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ABSTRACT 

 

This thesis presents a comprehensive methodology for engineers and plant 

managers to use for optimizing the combined chiller power and cooling tower fan power 

for cooling systems without the traditional assumption that the exiting air is saturated. 

The most widely accepted and utilized classical models are the Merkel model and the 

Poppe model. However, the former is somewhat inaccurate and the latter has significant 

computational burdens. Thus, this work uses the Braun model supplemented with simple 

field measurements to provide an accurate procedure for optimizing combined cooling 

tower and chiller performance that is suitable for field use. 

The effectiveness cooling tower model, developed by Braun (1988), is utilized to 

describe the cooling tower performance with supplemented with field measurements. 

The chiller model presented in the EnergyPlus Engineering Reference book based on the 

condenser entering temperature is applied. The models are coupled to determine the 

optimal operation for the cooling system. To optimize the system, correlations between 

the power consumption of chillers and cooling tower fans and approach temperatures are 

investigated and regressed. The performance curves based on these correlations can help 

to achieve a “near-optimal” operation over a range of operating conditions. By doing so, 

an optimized approach temperature and temperature range is given and evaluated at over 

a range of annual operating condition. The impact of the wet-bulb temperature is also 

explored. The procedure developed predicts that about 15% of the measured energy 

consumption of the chillers and cooling tower fans in the Connally Building chiller plant 
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at the Texas A&M University System would be saved if the optimal control in this study 

were applied to the 68 days across 12 months that were analyzed in this thesis. 
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NOMENCLATURE 

 

Chapter II 

𝑐𝑝𝑎 specific heat of water 

𝑐𝑝𝑤 specific heat of water  

hd mass transfer coefficient 

ha enthalpy of moist air per mass of dry air 

hf,w enthalpy of liquid water  

ℎ𝑚𝑎 enthalpy of air  

ha enthalpy of moist air per mass of dry air 

hf,w enthalpy of liquid water  

ℎ𝑚𝑎 enthalpy of air  

ℎ𝑚𝑎𝑠𝑤 enthalpy of saturated air at the local bulk water temperature  

ℎ𝑣 enthalpy of the vapor 

𝐿𝑒𝑓 the Lewis number 

𝐿𝑓𝑖𝑙𝑙 unit length of fill 

�̇�𝑎 air flowrate  

�̇�𝑤 water flowrate  

𝑇𝑎 air temperature 

𝑇𝑤 water temperature 

𝑉𝑓𝑖𝑙𝑙 unit volume of length dy of fill 

𝑤𝑎   air humidity ratio 
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𝑤𝑠𝑤 saturation air humidity ratio at the local bulk water temperature 

Additional Subscripts 

i inlet conditions  

o outlet conditions  

 

Chapter III 

𝐴𝑠    surface area of the cooling tower  

𝐴𝑉          surface area of water droplets per unit volume of cooling tower 

𝐶𝑝𝑚 constant pressure specific heat of moist air 

𝐶𝑠 saturation specific heat 

EBError energy balance error 

ℎ𝐶  convection heat transfer coefficient 

ℎ𝑔,𝑤 enthalpy of water vapor at the local temperature  

ℎ𝑠,𝑤,𝑒 effective saturation enthalpy  

MBE      mean bias error 

NTU       Number of Transfer Unit 

𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 chiller input power 

𝑃𝑓𝑎𝑛 fan power 

PLR        part-load ratio 

𝑄𝐶ℎ𝑖𝑙𝑙𝑒𝑟 cooling capacity of the chiller 

𝑄𝐶𝑇 cooling capacity of the cooling tower (𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔𝑇𝑜𝑤𝑒𝑟) 

RMSE    root mean square error 
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𝑟𝑊𝐵 heat of vaporization of water at wet-bulb temperature 

𝑇𝑎𝑝𝑝 approach temperature 

𝑇𝑟𝑒𝑓        reference temperature 

𝑇𝑊𝐵 wet-bulb temperature 

𝑉𝑇           total tower volume 

𝑊           water to air heat capacity rate ratio 

𝜔𝑠,𝑤,𝑒     effective saturation humidity ratio 

𝜔𝑊𝐵       humidity ratio of saturated air at wet-bulb temperature 

𝑋𝑂 Number of heat transfer units 

𝜃𝑎 non-dimensional air temperature 

𝜃𝑤 non-dimensional water temperature 

𝜖𝑎            non-dimensional air humidity ratio 

ϵ𝑤
′′            non-dimensional humidity ratio of saturated air at water 

temperature 

εa air-side effectiveness 

εw water-cooling efficiency 

 

