attempt will be made to
identify and evaluate strategies aimed at mitigating the negative effects of wind on ACSC
heat transfer rates. The findings may increase the ability of El Dorado, and other power
plants employing ACSCs, to ensure adequate and predictable cooling performance and
subsequently maintain optimum steam turbine efficiencies and rated output.



2.0 System Description

2.1 System Components
A typical ACSC fan unit, is illustrated in Figure 2.1 (this particular unit is located at the
ACSC periphery).
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Figure 2.1.Schematic of a typical ACSC fan unit.

During operation, ambient air at (1) is accelerated towards the fan platform supports at (2)
under the influence of the axial flow fan. The air flows through the fan inlet screen at (3) into
the inlet shroud, through the fan, and into the plenum chamber at (4). Heat is transferred to
the air as it is forced through the finned tube heat exchanger from (5) to (6) after which it is
exhausted into the atmosphere at (7). Windwalls are installed along the periphery of the
ACSC to reduce plume recirculation. The finned tube heat exchanger and axial flow fan are
arguably the two most important components in the system and will be described in more
detail hereafter.
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2.1.1 Finned Tube Heat Exchanger

Various finned tube heat exchanger configurations exist in practice. The ACSCs evaluated in
this study make use of heat exchangers consisting of two rows of finned tubes. The tubes
employed in the generic ACSC are flattened while those used at El Dorado are elliptically
shaped, similar to the ones illustrated in Figure 2.2. The tubes are shaped in this way to
reduce their resistance to flow while the rectangular plate fins serve to increase the air-side
heat transfer area and in so doing increase the effective heat transfer coefficient through the
heat exchanger. The flow and heat transfer characteristics of the finned tubes used in the
ACSC heat exchangers considered in this study are described in Appendix A.1.
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Figure 2.2. Finned tube heat exchanger. (a) Typical elliptical finned tube, (b) Two tube row
configuration.

The finned tubes are typically arranged in bundles consisting of a certain number of tubes,
nw1 and nw2, in the first and second tube rows respectively. The fin pitch is reduced in
subsequent tube rows in an attempt to ensure a near uniform condensation rate in each row
despite the increase in air temperature as it moves through the heat exchanger. The heat
exchanger in each ACSC fan unit will consist of multiple tube bundles as illustrated in
Figure 2.3. Details regarding the number of tube bundles, 1y, and the numbers of tubes per
row in each bundle are included in Appendix A.1.

2.1.2 Axial Flow Fan

Axial flow fans typically provide high volume flow rates at relatively low pressure rise and
are therefore ideally suited to dry cooling applications. A wide variety of fans are available
for industrial applications. The selection of a fan is based primarily on its performance
characteristics; however, factors such as cost, noise production and structural strength also
play a role.
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Figure 2.3. Finned tube heat exchanger arrangement

Fan characteristics are determined according to international test codes and standards. It is
important to note, however, that the aforementioned tests are typically carried out on an
isolated fan under axial inlet flow conditions in the absence of any significant flow
distortions. Such conditions are hereafter referred to as ideal flow conditions. In actual fan
installations, the proximity of buildings and other fans, as well as the presence of wind, may
result in distorted, or off-axis, conditions at the fan inlet. It can therefore be expected that the
performance of an operational full scale fan will differ somewhat from that predicted by the
test data in conjunction with the fan laws. The degree to which fan performance in an actual
installation conforms to the specified characteristics is primarily a function of the operating
conditions and the ACSC geometry. The details of the fans used by the ACSCs considered in
this investigation are included in Appendix A.2.

2.2 Thermal Flow Analysis

The purpose of an ACSC is to reject a certain amount of heat to the atmosphere, and in so
doing condense the required amount of steam, under prescribed operating conditions
(Bredell, 2005). The heat transfer between the steam and the air in the heat exchanger is
described by the energy equation. In order to facilitate the necessary heat transfer, air must
flow through the heat exchanger. This flow rate is a function of the relationship between the
pressure rise induced by the fan and the losses associated with flow through the ACSC
system. This relationship is described by the draft equation. In the thermal-flow analysis of
an ACSC the draft and energy equations are inherently coupled and must be solved
simultaneously. A description of the aforementioned equations, as given by Kroger (2004),
follows.

2.2.1 Energy Equation

The heat transfer between the condensing steam and the air flowing through the finned tube
heat exchanger, consisting of 1 tube rows, in an ACSC is described by equation (2.1).

Q= gmacpaa)(Tao(i) ‘Taim): gmacpa(i)e(i)(Tv —Tai<i>) (2.1)

where T and T are respectively the air inlet and outlet temperatures for tube row i and
To is the steam temperature. The heat transfer effectiveness of a finned tube bundle, e, is of
the form shown in equation (2.2).

€) :1_eXp(_UAti)/mana(i)) (2.2)
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The overall heat transfer coefficient between the steam and the air, UA), is primarily
dependent on the air-side heat transfer characteristics of the finned tube bundles due to the
relatively low thermal resistance of the condensate film on the inside of the tubes, and is
calculated as shown in equation (2.3).

Uy =Ka Pragy M Ary NY (2.3)

where Agq is the frontal area of a single tube bundle and Ny« is the characteristic heat
transfer parameter of the tubes used in the bundle in question.

2.2.2 Draft Equation

As air flows through the ACSC it experiences mechanical energy losses due to the presence
of flow obstructions, such as screens, support beams, and the heat exchanger bundles. The
pressure drop across a flow obstruction is described by means of a dimensionless loss
coefficient as shown in equation (2.4).

K=o/ ' (2.4)

where v is the characteristic flow velocity based on a prescribed area.

If the vertical pressure gradients in the stagnant ambient air are neglected then the draft
equation for an ACSC fan unit, as illustrated in Figure 2.1, is as shown in equation (2.5).

2 2 2
Kts ma KUP ma Kdo ma
pal_pa7:2 A +2 _Ast+2 A
pa56 nb fr pa3 Ae pa3 Ae

2
2Pa56 \ Mo Ay
Kis, Kup and Ka represent the losses due to the ACSC platform supports, and obstacles up and

downstream of the fans respectively. Ko is the total loss coefficient over the heat exchanger
and includes kinetic energy losses at the A-frame outlet (see Appendix D). Apss is the fan

(2.5)

static pressure as described in Appendix A.2. A. is the effective flow area through the fan as
described in equation (2.6).

A, = n{d2 ~d2)/4 (2.6)

where, dc and di are the fan casing and hub diameters respectively.
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3.0 Numerical Modeling

3.1 CFD Code Overview

The commercially available CFD code, FLUENT, was used in this study. This section will
discuss the governing equations, numerical methods and models, and boundary conditions
applied in this study.

3.1.1 Governing Equations

The governing equations of fluid flow represent mathematical statements of the
conservation laws of mass, momentum and energy (Versteeg and Malalasekera, 2007).
FLUENT numerically solves these equations using the finite volume method relevant to
viscous incompressible fluids. The governing equations are presented in Table 3.1.

Table 3.1: Governing equations for steady flow of a viscous incompressible fluid

Continuity div(ov)=0
X-momentum

div(u) =~ divf+ 4 )arad(u)]+ S,

op

y-momentum div(pw ) = o +div[(z + g, )grad (u)]+ S,

Z-momentum

0P
div(pwv) = —6—5+ div[( +  Jgrad(u)]+ S,
Energy div(pTv) = —pdiv(v)+ div[kgrad (T )]+ @ + S

In Table 3.1 above v is the velocity vector as described in equation (3.1) while £/, is the

turbulent fluid viscosity and will be discussed later.
V=Ui +Vj +Wk -1
where 1, ] and k are unit vectors in the x, y and z directions respectively.

The momentum source terms Smy, Smy and Sm: take into account viscous effects and make
provision for the effects of external momentum sources or sinks such as gravity, buoyancy
and flow obstructions. @ is an energy dissipation term and is defined in equation (3.2).

o) (av) (awV]| (ou av) (ou ow)’
2(&) (5) *(5) (5&] +[5*&)
D= (,u+ ,ut)< ) (3.2)

55
+| —+—
or oy

Finally, the energy source term, St, makes provision for energy source or sink terms that
may come about as a result of, amongst other phenomena, heat transfer to or from the fluid.
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The governing equations are discretized, as described in Section 3.1.2 hereafter, and solved
numerically using the SIMPLE solution algorithm for pressure-velocity coupling (Patankar,
1980).

3.1.2 Discretization

The governing equations are integrated over each control volume or cell in the numerical
grid and then discretized. For convenience consider the generalized form of the steady state
governing equations presented in equation (3.3).

diog¥) = div[, grad)|+S, (33)

In this equation, by setting the variable ¢ equal to 1, u, v, w or T and selecting appropriate
values of the diffusion coefficient I's and source terms, the equations listed in Table 3.1 are
obtained (Versteeg and Malalasekera, 2007).

Integrating equation (3.3) over a control volume yields,

[ dvtortiy = [ ool rachv-+ [ 5,0v -

where V represents the cell volume.

Using Gauss’s divergence theorem it is possible to rewrite the first two terms in equation
(3.4) as integrals over the bounding surfaces of the control volume as shown in equation
(3.5).

J.Apga_iodA:IAF(pgrad(go)OdAﬂlcv S,dVv (3.5)

In equation (3.5) above A is the area vector of the control volume in question. Discretization
of equation (3.5) yields,

N faces N faces

Z PV oA = z I',grad ((”f )‘ A, +3,V (3.6)
f=1 f=1

where the subscript fis a control volume face index. The variable ¢r therefore represents the
value of ¢ at face f.

FLUENT stores discrete values of the flow parameters (represented by ¢) at the control
volume centres (Fluent Inc., 2006). Values for these parameters are required at the volume
faces in order to solve equation (3.6). A first-order upwind scheme is used for this purpose.
With this scheme the face value, ¢y, is set equal to the value of ¢ at the centre of the
upstream volume.

The first-order upwind differencing scheme was selected for solution stability purposes.
While numerical diffusion is a common disadvantage associated with the first-order upwind
differencing scheme, it will always result in a physically realistic solution (Patankar, 1980).
Higher order accuracy (based on the Taylor series truncation error) is achievable using the
second-order upwind differencing scheme. However, this scheme is more unstable than the
first-order scheme and requires a higher grid resolution to obtain convergence. Second-order
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differencing is therefore not suited to this investigation where large models are solved with
fairly limited computational capacity.

3.1.3 Turbulence Model

Turbulence is accounted for using the realizable k-¢ turbulence model (Shih et al., 1995). This
model is an improvement on the standard k-¢ model (Launder and Spalding, 1974), used by
Bredell (2005) and Van Rooyen (2008), and provides superior performance for flows
involving separation, recirculation, rotation and boundary layers under strong adverse
pressure gradients (Fluent Inc., 2006). The steady state governing equations for the turbulent
kinetic energy, k, and the turbulent energy dissipation rate, ¢, in a viscous incompressible
fluid are presented in equations (3.7) and (3.8) respectively.

div(pkv) = div [,u+ijgrad(k) +G, +G, — pe +S, (3.7)
— O-k -
I 7 | g? &

div(psv) = div| | #+ - |grad(s) |+ pC,Se — pC, ———+C,, =G, +8, (3.8)
i o, | K ++/ve k

In equations (3.7) and (3.8), Gx and Gv represent the generation of turbulent kinetic energy
due to mean velocity gradients and buoyancy respectively (Fluent Inc., 2006), while St and S
respectively make provision for additional sources of turbulent kinetic energy or dissipation
rate. The turbulent Prandtl numbers for turbulent kinetic energy and turbulent energy
dissipation rate are represented by or and o: respectively (see Table 3.2). Furthermore,

C, = max[0.43,n/(n +5)] (3.9)
where,
n=S-Kk/e (3.10)

and S is the modulus of the mean strain rate tensor as described in Shih et al. (1995).

The turbulent viscosity, which appears in Table 3.1 and equations (3.7) and (3.8), is defined
as shown in equation (3.11).

= C, s @1)

One of the primary differences between the standard and realizable k-¢ turbulence models is
that in the standard model Cy is a constant while in the realizable model it is a function of
the mean strain and rotation rates, as well as k and ¢ (Fluent Inc., 2006), as shown in
equation (3.12) below.

*\ -1
kU
C,= [Bo + B TJ (3.12)

In equation (3.12), Bs is a function of the shear tensor and U" is a function of both the shear
tensor and the rate of rotation of the fluid as described in detail in Shih et al. (1995).

The values of the realizable k-¢ turbulence model constants are given in Table 3.2 below.
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Table 3.2: Realizable k-€ turbulence model constants

Cie G, Ok O Bo

1.44 1.90 1.00 1.20 4.04

3.1.4 Buoyancy Effects

The effects of buoyancy due to air density gradients, caused by temperature variations in the
flow domain, are taken into account using the Boussinesq model. This model treats density
as a constant value in all the governing equations, except for the buoyancy term in the
momentum equations (see Table 3.1) where the Boussinesq approximation shown in
equation (3.13) is used.

p= p,(1-AAT) (3.13)

In equation (3.13) po is the air density at the ambient temperature, and AT represents the
difference between the localized and ambient air temperatures. The thermal expansion
coefficient, 8, is approximated as a function of the ambient air temperature as illustrated in
equation (3.14).

p=1YT, (3.14)

FLUENT also makes provision for the definition of fluid density as a function of
temperature. Use of the Boussinesq model, however, results in more rapid convergence of
the numerical solution than is possible for the previously mentioned case. Furthermore,
density fluctuations as a result of temperature differences are small on average and have a
negligible effect on the governing equations except in the buoyancy terms. Therefore, while
the Boussinesq model results in an additional approximation in the numerical solution, the
convergence rate advantage outweighs this drawback.

3.1.5 Boundary and Continuum Conditions

The solution of the governing equations requires specified boundary conditions. The
appropriate selection and positioning of these numerical boundaries is of paramount
importance to the accuracy of the results. The boundary conditions used in this study are
discussed hereafter.

a) Velocity boundary: The velocity boundary condition allows the user to specify the inlet
velocity vector on a flow domain boundary. Specification of the temperature and turbulence
parameters is also required. The static pressure varies as required to meet the specified flow
velocity. While this boundary condition is typically used as a flow domain inlet boundary;, it
is also possible to use it as an outlet boundary as long as overall continuity is maintained in
the flow domain (Fluent Inc., 2006).

b) Pressure boundary: This boundary condition allows the user to specify the static pressure
at a flow domain boundary where the flow rate and velocity profile across the boundary are
unknown. Pressure boundaries allow flow to enter or leave the flow domain depending on
the conditions adjacent to the boundary. When outflow takes place, the temperature and
turbulence parameters at the boundary are extrapolated from the upstream cells. Inflow
from a pressure boundary is always normal to the boundary and is subject to user specified
temperature and turbulence parameters.
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c) Wall boundary: This boundary condition is used to model all solid surfaces in the flow
domain. As a default the no-slip condition is applied in FLUENT at the wall surface.
FLUENT does, however, allow the user to specify a surface shear stress. A slip wall
boundary condition can be achieved by setting the wall shear stress equal to zero.

d) Pressure jump fan: FLUENT’s pressure jump fan model applies a discontinuous static-to-
static pressure rise across an infinitely thin face. The pressure rise is determined as a
function of the normal component of the flow velocity immediately upstream of the fan face.
The pressure jump fan method will be described in greater detail in Section 3.2.2.1.

e) Radiator: The radiator boundary condition allows for the specification of a loss coefficient,
of the form described in equation (2.4), and/or heat transfer coefficient based on the normal
component of the flow through an infinitely thin radiator element.

f) Interior face: An interior face has no effect on the flow but provides a defined surface on
which flow parameters can be monitored and/or recorded for later use.

g) Porous zone: A porous zone is a bounded cell zone within the flow domain in which an
empirically determined momentum sink term is added to the governing momentum
equations (Fluent Inc., 2006). The momentum sink term is defined by means of viscous and
inertial loss coefficients (described in Section 3.2.2.2). A provision is also made for the
addition of source or sink terms in the energy equation of the flow as it passes through the
zone.

3.2 Numerical Model

Due to computational limitations the numerical modeling of the ACSC was carried out in
two stages. The first stage involves the solution of the flow field in the vicinity of a
simplified representation of the ACSC. This stage is referred to as the global flow field stage.
In the second stage, the ACSC is modeled in detail in a smaller flow domain with boundary
conditions derived from the global flow field simulation results. The global flow field and
detailed models are described in detail in the sections that follow.

An iterative solution procedure was followed during the numerical ACSC performance
evaluation. First the global flow field was solved assuming all the fans are operating at the
design point and the air temperature at the heat exchanger outlet is equal to the steam
temperature. The necessary profiles were then extracted from the global flow field and
applied to the boundaries of the detailed model. The predicted fan performances and
average heat exchanger outlet temperature generated during the detailed model simulation
were then used to update the ACSC behavior in the global flow field model. The global flow
field was subsequently solved again and updated profiles extracted for use in the final
detailed model simulation. The sensitivity of the solution to the number of iterations was
investigated and it was found that a single iteration was sufficient (see Section 4.1.2).

Numerical investigations of ACSCs of similar size to those considered in this study can be
carried out using a single numerical model. The use of a single model simplifies and
accelerates the solution process. However, for much larger installations consisting of many
more fans a single model would require considerably more computational power in order to
mesh a sufficiently large flow domain. A two-step modeling approach reduces the
computational requirements of modeling such systems. This investigation therefore serves
as a useful means of evaluating the two-step solution procedure.
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3.2.1 Global Flow Field

A schematic of the global flow field model is presented in Figure 3.1.
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Figure 3.1. Schematic of an ACSC, (a) Side elevation, (b) Side elevation (simplified for global

flow field model)

In this model the ACSC is represented by a rectangle with uniform flow velocities specified
across its inlet and outlet. The magnitudes of these velocities depend on the expected
performance of the ACSC fans and the average density of the air at the ACSC inlet and
outlet respectively. The default turbulent kinetic energy and turbulent energy dissipation
rate values of k =1 m?/s? and ¢ = 1 m?/s® provided by FLUENT were applied at these

boundaries.

The global flow field model is illustrated in Figure 3.2.
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Figure 3.2. Global flow field model
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The flow domain sides are modeled using slip walls for straight-flow simulations and
velocity inlet/pressure boundary conditions for cross-flow simulations. In this case straight-
flow refers to a positive x-direction wind, while cross-flow describes a xy-direction wind
(45° with respect to the x-direction or a south westerly wind for El Dorado). The flow
domain roof is modeled using a slip wall for solution stability purposes. The side and roof
boundaries are located sufficiently far from the ACSC and have a negligible influence on the
flow in the region of interest. The ground is represented by a no slip wall. The dimensions of
the El Dorado and generic global flow field models are included in Table 3.3.

Table 3.3: ACSC dimensions

Hiv m HW! m LX[’ m Lytv m
El Dorado 19.20 8.27 82.83 74.94
Generic system 20.00 10.00 59.00 63.36

A power law wind profile of the form shown in equation (3.15) is specified for the velocity
inlet boundary used to represent the global inlet.

v, =V,(z/H,) (3.15)

In equation (3.15) above, vw is the wind velocity at fan platform height Hi, while b is a
constant. Where experimental data is absent, b = 1/7 as used by Bredell (2005) and Van
Rooyen (2008).

The global outlet boundary is modeled using the pressure boundary condition with a
specified backpressure of 0 N/m? (gauge). Once again, the default turbulence parameters
were applied at these boundaries.

Interior faces were placed at a distance of 20 m from the ACSC in all directions. Profiles of x-
, y- and z-velocity, temperature, turbulent kinetic energy and turbulent energy dissipation
rate were extracted from the global flow field model on these faces.

The computational grid makes use of a structured mesh in the vicinity of the ACSC while an
unstructured mesh was used far from the region of interest. The unstructured mesh enabled
sufficient grid resolution to be maintained in critical regions of the global flow field model
while staying within the computational limitations by coarsening the grid in non-critical
regions. The global flow field computational grid is illustrated in Figure 3.3.

[ s

ACSC 20m

() (b)

Figure 3.3. Section view (B-B) of the global flow field computational grid (a) Expanded view
illustrating mesh expansion in non-critical areas, (b) Close-up view of the mesh in the region
of interest
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3.2.2 Detailed ACSC Model

A schematic of the detailed ACSC model is shown in Figure 3.4 below (dimensions are as
given in Table 3.3). In this model the ground is represented using the no slip wall boundary
condition. The flow domain boundaries are represented using the velocity boundary
condition and profiles of x-, y- and z-velocity, temperature, turbulent kinetic energy and
turbulent energy dissipation rate, extracted from the global flow field model, are applied to
these boundaries. The ACSC consists of multiple fan units arranged in an array, as described
in Section 1.3. The modeling of each fan unit and its components is described hereafter.
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Figure 3.4: Detailed ACSC model schematic
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Each ACSC fan unit (see Figure 2.1) consists of a fan inlet shroud, a fan, a plenum chamber
and a heat exchanger; and is modeled as illustrated in Figure 3.5below.

L«
L\[\H—H

4— Heat exchanger model

L2
o

— Plenum chamber Hw

~ Fan model -
z

Z
. v’
X
1% VA S W VA VA VA WA WA WA X
(a) (b)

Figure 3.5. ACSC fan unit, (a) Numerical model, (b) Numerical model dimensions

Table 3.4 gives the dimensions of the fan unit models for El Dorado and the generic ACSC.
The fan and heat exchanger models are described in Sections 3.2.2.1 and 3.2.2.2 respectively.
The computational grid in the vicinity of each fan unit is illustrated in Figure 3.6.

Table 3.4: ACSC fan unit numerical model dimensions

Ly, m Ly, m L, m
El Dorado 13.805 14.988 0.2
Generic system 11.8 10.56 0.2

Side view Plan view Isometric view

Figure 3.6. Computational grid in the region of each ACSC fan unit

The effect of modeling the actual A-frame heat exchanger as opposed to using the simplified
version (see Figure 3.7) was investigated and was found to have a negligible effect on the
numerically predicted ACSC fan performances. Furthermore, the modeling of the A-frame
did not significantly affect the nature of the flow in the vicinity of the ACSC. A comparison
of the results generated using the different heat exchanger models is included in Appendix
B.1. The use of the simplified ACSC fan unit model is therefore reasonable since the purpose
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of this study is to investigate fan and ACSC performance and not the flow in the plenum or
at the heat exchanger outlet (Van Rooyen, 2008).

4— Heat exchanger

z z
% Heat exchanger —% A4

== ==

() (b)

Figure 3.7. ACSC fan unit models, (a) Simplified version, (b) A-frame version

Numerical Fan Model

The pressure jump method (default FLUENT model) was used to represent the fans in the
detailed ACSC model. As mentioned previously, the pressure jump across the fan is defined
as a static-to-static pressure jump. The pressure jump method calculates the static pressure
jump to be added to the static pressure term in the linear momentum equation in the flow
tield immediately upstream of the fan (Van der Spuy et al., 2009) based on a user-defined
fan performance characteristic. This characteristic is sourced from the fan specifications. It
must, however, be noted that the fan static pressure rise, as referred to by suppliers, is
actually a total-to-static pressure rise since performance tests are carried out with a settling
chamber immediately upstream of the fan. It is therefore necessary to add the dynamic
pressure at the fan inlet to the specified fan static pressure characteristic, as described in
Appendix C, in order to ensure realistic performance of the pressure jump fan model.

Due to the lack of information regarding the fan behavior at very low flow rates or during
backflow, it was assumed that the static-to-static pressure rise across the fan remains
constant under these conditions. This assumption is reasonable since only small segments of
a few fans operate under backflow conditions in the simulations carried out in this study.
The performance characteristics of the fans used in ACSCs considered in this study are
illustrated in Figure 3.8 below (the units have been removed from El Dorado’s fan
performance characteristic for confidentiality purposes).
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Figure 3.8. Fan performance characteristics (a) El Dorado, (b) Generic system

Heat Exchanger Model

The heat exchanger is modeled using FLUENT’s porous zone continuum condition which
accounts for losses in the mechanical energy of the air due to the effective system resistance
to the flow, as well as heat transfer to the air.

The effective system resistance, as presented in equation (3.16), is modeled as a momentum
sink term in the momentum conservation equations corresponding to the flow direction
(Bredell, 2005).

2 2
Kts ma KUP ma i Kdo ma ’ Ka ma
Ap, =- + ool Bhiroun el B (3.16)
2Ioal r]bAfr 2pa3 Ae 2:0a3 Ae 2pa56 nbAfr
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The loss coefficients listed in equation (3.16) are defined and evaluated in Appendix D.
FLUENT’s porous zone continuum condition allows these momentum sink terms to be
specified as a function of the flow velocity, as illustrated in Table 3.5.

Table 3.5: Momentum sink terms for the heat exchanger model

Direction Momentum sink, N/m?®
X viu
o, AN, 2
2  a,
y V|V
e, A
ay
z I\
e, AW, n,
aZ

The momentum sink terms consist of a viscous and an inertial resistance term. It follows
therefore that 1/ai and Ci are respectively the viscous and inertial loss coefficients. The values
of these coefficients were determined as shown in Appendix E and are shown in Table 3.6.
The inertial loss coefficients in the x- and y-directions were chosen to be 10° times larger than
in the z-direction in an attempt to model the straightening effect of the heat exchanger on the
flow. The viscous loss coefficients in the x- and y-directions were set equal to zero.

Table 3.6: Heat exchanger loss coefficients

1/a,, m? C,,m*
El Dorado 2.272 x 10° 113.9784
Generic system 1.897 x 10° 59.1364

An energy source term of the form shown in equation 3.17 is added to the energy
conservation equation to account for heat transfer to the air as it passes through the heat
exchanger. The derivation of this source term and its application in the numerical model are
illustrated in Appendix F.

SE :pa|W1Cpa(Tao _Tai )/Lz (317)

3.2.3 Ideal Flow Model

In order to determine the effects of wind on fan performance in an ACSC it is first necessary
to determine the performance of the fan when operating under ideal flow conditions. A
schematic of the numerical model used for this purpose is shown in Figure 3.9. The fan unit
model is as described in Section 3.2.2.
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Figure 3.9. Ideal flow model schematic

The numerical grid employed in the ideal flow model is illustrated in Figure 3.10 below. The
meshing of the fan unit is as illustrated in Figure 3.6.

Figure 3.10. Ideal flow model computational mesh

This model allowed the numerically determined operating point under ideal flow conditions
to be compared to the theoretically calculated operating point to ensure that no significant
errors had been introduced into the system through some of the assumptions and numerical
simplifications made. A comparison of the two is illustrated in Appendix B.2.

3.3 Performance Measures

In order to evaluate the performance of an ACSC and its components it is necessary to
identify performance measures that provide meaningful information. In this study three
performance measures were identified and utilized.

a) Fan volumetric effectiveness describes the performance of individual ACSC fans by
comparing the volumetric flow rate through the fan under the prescribed operating
conditions to the volumetric flow rate through the fan under ideal conditions.

Volumetric effectiveness = Vg /V F(id) (3.18)

Fan volumetric effectiveness is a useful means of identifying where fan inlet distortions are
most severe.

b) Heat transfer effectiveness describes the performance of individual ACSC fan units by
comparing the heat transfer rate achieved by the fan unit under the prescribed operating
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conditions to the heat transfer rate expected under ideal operating conditions. The heat
transfer rate associated with a fan unit is given by,

Q = emacpa(Tv _Tai) (3.19)

where e is the heat transfer effectiveness of the finned tube heat exchanger as described in
Section 2.2.1. The thermal effectiveness is defined as,

Heat transfer effectiveness = Q/ Qi (3.20)

This measure can also be applied to an ACSC consisting of nr fan units to determine the
overall thermal effectiveness.

, ne (3.21)
Overall heat transfer effectiveness = ZQ i /NeQy

=

Heat transfer effectiveness takes into account the combined effects of reduced fan
performance due to inlet distortions and plume recirculation, and is therefore a useful
indicator of the effects of wind on ACSC performance.

c) Steam turbine backpressure is used as the final performance measure in this study. It has
been mentioned previously that a dynamic relationship exists between the ACSC and the
steam turbine, and that reduced ACSC performance results in increased turbine
backpressure. Turbine backpressure is also monitored continuously at the power plant. It
follows that steam turbine backpressure is a useful indicator of overall ACSC performance.

In order to calculate the steam turbine backpressure it is assumed that the heat rejected by
the ACSC is constant for a given operating point regardless of wind conditions. This is
untrue since the steam turbine efficiency is related to backpressure. The turbine efficiency
therefore fluctuates with ACSC performance. For the same heat input, the heat to be rejected
by the ACSC must therefore fluctuate along with the turbine backpressure. As a first
approximation, however, it is useful to make the assumption that the heat rejected by the
ACSC is constant.

The heat rejected by the ACSC under prescribed operating conditions is calculated as the
sum of the heat rejected by each of the ACSC fan units.

e (3.22)
Q = zmajcpaej (Tv(actual) _Taij )
=1

The heat transfer rate for the entire ACSC under ideal conditions can be calculated as shown
in equation (3.23)

Qi = MMy Cpalia (Tugiay —Ta) (3.23)

Rearranging equation (3.22) and equating it to equation (3.23) yields the following
expression used to calculate the actual steam turbine exhaust temperature under prescribed
operating conditions,
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5, 8 (3.24)
Qi + Z z M 4ii € pa € T i
T

v(actual ) =

This actual steam turbine exhaust temperature can then be used to determine the steam
turbine backpressure using equations (3.25) and (3.26), as given by Kroger (2004).

p, =10°, N/m? (3.25)
where,
2 =10.79586(L— 273.16/T, 1.y )+ 5.02808100,,(273.16/T, (1) (3.26)

+1.50474x 10741 10 02w 275161
1+ 4.2873x107* [104.76955(1—273.16/Tv<acmal)) _ 1]+ 5 786118312
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4.0 Evaluation of the Numerical Models

The accuracy of the numerical models used in this study will be examined in this section
through a sensitivity analysis, as well as through a comparison of the results to test data and
previous numerical work. The fan numbering scheme used hereafter is illustrated in Figure

-

Jo

x
Z
<

= Wind screen

[

(@) (b)
Figure 4.1 Fan numbering scheme, (a) El Dorado, (b) Generic ACSC

4.1 Sensitivity Analysis

Various user controllable model parameters have an influence on the accuracy of the results
generated during a numerical simulation. It is necessary to design the numerical model to be
as insensitive to these parameters as possible. The effects of grid resolution, profile
boundary proximity to the ACSC, and global-to-detailed model iteration frequency are
investigated in this section. The analyses were carried out using the generic ACSC subject to
a straight-flow wind speed of vw=3 m/s.

4.1.1 Grid Resolution

The effect of grid resolution on the numerical results was investigated through both manual
and adaptive mesh refinement techniques. Special attention was paid to the region of the fan
inlets and the upstream edge of the fan platform since it is expected that this is where
separation is likely to be most severe and, therefore, sufficient grid resolution most
important. The effect of grid resolution on the numerical results is illustrated in Figure 4.2
for the cases described in Table 4.1.

Table 4.1: Grid resolution sensitivity cases: manual adaptation

Grid case number Total number of cells Number of cells on fan face

1 701 620 90
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2 2 669 488 348
3 3572915 864
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Figure 4.2. The effect of grid resolution on the predicted volumetric effectiveness of certain
ACSC fans

Figure 4.2 indicates that the numerical results for grid cases 2 and 3 are similar and as such
grid refinement beyond that of case 2 is not necessary. It can be concluded that the grid used
in case 2 is of sufficient resolution that the results are largely grid independent.

Adaptive meshing was also used to investigate grid dependence in the numerical model.
FLUENT’s dynamic adaptive grid tool allows the user to run simulations where the grid is
automatically refined in regions where a flow parameter gradient exceeds a set value.
Gradients of static pressure were selected as the grid refinement criterion in an attempt to
isolate grid refinement to the primary regions of interest, namely, in the vicinity of the fans
and in regions where separation occurs. Grid case 1 was used as the starting point and the
solution finally converged at a grid resolution of 1.326x10°¢ total cells with 1440 cells on the
upstream fan faces. The predicted fan volumetric effectivenesses were comparable to those
generated using grid case 2. The higher grid resolution on the fan face in the adaptive
meshing solution, as opposed to grid case 2, can be attributed to the fact that FLUENT
refines the grid in regions of high static pressure gradient. The static pressure discontinuity
across the fan face will result in this face being refined during every refining operation.

Grid case 2 is of sufficient resolution that further mesh refinement is not justified. This grid
was used in all simulations carried out as part of this study.

4.1.2 Boundary Proximity

The effect of the proximity of the profile faces to the ACSC was investigated. These faces are
the surfaces on which the necessary profiles are extracted from the global flow field model
(see Figure 3.2), and from the flow domain boundaries in the detailed model (see Figure 3.4).
The cases described below, and illustrated in Figure 4.3, were considered.

a) Case 1: All boundaries located 20 m from the ACSC (as for Figure 3.2).
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b) Case 2: The upstream and downstream boundaries were moved to 50 m (x-direction
expansion) while the top and side boundaries remained at 20 m.

c) Case 3: The side boundaries were moved to 50 m (y-direction expansion) while the
upstream, downstream and top boundaries remained at 20 m.

d) Case 4: The top boundary was moved to 50 m (z-direction expansion) while the upstream,
downstream and side boundaries remained at 20 m.

Case 2 Case 3 Case 4

[

y
[
y y
3 ACSC T_J( ’ x

Expanded boundaries

Original boundaries

Figure 4.3. Boundary proximity cases

The effect of profile boundary proximity on the predicted fan volumetric effectiveness is
illustrated in Figure 4.4.

1.2

W Casel OCase 2 W Case 3 W Cased ‘

(1,1) (1,2) (1,3) (3,1) (3,2) (3,3) (51) (52) (53)

Fan no.
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Figure 4.4. The effect of profile boundary proximity on the predicted volumetric effectiveness
of certain ACSC fans

It is clear from Figure 4.4 that the simulation results are relatively insensitive to the
proximity of the input boundaries to the ACSC in the detailed ACSC model. Case 1 was
therefore selected for use in all simulations.

4.1.3 Global-to-detailed ACSC Model Iteration Frequency

The iterative process followed during the numerical simulation of ACSC performance was
described in Section 3.2. The effect of the number of global-to-detailed ACSC model
iterations was investigated using the cases described below. A comparison of the simulation
results, presented in Figure 4.5, clearly indicates that only a single iteration is necessary.

a) Zero iterations: The profiles used in the detailed model are extracted from the global flow
tield model with the ACSC inlet and outlet velocities based on fan performance under ideal
conditions.

b) Single iteration: The ACSC inlet and outlet velocities in the global flow field model are
updated using the predicted fan performance based on the zero iteration boundary profiles.
The updated profiles from the global flow field are then used in the detailed model.

c) Double iteration: The fan performance determined in the detailed ACSC model based on
the single iteration boundary profiles is used to determine the ACSC inlet and outlet
velocities in the global flow field model and generate an updated set of profiles for use in the
detailed model.

1.2

B Zero iterations @Singleiteration @ Double iteration

1.0

0.8 1

0.6 -

VJme

0.4 -

0.2 1

0.0 -
(1,1) (1,2) (1,3) (3,1) (3,2) (3,3) (51) (52) (53)

Fan no.

Figure 4.5. The effect of global-to-detailed ACSC model iteration frequency on the predicted
volumetric effectiveness of certain ACSC fans

4.2 Evaluation of the Numerical Model through a Comparison to
Test Data

In any numerical investigation it is necessary to validate the results through a comparison
with test or experimental data. Full scale ACSC performance tests were carried out at El
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Dorado during September 2007 as described in Owen (2007). The data collected during these
tests will be used for the purpose of verification of the numerical models employed in this
study.

4.2.1 Turbine Operation Under Ideal Conditions

In order to determine the effect of various parameters on ACSC performance it is first
necessary to know how the ACSC is expected to perform under ideal operating conditions.
The turbine performance under ideal conditions is illustrated in Figure 4.6 (units have been
removed for the purpose of confidentiality). This characteristic is based on test data for
periods where there was no wind present (vw < 0.5 m/s) and all ACSC fans were operating at
full speed.

Py, N/m?

10 20 30 40 50
T, °C

Figure 4.6. Turbine performance under ideal conditions

A curve fit through the data yields a power law relationship between turbine backpressure
and ambient temperature (in °C) under ideal operating conditions with all ACSC fans
operating at full speed, as illustrated in equation (4.1).

Pyiay = ClTaCZ 4.1)

The turbine exhaust steam temperature, calculated as being the saturation temperature of

steam at the turbine backpressure, is determined according to equation (4.2), as given by

Kroger (2004).

T, = 164.630366 +1.832295 x10° p, +4.27215x107*° p? +3.738954 x10° p,;*  (4.2)
—7.01204 x10° p;? +16.161488 In(p, ) —1.437169 x10* p, In(p,)

4.2.2 Test Operating Points

Periods of relatively stable wind conditions needed to be identified to provide suitable data
for comparison with the numerical results. Wind speed stability was the primary
consideration in the selection of suitable test periods. It was, however, attempted to select
periods exhibiting consistent wind directions as well. Ultimately, four test periods,
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described in Table 4.2, were identified for comparison with the numerical results. Full

descriptions of the wind and temperature data for each test period are included in Appendix
G.

Table 4.2: Test data operating points

TP1 TP2 TP3 TP4

Ta °C 30.371 38.740 36.050 32.507
Pu(actualy, N/m? 14078.29 20692.84 18615.79 14164.87
Vi, M/s 5.5981 11.4495 7.9316 4.3333
8., ° 206.2440 234.1740 236.503 261.1180
b 0.2850 0.2040 0.2179 0.1475
my, kg/s 128.9389 132.6066 131.1391 128.4598

In Table 4.2 T. is the ambient temperature at fan platform height, potctua) is the pressure
measured at the turbine exhaust. The mean wind direction over the test period is given by
O». The wind velocity at fan platform height and power law exponent, as described in
equation (3.15), are given by vw and b respectively. The mass flow rate of dry steam
measured at the turbine exhaust is represented by m..

4.2.3 Comparison of Numerical Results to Test Data

The numerically predicted steam turbine backpressures at the four operating points
described above are compared to the measured backpressures in Figure 4.7.

25000

BMeasured OPredicted

20000 H

2

£ 15000 -
pd
& 10000

5000 H

TP1 TP2 TP3 TP4
Test period

Figure 4.7. Comparison of numerically predicted and measured steam turbine backpressure

It should be noted that it was possible to calculate the heat to be rejected by the ACSC for
each test operating point as follows,
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Qe =M/ig (4.3)

where i is the latent heat of vaporization of saturated water as given by Kroger (2004) and
illustrated in equation (4.4).

i,, = 3.4831814 x10° - 5.8627703 x10°T, +12.139568 T (4.4)
—1.40290431 x107°T}

Substitution of Qrr in place of Qis in equation (3.24) results in the removal of the constant
heat transfer rate assumption and therefore yields more accurate numerical results.

A very good correlation is achieved between the numerical results and test data, with the
largest discrepancy being a 3.5% under prediction of the steam turbine backpressure,
corresponding to a 0.72°C discrepancy in the turbine exhaust steam temperature, for TP4.
Possible reasons for the small discrepancies include slight instabilities in the ambient
conditions over the test periods (fluctuations in wind speed and direction for example); as
well as numerical inaccuracies brought about by the pressure jump fan model, two step
modeling approach and simplified heat exchanger model.

4.3 Evaluation of the Numerical Work through a Comparison to
Previous Numerical Work

Van Rooyen (2008) carried out a numerical performance analysis on the generic ACSC
considered in this study. The results generated using the numerical model described in this
document will be compared to those presented by Van Rooyen (2008) in this section.
Straight and cross-flow wind speeds of vw =3 m/s, vw = 6 m/s and vw =9 m/s were considered.
Figure 4.8 illustrates a comparison of the numerically predicted volumetric effectivenesses of
selected ACSC fans.

The fan volumetric effectivenesses predicted under cross-flow wind conditions exhibit
similar trends to those shown in Figure 4.8. A good correlation exists between the fan
volumetric effectivenesses predicted by this study and those of Van Rooyen (2008) for most
of the fans. The greatest discrepancies in the trends exist at the upstream fans under strong
wind conditions. This is to be expected since it is here that the fan inlet flow conditions are
most distorted. Any deficiencies in the fan models will therefore be exposed most severely at
these fans. It is known that the actuator disk fan model, used by Van Rooyen (2008), deviates
from true fan behavior under highly distorted inflow conditions (Thiart and von Backstrom,
1993). It is also known that the pressure jump fan model used in this study provides limited
accuracy where severe maldistribution of the flow occurs at the fan inlet (Van der Spuy et
al., 2009). It can therefore be concluded that the use of different fan models contributes to the
discrepancies in the results for these fans. Furthermore, the relatively low values found by
Van Rooyen (2008) at vw = 9 m/s for fan (1,3), as illustrated in Figure 4.8 (a), are in part due to
the fact that he did not follow an iterative solution procedure. Subsequent to the publication
of the results, Van Rooyen used the predicted fan performances to update the global flow
field and generate a modified set of input profiles for use in the detailed ACSC model. The
results of this iterative procedure saw a higher fan performance predicted at the wind speed
in question, and as such, improves the agreement between the results.
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Figure 4.8. Comparison of the numerically predicted volumetric effectivenesses of fans in (a)
the upstream fan row, and (b) non-upstream fan rows, under straight-flow wind conditions

A comparison of the predicted ACSC thermal effectivenesses is illustrated in Figure 4.9.
Despite the discrepancies in the volumetric effectivenesses predicted for the upstream fans
at high wind speeds, the thermal effectivenesses exhibit a strong correlation.
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Figure 4.9. Comparison of the numerically predicted ACSC thermal effectiveness
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5.0 ACSC Performance Under Windy Conditions

Since air is used as the cooling medium in ACSCs, the achievable heat transfer rate is
strongly influenced by atmospheric conditions. Gadhamshetty et al. (2006) mentions
reductions in ACSC cooling effectiveness of up to 10% under unfavorable atmospheric
conditions, namely strong winds and high ambient temperatures. Figure 5.1 illustrates the
numerically predicted effect of wind and ambient temperature on ACSC heat transfer
effectiveness at El Dorado.
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Figure 5.1. Effect of ambient conditions on ACSC heat transfer effectiveness under (a)
Straight-flow, and (b) cross-flow wind conditions

Figure 5.1 clearly illustrates the negative effect of both high ambient temperatures and
strong winds on ACSC performance. It can be seen that an increase in ambient temperature
of AT, =20°C results in a decrease in ACSC heat transfer effectiveness in the region of 4%,
while increasing the wind speed from vw =3 m/s to vw =9 m/s, at a constant ambient
temperature results in a heat transfer effectiveness reduction in the region of 8%. It is clear
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that wind has a significant impact on ACSC performance. The effect of winds on ACSC
performance will therefore be the focus of this study.

The effect of the decreased ACSC heat transfer effectiveness, illustrated in Figure 5.1, on the
steam turbine backpressure, is illustrated in Figure 5.2. The trends exhibited in this figure
correspond well with those identified by Maulbetsch and DiFilippo (2007) using test data
from a number of ACSCs.
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Figure 5.2. Effect of ambient conditions on steam turbine backpressure under (a) straight-flow,
and (b) cross-flow wind conditions

Duvenhage and Kroger (1996) found that the negative effects of wind are as a result of
reduced fan performance, brought about by distorted flow at the fan inlets, and hot plume
recirculation. These phenomena will be examined in more detail hereafter.

5.1 Reduced Fan Performance due to Distorted Inlet Conditions
Reduced fan performance due to distorted flow at the fan inlets occurs predominantly at the
windward, or leading edge, fans. Previous studies have found reductions in the flow rates
through these fans to be as high as 50% to 70% (Maulbetsch, 2008; McGowin et al., 2008).
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Figure 5.3 illustrates the numerically predicted fan volumetric effectiveness for El Dorado
under straight-flow wind conditions.
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Figure 5.3. Fan volumetric effectiveness under straight-flow wind conditions

It can be seen that the performance of the windward fans, namely fans (1,1) - (1,5), are the
worst affected by wind. This is the result of distorted, or off-axis, flow conditions at the inlet
to these fans caused by separation of the flow as it strikes the upstream edge of the ACSC.
Figure 5.4 illustrates the low pressure zone under fan (1,1), as well as the off-axis flow at the
fan inlet, caused by this separation.
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Figure 5.4. Reason for the reduced performance of the windward fans. (a) Static pressure (ps,
N/m2), and (b) Vector plot (v, m/s) on a section through the centre of fan (1,1) for a straight
wind speed of vw = 9m/s

It should also be noted that the fans located immediately upstream of the windscreens,
namely fans (2,1) - (2,5) and (3,1) - (3,5), perform well under windy conditions. It is predicted
that the performance of some of these fans can be enhanced above that achieved under ideal
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conditions. This can be attributed to the stagnation effect of the wind screens on the flow
immediately upstream of their location, as illustrated in Figure 5.5.
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Figure 5.5. Static pressure (ps, A/m°) along a fan row for a straight wind speed of v,, = 9m/s

The installation of windscreens therefore holds potential for improving ACSC performance
under windy conditions and warrants further investigation. With El Dorado's current screen
configuration, however, the fans immediately downstream of the windscreens perform
relatively poorly. It is suspected that the current screen configuration may be causing an
excessive blockage effect and is effectively suffocating the downstream fans. The
identification of some optimum windscreen configuration where the performance of the
upstream fans is improved without reducing the performance of the downstream fans
significantly would be a worthwhile exercise and is addressed later in this document.

5.2 Hot Plume Recirculation

Hot plume recirculation is predominant at the downstream ACSC edges and corners, as
illustrated in Figure 5.6 where the inlet temperatures of the fans (5,1) - (5,5) and (6,1) - (6,5)
are higher than the ambient temperature of T. = 19.44°C.
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Figure 5.6. Inlet temperatures at ACSC fans under straight-flow wind conditions

Plume recirculation is caused by entrainment of hot air from the heat exchanger outlet in
vortex's that form from the leading edge of the fan platform under windy conditions. Figure
5.7 illustrates the vortex formed at El Dorado's ACSC for a straight wind speed of vw =9 m/s.
The size of the vortex increases in the downstream direction resulting in increased
entrainment of the plume. Eventually the vortex diameter grows large enough to force hot
air below the fan platform and into the region from which the fans draw their air. The
downstream fans lie in this large vortex region and are therefore worst affected by plume
recirculation. Figure 5.6 also illustrates an increase in the severity of recirculation with
increasing wind speed. This can be attributed to the plume being forced closer to horizontal
with increasing wind speed. This effect is shown in Figure 5.8

Figure 5.7. Vortex formed due to the presence of a straight wind (v,, = 9m/s)
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Figure 5.8: Plume angle for straight wind speeds of (a) v,, =3m/s, (b) v, =6 m/s,and (c) v, =9
m/s

5.3 Identification of the Primary Cause of Reduced ACSC
Performance Under Windy Conditions

Maulbetsch (2008) states that, at the ACSCs tested by him, the effect of hot plume
recirculation on ACSC performance is small for most wind conditions while fan
performance reductions are often significant. The separate effects of reduced fan
performance and plume recirculation on ACSC heat transfer effectiveness, as well as the
effect of the two phenomena combined, is illustrated in Figure 5.9. Reduced fan performance
is clearly the largest contributor to the reduction in ACSC performance under windy
conditions and will subsequently be the focus of the remainder of this study.
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Figure 5.9. lllustration of the contribution of reduced fan performance and hot plume
recirculation to reduced ACSC performance under straight-flow wind conditions at El Dorado
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6.0 Evaluation of Wind Mitigation Measures

6.1 Wind Screens

The previous section of this document indicated that the installation of wind screens can
result in an increase in the performance of certain ACSC fans under windy conditions. Since
the ACSC heat transfer rate is directly proportional to the mass flow rate of air through the
finned tube heat exchangers, it follows that the installation of wind screens can potentially
reduce the negative effect of wind on ACSC performance. The results presented in the
previous section also indicated, however, that certain fans, those immediately downstream
of the wind screen location in particular, can be adversely affected by the presence of these
screens. The installation of an appropriate wind screen configuration is therefore important
to ensure maximum benefit. An attempt will be made to identify an optimum wind screen
configuration for El Dorado's ACSC in this section.

6.1.1 Evaluation of the Current Wind Screen Configuration at El Dorado

El Dorado has wind screens installed in a configuration as illustrated in Figure 6.1 and
described in Table 6.1. The location of the screens below the platform is illustrated in Figure
4.1.

Screen laver 4

Screen layer 3

Hi=192024 m
Screen layer 2

V4

Screen layer 1 v
/.
X.V

Figure 6.1. Wind screen configuration at El Dorado

Table 6.1. Loss coefficients (Ks;) of wind screens used in the current configuration
at El Dorado

N-S screens E-W screens
Screen layer 4 2 5
Screen layer 3 10 10
Screen layer 2 0 0
Screen layer 1 0 0

Three wind screen materials are used at El Dorado; namely a 90% closed area screen

material, a 65% closed area screen material, and a 55% closed area screen material. A double
layer of the 65% closed area wind screen material is installed in Screen layer 3 of both the N-
S and E-W orientated wind screen configurations. Wind tunnel tests were used to determine
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the loss coefficients of the wind screen materials (see Appendix H for a full description of
the test setup and results). The screen material loss coefficients are listed in Table 6.2.

Table 6.2: Wind screen material loss coefficients

Wind screen material description KSC = ZApSC/paVSZC
55% closed area 2
65% closed area 5
90% closed area 0

The 55% and 65% closed area wind screens were represented using the radiator boundary
condition (see Section 3.1.5) in the numerical ACSC model, with the loss coefficients as listed
in Table 6.2, and with the radiator heat transfer coefficient set to zero. The 90% closed area
screen material essentially behaved as a solid obstruction to the flow in the wind tunnel tests
and these screens were subsequently modeled using the wall boundary condition.

Figure 6.2 illustrates the effect of El Dorado's current wind screen configuration on ACSC
performance under windy conditions. It is clear from this figure that the wind screens are
beneficial to ACSC performance under windy conditions.
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Figure 6.2. Effect of current wind screen configuration on ACSC performance at El Dorado

It can be seen in Figure 6.3, however, that while the presence of the wind screens improves
the volumetric effectiveness of the fans upstream of the screen location (refer to Figure 4.1),
the volumetric effectivenesses of the fans downstream of the screen location are adversely
affected. While the net effect on ACSC performance is still positive in this case, it could be
possible to achieve even greater improvement if some optimum screen configuration can be
found that has similar positive effects on the upstream fans but less of a negative effect on
the downstream fans.
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Figure 6.3. Effect of current wind screen configuration on fan volumetric effectiveness for a
straight-flow wind speed of v, = 9 m/s at El Dorado
6.1.2 Evaluation of Alternative Wind Screen Configurations

Six alternative wind screen configurations were evaluated in an attempt to find an improved
configuration at El Dorado. Table 6.3 describes the configurations considered (note that the
same configuration is used for the N-S and E-W orientated screens).

Table 6.3. Alternative wind screen configurations

KSC = ZApSC/paVSZC

Config. 1 Config. 2 Config. 3 Config. 4 Config. 5 Config. 6

Screen layer 4 5 5 2 5 0 0
Screen layer 3 10 10 5 5 10 0
Screen layer 2 0 10 5 0 0 0
Screen layer 1 0 0 0 0 0 0

The effect of the wind screen configurations on ACSC heat transfer effectiveness is
illustrated in Figure 6.4. This figure shows that it is possible to improve the ACSC
performance at El Dorado through the installation of an alternative wind screen
configuration in the current wind screen location. Configuration 6 (where high loss
coefficient screens are installed to a height of Hs/Hi = 0.5) appears to provide the best
performance in general, with performance enhancements comparable to the other
configurations at low and intermediate wind speeds and superior performance at high wind

speeds.

46



1.00 ,
o8 pa = 94800 N/m>
o T, = 19.44 °C
0.94 LN )
2092 | —— Config. 1 ~ Ty =43.95 °C
Qj ' —f— Config.2 .
090 | —e— Config. 3 S =
0.88 i === Config. 4 N
0.86 4| === Config.5 ~ - -
084 4 —&— Config. 6 - <
' = (= Current config.
0.82 :
0 3 6 9 12
V,, M/s
(@)
0.99 |
07 pa = 94800 N/m?
0.95 Ta=19.44 °C
=—¢— Config. 1 T.—4 .
0.93 - —#— Config.2 v=43.95°C
Z =—ir— Config. 3
Q 0.91 | == Config. 4
S 0.89 J e Config. 5
' —@— Config. 6
0.87 4/ =G= Current config. ~
== Noscreens
0.85 :
0 3 e 9 12
Vy, M/s
(b)

Figure 6.4. Effect of alternative wind screen configuration on ACSC performance for (a)
Straight-flow, and (b) Cross-flow wind conditions

A comparison of the volumetric effectivenesses of the ACSC fans for the current screen
configuration and Configuration 6 is shown in Figure 6.5. It can be seen that the current
wind screen configuration has a larger positive effect on the performance of the fans
upstream of the wind screen location. This is to be expected since the current configuration
provides a greater obstruction to the flow under the ACSC and as such has a more
significant stagnation effect. The superior performance of Configuration 6 is as a result of the
improved performance of the fans downstream of the wind screen location. This is caused
by a reduction of the choking effect of the wind screens on the downstream fans brought
about by the removal of the screens in Screen layers 3 and 4.
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Figure 6.5. A comparison of the effect of an alternative wind screen configuration on ACSC fan
performance at El Dorado

It appears that an improved wind screen configuration has been identified in the form of
Configuration 6. It was hypothesized that reducing the wind screen loss coefficient in this
configuration may result in further ACSC performance improvement. The results of an
investigation into the effect of the wind screen loss coefficient on ACSC performance,
illustrated in Figure 6.6, indicate that an optimum loss coefficient exists in the range 5 < Ksc <
10 for Screen Configuration 6. For vw = 9 m/s the optimum lies closer to Ks. = 10. Since ACSC
performance is most severely affected at high wind speeds, Ksc = 10 was selected as the
optimum wind screen loss coefficient for Configuration 6.

The question now remains whether the wind screen height, Hs/H: = 0.5, remains the
optimum height if the screen loss coefficient is reduced to K = 10. Figure 6.7 shows the
results of an investigation into the effect of wind screen height on ACSC performance for a
screen loss coefficient of Kic = 10, and indicates that Hs/Hi = 0.5 remains the optimum screen
height.
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Figure 6.6. Effect of wind screen loss coefficient on ACSC performance under (a) Straight-flow,
and (b) Cross-flow wind conditions for Screen Configuration 6
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Figure 6.7. Effect of wind screen height on ACSC performance for Ks. = Z0under straight-flow
wind conditions

6.1.3 Effect of Moving the N-S Wind Screen

The results of sections 6.1.1 and 6.1.2 indicate that the fans upstream of the wind screens
experience increased performance under windy conditions while those downstream of the
screen location can experience a decrease in performance. Wind screens should therefore be
installed in a location that benefits the most fans under the prevailing wind condition at a
particular plant.

At El Dorado, the prevailing wind is from the south-west (analogous to the cross-flow wind
condition considered in this study). Moving the N-S wind screen one fan row over, to
between rows 2 and 3 as opposed to the current location between rows 3 and 4 as shown in
Figure 6.8, would increase the number of fans upstream of the screens during a south-
westerly wind.

The result of moving the N-S wind screen on ACSC thermal effectiveness and subsequently
steam turbine back pressure under cross-flow wind conditions, for wind screen
Configuration 6 (as described in Section 6.1.2), is illustrated in Figure 6.9. It is clear that
relocating the wind screens is beneficial to ACSC performance at El Dorado under the
prevailing wind condition.
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Figure 6.9. Effect of relocating the N-S wind screen on ACSC performance under cross-flow
wind conditions

6.2 Walkways

The effect of the addition of solid walkways on ACSC performance under windy conditions
has been investigated in previous studies. Salta and Kroger (1994) recommend the addition
of a solid walkway along the periphery of the fan platform, with a width in the range 0.159 <
Lw/dr < 0.476 (where L is the walkway width), based on experimental data. Bredell (2006)
numerically investigated the effect of a solid walkway (L«/dr = 0.333) on fan performance in
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an ACSC and predicts a significant improvement in the performance of the edge fans under
windy conditions.

El Dorado has solid walkways, of width Lu/dr = 0.12, installed along the periphery of the fan
platform. It was therefore decided not to investigate walkways as a wind mitigation
measure at El Dorado. The use of walkways as a means of reducing the negative effects of
wind on ACSC performance, however, remains an interesting topic and will be investigated
here using the generic ACSC.

Bredell (2006) deduced that the installation of walkways along the periphery of the fan
platform results in increased flow rates through the edge fans as a result of a reduction in
the cross-flow velocity and abatement of the separation or distortion that occurs at the inlet
of these fans. Figure 6.10 illustrates the effect of a solid walkway of width Lu/dr = 0.29 on the
static pressure distribution below the ACSC fan platform for a straight-flow wind speed of
vw =9 m/s. The walkway appears to shift the low pressure region associated with separation,
or distorted flow, further upstream. A smaller portion of the upstream fan row is therefore
exposed to the distorted inflow conditions, resulting in improved performance at these fans
relative to the no walkway case.
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Figure 6.10. Static pressure distribution below the fan platform (a) With no walkway present,
and (b) With a solid walkway present (L,/dr = 0.29), for a straight-flow wind of v,, =9 m/s

While it is clear that the addition of a solid walkway along the periphery of the fan platform
is valuable, some questions regarding optimum walkway width remain. The effect of
walkway width on ACSC performance under windy conditions was subsequently
investigated. The results illustrated in Figure 6.11 indicate that ACSC performance under
windy conditions increases with walkway width but that the gain in ACSC performance per
unit walkway width increase diminishes as the width increases.
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Figure 6.11. Effect of walkway width on ACSC performance under windy conditions for the
generic ACSC

6.3 Increasing the Fan Power

Since the ACSC heat transfer rate is directly proportional to the mass flow rate of air
through the finned tube heat exchanger, it is possible to improve ACSC performance during
periods of strong winds and/or high ambient temperatures by increasing the mass flow rate
through the fans. One way of achieving this is to increase the fan power. However, while
increasing fan power may result in improved ACSC and steam turbine performance under
unfavorable operating conditions, the additional fan power required must be compared to
the gain associated with the improved turbine performance in order to determine the net
benefit of this method. The value of increasing fan power, as a method to improve net steam
turbine power output under windy conditions, at El Dorado will be investigated here.

The effects of increasing the power of all the ACSC fans, hereafter referred to as the “all
fans” case, as well as the effects of increasing the power of only the periphery fans, as
suggested by Liu et al. (2008) and hereafter referred to as the “periphery fans” case, were
investigated. Fan power increases of 5%, 12.5%, 20%, 30% and 40% were considered.

New fan performance characteristics were generated for the increased fan power cases
based on the design fan performance characteristic and the fan laws, as given in Kroger
(2004) and presented in equations (6.1) - (6.4).

3
P :(NFJ(pa] (6.1)
Prg N g Pad

2

AP, :[NF j [paJ (6.2)
APy N g4 Pad
V, N (6.3)
Vad NFd
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Tl =Tk (6.4)

In equations (6.1) to (6.4) Nr and Nra are the fan rotational speed at the increased fan power
and the design power respectively. Pr is the increased fan power, while Prq is the design fan
power. The same applies for the fan static pressure Apr;, volume flow rate Vi, and static
efficiency 7r. The actual and design air densities are p. and pu respectively.

Figure 6.12 shows how increasing fan power results in decreased turbine backpressure and
subsequently improved turbine efficiency. While this is expected, it remains to be proven
whether or not increasing fan power results in a net plant power output gain.

In order to determine the net plant power output gain/loss it is necessary to know the
relationship between the steam turbine power output and backpressure. In the absence of
this information for the turbine used at El Dorado, the turbine characteristic illustrated in
Figure 6.13 was used. This curve is typical of a steam turbine selected for use in a combined-
cycle power plant with an ACSC (EPRI, 2005). It must therefore be noted that the results
presented hereafter are not accurate for El Dorado but should, none the less, give some
indication of the value of increasing fan power as a means of improving steam turbine
performance under windy conditions.
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Figure 6.12. Effect of increasing fan power on steam turbine backpressure under straight-flow
wind conditions (a) All fans case, and (b) Periphery fans case
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Figure 6.13. Typical relationship between steam turbine power output and backpressure in a
combined-cycle power plant with an ACSC

Using the gradient of the near linear portion of the curve illustrated in Figure 6.13, in the
range 8500 N/m? < p» < 24000 N/m? it is possible to determine the percentage change in
turbine output per unit backpressure change. The data presented in Figure 6.12 can now be
used to determine the turbine output increase associated with increasing fan power.

The power required by the fan motors is calculated as illustrated in equation (6.5). It is
assumed that the fan drive and gear box efficiencies are equal to unity.

I:>F :AstVa/nF (6-5)

The net plant power output gain, APne, is calculated as shown in equation (6.6),
5
_ Z Peijatiy — 2 2, Prioriy

(Pst(adj) - Pst(orig) )_(
i j=1 i=l j=1

AP, = ]xloo%
P

st(orig)

6 5

(6.6)

6
=1

where Pistorig and Pstaaj) are the steam turbine outputs for the original case (no adjustment to
fan power) and the increased fan power case respectively, while Prijoripp and Prijadj) are
respectively the fan power consumptions of fan (i,j) for the original and increased fan power
cases. The predicted net output gains are illustrated in Figure 6.14 for straight-flow wind
conditions.

The results presented in Figure 6.14 indicate that at high wind speeds (vw> 6 m/s) increasing
the power of all the fans by approximately 20% provides a maximized net turbine output.
Increasing the fan power by more than 20% is not justifiable since the net output gain,
although still positive, begins to diminish as a result of the large amount of power consumed
by the fans. A fan power increase in the region of 20% should also be readily achievable
without having to change the fan motors since most motors are designed with some reserve
capacity. A maximum net plant power output increase of approximately 0.12% is predicted.
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7.0 Conclusion

The objective of this study was to develop an accurate and efficient way of modeling, and
subsequently evaluating, ACSC performance using CFD. A suitable numerical model could
then be used to evaluate the performance of a specific ACSC under windy conditions in an
attempt to identify the causes of any wind induced heat transfer rate reductions. Finally, the
model could be used to evaluate the effect of certain wind effect mitigation measures on
ACSC performance.

7.1 The Development of an Accurate and Efficient Numerical
ACSC Model

In order to achieve these objectives an iterative two-step modeling approach was adopted
whereby the numerical ACSC modeling was divided into global flow field and detailed
ACSC modeling stages. This approach allows for larger ACSC installations to be modeled
with relatively limited computational resources. Furthermore, the pressure jump fan model
was used to further reduce the computational expense of the ACSC performance evaluation
simulations.

A comparison of numerical results to test data was used to evaluate the accuracy of the
numerical ACSC model developed in this study. The test data was collected during the full
scale testing of El Dorado's ACSC carried out in September 2007. Good correlation was
achieved between the numerical results and test data for a number of operating points.
Discrepancies in the results, although small, can be attributed to instabilities in the ambient
conditions over the test periods considered as well as numerical inaccuracies arising from
the use of the pressure jump fan model, two step modeling approach, and other modeling
assumptions. Nonetheless, the numerical model was able to predict the actual steam turbine
backpressure to within a few percent of its measured value over each of the test periods (a
3.5% under prediction of the backpressure, corresponding to a 0.72°C discrepancy in the
turbine exhaust temperature, being the greatest discrepancy).

The numerical results were also compared to the results presented by Van Rooyen (2008) as
an additional model accuracy evaluation exercise. Van Rooyen (2008) investigated wind
effects on fan performance in the generic ACSC considered in this study. A strong
correlation between the predicted fan performances in the two studies was achieved for
most of the fans. However, discrepancies existed for the upstream fans. These discrepancies
are thought to have three possible sources. Firstly, Van Rooyen (2008) uses the actuator disk
fan model whereas this study employed the pressure jump method. Since the upstream fans
are most severely impacted by inlet flow distortions caused by windy conditions, it is here
that any inadequacies in the fan models will be most prevalent. It has been shown that the
actuator disk model deviates from true fan behavior under severely distorted inflow
conditions (Thiart and von Backstrom, 1993) while the pressure jump method is said to
provide limited accuracy under similar conditions (Van der Spuy et al., 2009). Neither fan
model appears to be suited to modeling fan performance at the upstream fans and one
model can therefore not be recommended above the other with confidence. The second
cause of discrepancy between the results is that Van Rooyen (2008) used a two-step
modeling approach without implementing an iterative procedure. This study found that at
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least a single global-to-detailed model iteration is necessary. Subsequent to the publication
of his results, Van Rooyen applied the iterative solution procedure and predicted upstream
fan performances that illustrate improved correlation with the results of this study. The
third possible source of discrepancy is that Van Rooyen (2008) only modeled a single fan at a
time in his detailed ACSC model. The influence of the remaining ACSC fans was accounted
for using a uniform velocity inlet/outlet boundary similar to that used in the global-flow-
field model. This study illustrated that the fan flow rates differ depending on the fan unit
location in the ACSC. The effect of this flow rate maldistribution on the flow field in the
vicinity, and subsequently the performance, of the fan under investigation is therefore not
accounted for. Despite the discrepancies in the predicted performances of the upstream fans
the overall heat transfer effectivenesses showed a strong correlation.

The strong correlation of the numerical results with previous numerical work and, more
importantly, with test data instills confidence in the accuracy of the results and the
suitability of the modeling method for use as an efficient ACSC performance evaluation tool.

7.2 ACSC Performance Under Windy Conditions

The results of an evaluation of El Dorado's ACSC under windy conditions identified
reduced fan performance due to distorted flow at the fan inlets, particularly those in the
windward fan rows, and hot plume recirculation as contributors to the reduction in ACSC
heat transfer rate associated with these conditions. These findings are consistent with
literature relating to ACSC performance reductions under windy conditions (Duvenhage
and Kroger, 1996).

It was further shown that reduced fan performance has a more significant impact on
reduced ACSC heat transfer rates than plume recirculation at El Dorado. This finding is also
supported by current literature (Maulbetsch, 2008). Despite this, many studies (Liu et al.,
2009 for example) have focused on the mitigation of hot plume recirculation in an attempt to
improve ACSC performance under windy conditions. It is clear from the findings of this
study, however, that in this case greater ACSC performance enhancement potential lies in
the mitigation of reduced fan performance under windy conditions. This topic therefore
formed the focus of the wind effect mitigation measure evaluation portion of this study. It
must however be stressed that the magnitude of the contribution of hot plume recirculation
and reduced fan performance to the ACSC performance reduction under windy conditions
will be influenced by the ACSC size, geometry and the wind direction.

It was also found that the presence of wind screens at El Dorado, while appearing to have a
positive effect on the performance of the fans immediately upstream of the screen location,
seemed to reduce the performance of the downstream fans. The identification of an
optimum wind screen configuration that improves the performance of the upstream fans
without being detrimental to the performance of the downstream fans was identified as a
topic for further investigation.

7.3 Evaluation of Wind Mitigation Measures

7.3.1 Wind Screens

It was found that the installation of wind screens, in any configuration, was always
beneficial to the performance of the fans upstream of the screen location but could be
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detrimental to the performance of the fans located downstream of the screen location. The
magnitude of the upstream fan performance increase was sufficient that the net effect on
ACSC heat transfer rate under windy conditions was positive for all screen configurations
considered at El Dorado (relative to the case where no screens are present). It made sense,
however, that some wind screen configuration must exist that provides the best overall
performance. This would be achieved by a screen configuration that created a significant
enough stagnation effect under the ACSC fan platform to benefit the upstream fans
measurably without providing too large an obstruction to the flow under the ACSC and
effectively suffocating the downstream fans.

A screen configuration consisting of medium loss coefficient screens, Ksc = 10 in this case,
installed to a height of H:/Hi = 0.5 was identified as an improved wind screen configuration
for El Dorado. The screens provided a large enough obstruction to the flow under the ACSC
to create a stagnation effect that benefited the upstream fans. On the other hand, the open
space immediately below the fan platform and the use of a medium loss coefficient wind
screen material allows for sufficient flow so as not to restrict the flow to the downstream
fans.

This screen configuration is also attractive from an economic point of view. It requires no
structural modification to the ACSC since the current wind screen location at El Dorado was
not altered. Also, the new configuration requires less screen material than the current
configuration and so future replacements of the screens will be cheaper. Furthermore, the
new screen configuration is easier to maintain and clean since it doesn't extend to the full fan
platform height.

The effect of moving the N-S orientated wind screen to between fan rows 2 and 3 was
investigated. The purpose of the move was to increase the number of fans upstream of the
wind screens for a south westerly wind (the predominant wind at El Dorado). The results
indicated that moving the N-S wind screen would be beneficial to ACSC performance under
the aforementioned prevailing wind condition and the relocation of the screen is therefore
recommended.

7.3.2 Walkways

The installation of solid walkways along the ACSC periphery was shown to improve the
performance of the edge fans, and subsequently the ACSC heat transfer rate, under windy
conditions. It was also shown that increasing the width of the walkway has a positive
influence on ACSC performance. The gain per unit walkway width increase, however,
declines as the width increases. The selection of an appropriate walkway width depends on
a combination of the ACSC geometry and prevailing wind conditions. The results of this
study indicate the optimum walkway width increases with increasing wind speed and as
such ACSCs operating in high wind regions would benefit from installing wider walkways.
The installation of walkways is recommended for all ACSCs while the choice of walkway
width should be based on an appropriate lifecycle cost analysis.

7.3.3 Increasing Fan Power

Increasing the fan power was investigated as a means of improving ACSC performance
during windy periods by increasing the flow rate though the heat exchanger bundles. ACSC
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fans are typically installed with some reserve capacity over and above their rated power and
so can be operated at higher powers safely without the need to install new, more powerful
fan motors. At El Dorado, the problematic high prevailing wind speed period is also in
summer. ACSC fans are typically specified based on a design air density associated with a
specific design ambient temperature. In this case the design ambient temperature is lower
than the average summer temperature and as such, according to the fan law presented in
equation (6.1), the fan power in summer will be less than the design fan power. It follows
that even more reserve power becomes available during the periods when it would be
required most.

The results indicated that increasing the fan power by anything up to approximately 20%
above rated can result in net plant power output gains, relative to the design fan power case,
under windy conditions. The output gains are, however, predicted to be very small and this
method is therefore not recommended for existing ACSCs with fixed speed fan motors
already installed. The installation of variable speed motors on new ACSC installations may
be justifiable in some cases.

It must be noted however that a number of approximations were made in this analysis and
that the true value, or lack thereof, of this wind effect mitigation strategy should be
evaluated with accurate steam turbine data for a specific ACSC installation.

7.4 Importance of this Study

Due to their scale, ACSCs are difficult and expensive to investigate experimentally.
Furthermore, due to the dynamic relationship between ACSC performance and ambient
conditions, analytical investigations are able to provide only limited accuracy. The
numerical ACSC modeling method developed in this study allows for the accurate and
efficient evaluation of ACSC performance under a variety of ambient conditions.

This modeling method has the potential to allow for the relatively quick and easy evaluation
of novel means of mitigating the negative impact of certain ambient conditions (wind in this
study) on ACSC performance. Due to the relative ease with which models can be generated,
engineers have the freedom to investigate a larger variety of possible performance
enhancing strategies than with traditional build-and-test methods (Kelecy, 2000). This fact,
coupled with the fact that the consequences of a failed attempt at identifying a successful
performance enhancing measure are negligible, means that engineers are able to experiment
in a creative and innovative manner. The potential for identifying novel and attractive ways
of enhancing ACSC performance under certain ambient conditions is therefore increased.
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Appendix A - System Specifications
A.1 Finned Tube Heat Exchanger

The geometric, heat transfer and flow resistance specifications of the finned tube bundles
used in the finned tube heat exchangers for the generic ACSC are listed here.

Table A.1: Finned tube heat exchanger specifications (generic ACSC)

Description Symbol Value Units
Number of heat exchanger bundles above one ny 8

fan

Effective frontal area of one bundle Ax 27.434 m?
Finned tube length L+ 9.55 m
Tube hydraulic diameter dn 0.02975 m
Inside area of tube per unit length Ay 0.21341 m
Inside cross sectional tube area Ass 0.00159 m?
Inside tube height H: 0.097 m
Inside tube width W, 0.017 m
Number of finned tube rows Nr 2

Number of finned tubes per bundle in the first ng; 57

row

Number of finned tubes per bundle in the Nip2 58

second row

Number of vapor passes Nup 1

Heat exchanger half apex angle 0 28 °
Ratio of minimum to free stream flow area o 0.41

through the finned tube bundle
Ratio of minimum to free stream flow area at o 0.86
the inlet of finned tube bundle

The characteristic heat transfer parameters through the first and second tube rows at the
generic ACSC are described by equations (A.1) and (A.2) respectively, while the heat
exchanger loss coefficient under normal isothermal flow conditions is described by equation
(A.3).

NV, cen) = 366.007945Ry 452 N
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NY, e = 360588007y %7 (A2)

Krecen = 4464.831Ry 4 (A.3)
In equations (A.1) - (A.3),

Ry = ma/:uanb Afr (A'4)

A.2 Axial Flow Fan

The supplier fan specifications are detailed in this section. Figure A.1 illustrates the fan

dimensions for reference purposes.
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A

Fan motor

L~ Internal service grid
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Figure A.1: Fan dimensions
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Table A.2: Axial flow fan specifications (generic ACSC)

Description Symbol  Value Units
Fan diameter dr 9.145 m
Fan casing diameter de 9.17 m
Hub/tip ratio dn/de 0.4

Ratio of hub height to fan diameter Hp/de 0.1

Height of inlet shroud Hp 1.92 m
Inlet shroud radius I 1.16 m
Number of blades N 8

Blade angle 1 34.5 °
Rotational speed N 125 rpm
Inlet screen distance from fan blade (upstream) Xsi 1.3 m
Support beam distance from fan blade (upstream) Xpi 1.34 m
Support beam distance from fan blade (downstream) Xbo 0.53 m
Walkway distance from fan blade (downstream) Xso 1 m
Ratio of inlet screen area to fan casing area Osi 0.125

Ratio of support beam area to fan casing area (upstream)  op; 0.15

Ratio of support beam area to fan casing area Oho 0.05
(downstream)

Ratio of walkway area to fan casing area Cso 0.1

The fan static pressure characteristic for the generic ACSC fans is illustrated in equation

(A.5).

APgycen = 320.0452-0.2975V, +6.3515x107*V2 —8.14x107V,),N/m?
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Appendix B — Supplementary Results

B.1 A-frame vs Simple Heat Exchanger Model

The effect of modeling the detailed A-frame heat exchanger, as opposed to using a
simplified model, on the predicted performance of the fans in the numerical ACSC model is
investigated in this document. Figure 3.7 illustrates the difference between the two heat
exchanger models. A comparison of the volumetric effectivenesses predicted for three fans,
using the two heat exchanger models, is illustrated in Figure B.1.
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Figure B.1: Comparison of fan volumetric effectivenesses using the A-frame and simplified
heat exchanger models

The fan volumetric effectivenesses predicted using the A-frame model are very similar to
those predicted using the simplified heat exchanger model. Although slight discrepancies do
exist, they are not of sufficient magnitude to warrant the additional complications and
computational expense associated with modeling the A-frame instead of using the
simplified heat exchanger model.

B.2 Verification of Pressure Jump Fan and Heat Exchanger
Models

The accuracy of the pressure jump fan model and simplified heat exchanger model is
verified through a comparison of the numerically predicted fan operating point under ideal
flow conditions (using the model described in Section 3.2.3) to the theoretically determined
operating point. The theoretical operating point is defined by the point of intersection of the
effective system resistance curve, given in equation (3.16), and the fan performance curve,
described by equations (A.8) and (A.9) for El Dorado and the generic ACSC respectively.

The determination of the theoretical operating point is illustrated in Figure B.2 for the
generic ACSC system. Table B.1 lists the theoretical and numerically predicted operating
points for both El Dorado and the generic system. A good correlation exists between the
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theoretical and numerical values indicating that the pressure jump fan model and simplified
heat exchanger model are operating as desired.
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Figure B.2: Theoretical determination of the fan operating point under ideal operating
conditions

Table B.1: Comparison of theoretical and numerically determined operating points under ideal
operating conditions

Theoretical operating Numerically determined
point, m%/s operating point, m*/s

El Dorado (p, = 1.128 kg/m®) 595 600.177

Generic ACSC 636 637.565
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Appendix C — Derivation of the Fan Performance Characteristic for
the Pressure Jump Fan Model

When fans are tested to determine their performance characteristics; a free inlet, free outlet
(or type A) setup is typically used (Kroger, 2004). Figure C.1 shows a BS848 (British
Standards, 1997) Type A fan test facility.
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4 5 6 I{ / / }?Z === 11
L I | I
Ar ; SR / ! e
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|
-\i LI | I I @
E l
s T @ 1
. . TN Lo - o
1. Calibrated bellmouth 7. Guide vanes
2. Flow straightener &. Rectangular settling chamber
3. Throttling device 9. Wire mesh screens
4. Flow straightener 10. Measurement of fan inlet conditions
5. Auxilliary fan 11. Test fan
6. Flow straightener 12. Free atmospheric outlet

Figure C.1: BS848 Type A fan test facility schematic (courtesy Bredell, 2005)

In this type of test setup, the static pressure difference is measured between the settling
chamber at (A), and the atmosphere at (C). The magnitude of this pressure difference at
different flow rates is given as the fan static pressure characteristic, Aprs. Since the flow in
the settling chamber is essentially stagnant, the fan static pressure characteristic actually
describes the total-to-static pressure rise across the fan.

The pressure jump fan model requires a function describing the static-to-static pressure rise
across the fan i.e. the static-to-static pressure rise between (B) and (C) in Figure C.1. The
required function is derived as shown hereafter.

(C.1)
APes = Pyc — Pia

In equation (C.1) the subscripts s and t stand for static and total respectively. Ignoring the
small pressure loss in the settling chamber,

Pia = Pis = Psg +paV§ / 2 (C.2)
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where v. is the velocity through the fan based on the effective fan area A. as described in
equation (2.6).

Substituting equation (C.2) into (C.1) and rearranging yields the desired static-to-static
pressure rise function, Apr.

AP = Pyc — P = Psc — Pra +,0aV§/2 = AP, +,0aV§/2 (C.3)

Therefore, for the purpose of the pressure jump fan model, the fan static pressure
characteristics given in equations (A.8) and (A.9) need to be modified through the addition
of a dynamic pressure term.
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Appendix D — System Loss Coefficients
D.1 Definition of Losses in an ACSC System

Kroger (2004) derives equations for the major losses in an ACSC system based on extensive
experimental and theoretical research. A description of the system losses is given here along
with their appropriate equations.

The effective system loss for the entire ACSC is defined in terms of the draft equation, which
is repeated here for convenience.

2 2
Kts ma KUP ma i Kdo ma 2 Kat ma

e =" + + ]+ — (D.1)
2pa56 nbAfr 2pa3 Ae 2pa3 Ae 2pa56 r]bAfr

Kisaccounts for loss due to the fan platform supports while K.y and Ka represent the losses

Ap

due to obstacles upstream and downstream of the fan respectively. The primary contributors
to the upstream losses are the fan inlet screen and its supports, while the primary
downstream obstacles are the fan drive system and the walkway. Kroger (2004) gives
empirical relations for Kip and K in terms of the projected area of the obstacle and its
distance from the fan.

Ket is the total loss across the heat exchanger bundle and includes the kinetic energy losses at
the heat exchanger outlet. The equation for this loss coefficient under isothermal flow
conditions is given in equation (D.2).

KﬂtheJr( 1 _1J( 1 _1+2,/Kci]+de+Ko (D.2)

sing, siné,

Kieis the heat exchanger loss coefficient for normal isothermal flow as described by
equations (A.3) and (A.6) for El Dorado and the generic ACSC respectively. O is the actual
mean flow incidence angle at the heat exchanger inlet and is a function of the A-frame half
apex angle 0.

0. =0.001%° +0.9133-3.1558 (D.3)

K:i is the heat exchanger entrance contraction loss coefficient for normal flow and is based on
the normal approach free stream velocity. This loss coefficient is ultimately a function of the
ratio of the minimum to free stream flow area through the heat exchanger bundle, o, and the
ratio of the minimum to free stream flow area at the bundle inlet, 021, as shown in equations
(D.4) and (D.5).

o, = 0.6155417 +0.04566493 o, — 0.3366515°2, + 0.4082743 5%,

D.4
+2.6720410}, —5.963169 55, + 3.558944 o°5, (D4)

K. = (ﬂjz (D.5)

o
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The kinetic energy loss at the heat exchanger outlet as a result of turbulent decay of the “jet”
of air leaving the heat exchanger bundles is referred to as the jetting loss, K, and is given by

equation (D.6). The heat exchanger outlet loss, Ko, due to the final mixing process that is

responsible for smoothing the outlet velocity profile is given by equation (D.7). Figure D.1
illustrates the dimensions used in equations (D.6) and (D.7).

d —

{— 2.89188{%) + 2.9329{
t

302784 95 |4 20187 2
2L, 2L

L

3
—SJ +1.9874

b

B T2
2 04
289188 v |+29320] = | L[ Lo (ﬁj
L, L, L, AL, A @
05
n 5 e2.36987+5.8601x10*2973.3797x10*3.92 =y
L, L,
2
Ly L
L, L

(D.6)

L_tJ (0.7)

Figure D.1: Section of an array of A-frames illustrating relevant dimensions
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D.2 Evaluation of the System Loss Coefficients for the Generic

ACSC
Based on the empirical relations presented by Kroger (2004),

K, =16

K,, =0.28

K,, =035

Substituting o = 0.41 and o21 = 0.86 in equations (D.4) and (D.5) yields,

o, = 0.6155417 + 0.04566493(0.86) - 0.336651(0.86)° +0.4082743(0.86)’
+2.672041(0.86)" —5.963169(0.86)° +3.558944(0.86)° = 0.761

(1—1/0.761
o 0.41

Furthermore, with 6 =28°, L:=9.55m, Lv=0.397 m, Ls = 4.102 m, Ly = 4.924 m, L, = 10.6 m and
ds = 2.34 m, find according to equations (D.6) and (D.7),

_ 2 047
o gotad 9397, 5 ganof 0397 | 955 \( 4924 28
9.55 955 ) [(4.102 )\ 4.102 )\ 28

2
j =0.587

Ky = N =1.696
n 4.102 e2.36987+5.8601><10'2(28)—3.3797><10'3(28)2 (955
| |\4.924 10.6
_ , , _
- 2.89188(wj+ 2.93291(0'397j (4'102j +1.9874 )
9.55 9.55 4.924 9.55
Ko = ) m = 7129
_3.02783[ 234\, 2.0187[ 23 '
i 2.4.924 2-4.924 |

From equation (D.3) find,
6, =0.001928)" +0.913328)-3.1558 = 23.91°

Substitution of equation (A.4) into equation (A.3), and considering for this case an ambient
temperature of T» = 15.6 °C, yields,

—0.43927
K,, =4464.831 M = 397.3837m >4
1.849x10°-8-27.434

The resulting total loss over the heat exchanger can now be calculated according to equation
(D.2).



1 1
K, = 397.3837m %% 4 -1 ~1+ 2«/0.587) +1.696+7.129
* 8 (sin 23.91° ](sin 23.91°

= 397.3837m_****" +13.232

Substituting the loss coefficients determined above into equation (D.1) yields,

16033 ( m, o028 ((m Y 035 ((m Y
2-1.085\8-27.434)  2.1.085\82.245)  2.1.085|82.245
, 397.3837m, %" +13.232 ( m, jz

I 2.1.085 8-27.434
= —(2.1029x10*m? +3.8018x10"> m}®*")

Ap, =—

e

Since volumetric flow rate is related to mass flow rate as shown in equation (D.8), it is
possible to write the effective system resistance as a function of volumetric flow rate, as
shown in equation (D.9).

Va :ma/pa (D.8)

Ap, =—{2.4756x10V? +4.3181x10° 3V 57| ®9)
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Appendix E — Derivation of the Viscous and Inertial Loss
Coefficients

Viscous and inertial loss coefficients are used in the heat exchanger model to account for the
effective resistance of the ACSC system to flow, as described in Section 3.2.2.2. The
derivation of these loss coefficients for the generic ACSC is illustrated here.

For the rectangular heat exchanger model, as shown in Figure 3.5, equation (E.1) holds.
V, =L, xL,) (E1)
Equation (D.9) can be approximated by a second order polynomial as shown in equation
(E.2).
Ap, =—(2.4756 x 10V ? + 4.3181 x 103V %% ) (E.2)

~ —(4.132315 x10“V? +5.6295 x10 2V, )

Substitution of equation (E.1) into equation (E.2), with L= 11.8 m and Ly = 10.56 m (see Table
3.4), results in an expression for the effective system resistance in terms of the air velocity
through the heat exchanger.

Ap, =—{4.132315x10V? +5.6295x 102V, ) (E3)
= 4.132315x107*(L, x L, fjwiw+5.6295x10°2(L, x L, Jw
=6.4163wjw + 7.1048w

The body force acting in the z-direction of each cell in the heat exchanger model is given by
equation (E.4) for L-= 0.2 m.

F, =Ap, /L, =32.082wjw+35.075w (E.4)

The body force in the z-direction is defined by Bredell (2005) as shown in equation (E.5).

F, :Czlpa|\7|w+&w (E3)
2 a

z

=M in
equation (E.5). The viscous and inertial loss coefficients, C: and 1/a: respectively, can now be
determined by comparing equations (E.4) and (E.5).

C, =59163¢m™

Since the flow is restricted to the z-direction in the heat exchanger model,

And,

1o, =1.897x10Fm™
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Appendix F — Derivation of the Heat Exchanger Energy Source
Term

The derivation of the source term added to the energy equation of the flow through the heat
exchanger to account for the heat transfer between the process steam and the ambient air is
described here.

The heat transfer in the first tube row is given by,
Ql = mana(Taol _Tail) = elmacpa(Tv _Tail) (Fl)

Equation (F.1) can be rearranged to yield an expression for the air temperature immediately
after the first tube row.

T =T, +(1-6JT,; (F.2)
Similarly, for the second tube row,

Qz = macpa(TaOZ _Taol) =€, macpa(Tv _Taol) (F.3)
and,

T =67, +(1-6, )T,y (F4)

Substitution of equation (F.2) into (F.4) results in an expression for the air temperature at the
heat exchanger exit in terms of the steam, and heat exchanger air inlet, temperatures.

TaoZ = eZTv + (1_ & )[elTv + (1_e1)Tail] (F.5)
The total heat transfer through the heat exchanger is,
Q = Ql + Qz = macpa (Taoz _Tail) (F.6)

The energy source term to be added to the flow as it passes through the numerical heat
exchanger model is defined as,

Se =R/ E.7)
Substitution of equation (F.6) into equation (F.7) yields,

. PalW
SE = cha (Ta02 _Tail): #Cpa (Taoz _Tail) (F8)

z
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Appendix G — Test Operating Periods

The four periods selected from the test data, collected during the full scale testing of El
Dorado's ACSC (Owen, 2007), for comparison with numerical results are described in detail
here. The parameters extracted from the data for use in the numerical simulations are listed
in Table 4.2. A diagram illustrating the layout of El Dorado’s ACSC is presented in Figure
G.1 for reference purposes.
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‘ ‘ ‘ ‘ ‘ ‘ \_ J
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N
-

RN

I A <
Wind screens | 150 m y

Weather mast '

Figure G.1: El Dorado ACSC layout and fan numbering scheme

Ambient temperature and wind velocity measurements were recorded at elevations of 2 m,
5m and 11 m above ground level on a weather mast located approximately 150 m to the
south of the ACSC. Power law wind and temperature profiles of the form shown in
equations (G.1) and (G.2) respectively were fitted through the data. The wind profile was
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used to determine the nature of the input wind profile in the global flow field model, while
the temperature profile was used to determine the ambient temperature at fan platform
height for use in the simulations.

V, = Vit (Z/Zref )b (G.1)
Tz :Tref (Z/ ZrefT )bT (GZ)

The ambient temperature at fan platform height was used in the simulations since it was
noticed that air is drawn into most of the fans from an average height corresponding
approximately to the fan platform height, as illustrated in Figure G.2. The downstream fans
draw air from a lower elevation but it can be seen that this elevation increases with wind
speed. The use of the ambient air temperature at fan platform height as the bulk fluid
temperature in the numerical simulations is therefore a reasonable approximation especially
at higher wind speeds.

Fan (1,3) Fan (3,1) Fan (5.3)

Fan (1,3) Fan (3,1) Fan (5,3)

(b)

Figure G.2: lllustration of the source elevation of the air for certain fans for straight-flow wind
speeds of (a) v, =3m/sand (b) v, =9 m/s

The wind direction used in the numerical simulations is taken as the average of the
directions recorded at the different elevations over the time period in question. The steam
temperature under ideal operating conditions is determined using equations (4.1) and (4.2).
The actual steam temperature, measured at the turbine exhaust and used for comparison
with the numerical results, is taken as the average of the temperatures measured over the
period in question.
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G.1 Test Period 1 (TP1)
Test period 1 is a 20 minute period between 21:37 and 21:59 on 14 September 2007.
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Figure G.3: Ambient temperature data recorded for TP1
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Figure G.4: Power law fit through temperature data for TP1
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Figure G.5: Wind speed data recorded for TP1
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Figure G.6: Wind direction data recorded for TP1
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Figure G.7: Power law fit through wind data for TP1
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G.2 Test Period 2 (TP2)
Test period 2 is a 17 minute period between 15:14 and 15:31 on 14 September 2007.
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Figure G.8: Ambient temperature data recorded for TP2
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Figure G.9: Power law fit through temperature data for TP2
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Figure G.10: Wind speed data recorded for TP2
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Figure G.11: Wind direction data recorded for TP2
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Figure G.12: Power law fit through wind data for TP2
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G.3 Test Period 3 (TP3)
Test period 3 is a 14 minute period between 17:14 and 17:28 on 15 September 2007.
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Figure G.13: Ambient temperature data recorded for TP3
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Figure G.14: Power law fit through temperature data for TP3
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Figure G.15: Wind speed data recorded for TP3
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Figure G.16: Wind direction data recorded for TP3
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G.4 Test Period 4 (TP4)
Test period 4 is a 14 minute period between 17:28 and 17:43 on 17 September 2007.
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Figure G.18: Ambient temperature data recorded for TP4
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Figure G.19: Power law fit through temperature data for TP4
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Figure G.20: Wind speed data recorded for TP4
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Figure G.21: Wind direction data recorded for TP4
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Figure G.22: Power law fit through wind data for TP4
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G.5 Power Law Profiles for Wind and Temperature Data

The following power law equations, described by equations (G.1) and (G.2), were fitted
through the wind and temperature data presented in this section. In equation (G.1) vrris the
average wind velocity over the test period measured at a height of zwf=11 m in equations
(G.3), (G.5), (G.7) and (G.9). The average temperature, T in Kelvin, measured at an
elevation of zrfr = 2 m, over the test period in question is used in equations (G.4), (G.6), (G.8)
and (G.10).

Vyey = 4.7764(2/11)"% /s (G.3)
T, ey =302.64732/2)*"*" - 273.15°C (G-4)
V,app =10.2197(2/12)" m/s (G.5)
Tyorpay = 31L7734(2/2)° " — 273,15°C (G.6)
V, g = 6.8169(2/11)"*™° m/s (G.7)
T, 1ps) =309.3955(2/2) " _ 273.15°C (G.8)
V,pa = 3.9915(2/11)"" m/s (G.9)
T, rpay = 306.0724(z/2) ™" - 27315°C (G.10)
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Appendix H—Wind Screen Material Tests
The wind tunnel test setup used to determine the wind screen material loss coefficient is
illustrated in Figure H.1 and described thereafter (Kroger, 2004).
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Figure H.1: Wind tunnel test setup

Air is drawn through the rounded inlet, where the drybulb temperature is measured, and
through a sample of the wind screen material at (1) under the influence of a radial fan
(8).The static pressure difference across the screen is measured at points located in the duct
wall at (2). After passing through the screen, the air moves through two sets of mixers at (3)
and a venturi in which a sampling tube is located at (4). The mixers and sampling tube are
used to allow for accurate measurement of the air temperature in this section of the wind
tunnel. The air mass flow rate is determined by measuring the static pressure drop at (7)
across one or more elliptical nozzles mounted in a plate at (6). The nozzle plate is located
between two perforated plates (5). The mass flow rate through the tunnel is given by
equation (H.1).

m, =C,4,YAy2p,Ap, (H.1)

An and Apn are the nozzle cross sectional area and the pressure drop across the nozzle plate
respectively. The nozzle coefficient of discharge, C», is a function of the nozzle Reynolds
number, Res, as illustrated in equations (H.2) - (H.4).

For 30 000 < Rex <100 000

C,=0.945803+-6.37817%10" Re,—4.65394x10** R¢’+1.33514x10™"' Re’ (H.2)

For 100 000 < Ren < 350 000

C,=0.9758+1.08x10" Re,~1.6x10 **Re’ (H.3)
For Ren > 350 000

C, =0994 (H.4)
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The gas expansion factor, ¢g , is approximated using equation (H.5).

¢g :1_3Apn/(4pun Cp/cv) (H.5)

where pup is the pressure upstream of the nozzles and ¢y/co = 1.4 for air.

The approach velocity factor, Y, for a compressible fluid is given by equation (H.6).

Y =1+05(A, /A, F +2(A, /A, F ap, /(p, ¢, /c,) (H.6)

where Ay is the area of the wind tunnel upstream of the nozzles.

The wind screen material loss coefficient is determined according to equation (H.7).

K =2Ap,./ p.V2 (H.7)

where v is the flow velocity through the screen, as given by equation (H.8) where As is the
screen material sample cross sectional area.

VSC = ma/pa&c (H8)

The test results for the 55% and 65% closed area screen materials are illustrated in Figure
H.2. The 90% closed area screen material behaved as a solid obstruction to the flow.
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Figure H.2: Wind screen material loss coefficients

The screen material loss coefficients are very near to constant values and were subsequently
modelled as such to reduce the computational requirements of the analyses carried out in
this study. The average characteristic flow parameter through the screens is typically less
than Ry = 2.0 x 10° m* and values of Ksc = 2 and Ks. = 5 were selected for the 55% and 65%
closed area screen materials respectively.
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