Chapter IV and Chapter V 

COP       coefficient of performance 

EIR        energy input to cooling output ratio 

𝑃𝑟𝑒𝑓 reference chiller power 

�̇�𝑟𝑒𝑓 reference cooling capacity 
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�̇�𝑒𝑣𝑎𝑝 chiller load 

𝑇𝑐𝑜𝑛𝑑,𝑒 entering condenser fluid temperature (also cooling tower exiting 

temperature) 

𝑇𝑐𝑜𝑛𝑑,𝑙 leaving condenser fluid temperature (also cooling tower exiting 

temperature) 

𝑇𝑐𝑤,𝑙 leaving chilled water temperature 
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CHAPTER I  

INTRODUCTION 

 

1.1 Background 

The heating and cooling demands are always considerable energy concerns in 

buildings and industry. Usually, there are central plants providing heating and cooling 

for building groups. Take Texas A&M University as an example. Based on the Texas 

A&M University Energy Management Report, the energy consumption is 211 kBtu per 

gross square foot and 4.98 trillion Btu in total in fiscal year 2014. The total annual cost is 

more than $75 million. Such a huge bill suggests that even a small relative decrease in 

the energy requirements of a plant can significantly reduce the operating costs. In the 

process of achieving the optimization, the plants’ saving potential is usually evaluated 

and a higher efficiency mode can be realized. The potential for significant cost reduction 

and the higher-efficiency design and control practices for cooling systems, are the 

impetus for this project. 

Typically, a centralized cooling plant consists of one or more chillers, cooling 

towers, and pumps to satisfy the cooling demands of one or more buildings. The system, 

with recirculating water, is basically a big heat and mass exchanger set. Figure 1.1 shows 

a simplified schematic of the typical water circuits for a tower-chiller-load combination. 

In the diagrammed case, the load is assumed to be air conditioning. For example, cool 

and relatively dry air is supplied to the zones where both the temperature and humidity 

rise due to sensible and latent gains from people, lights, equipment and other loads. The 
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chilled water pump (CHWP) circuit delivers water to the “load”. The chilled water then 

returns to the chiller where its load is transferred to the condenser water pump (CWP) 

circuit.  

 

 

 

 

 

  

 

 

Figure 1.1 Simplified Schematic of Water Circuitry in a Typical Cooling System 

 

A cooling tower is a vital component of Heating Ventilation and Air-

Conditioning systems. They are also widely used in major industrial plants for the 

purpose of reducing the temperature of circulated cooling water with a view of 

maximizing its reusability and thus achieving improved overall efficiency. Cooling 

towers work on the principles of evaporative cooling and hence the cooled water 

temperature is limited by the wet bulb temperature of the cooling air.   

The mass transfer and heat exchange processes in a cooling tower are quite 

complicated. There are several existing methods, such as the Merkel method and the 

Poppe method, which can model these complex processes and provide an estimate of the 

CHWP 

Chiller(s) Load Cooling 

Tower(s) 

Air 

Make-up 

CWP 
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performance of cooling towers. These methods, although widely studied and accepted by 

practitioners, have their own limits. The accuracy of the Merkel model is lowered due to 

simplifying assumptions used in its development to simplify the mathematical 

calculations. The Poppe method is difficult to use in practice because of its complexity. 

These limitations give rise to the need for a cooling tower model that is not only easily 

implementable in practice but also gives results with a high level of accuracy.  

Usually, engineers are primarily interested in the water inlet and outlet 

temperatures of cooling towers and seek to reach a desired approach temperature. The 

outlet air conditions are neglected by nearly all cooling tower models. These actual 

exiting air conditions are necessary to better understand the tower performance. The 

water loss is also neglected in most models like the Merkel model. Modeling the water 

loss by evaporation and, the unsaturated outlet air condition would be a more accurate 

method to describe a cooling tower’s performance. The laborious computational 

iterations of some models need to be simplified to improve the practical usability of the 

model. The Effectiveness Model developed by Braun (1988) to describe a cooling tower 

under specific conditions reduces the computational burden significantly and at the same 

time it is found to be highly accurate. This model can help determine the location of the 

optimal operation point and be used in the methodology to achieve this optimum.  

This thesis will utilize the Braun model to reevaluate the performance 

characteristics of cooling towers with unsaturated exiting air.  It will provide a 

recommendation for the energy consumption trade-off between the cooling tower fans 
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and the chillers with an aim to operate the entire cooling system at an optimal point and 

optimal range. 

 

1.2 Purpose and Objectives 

The heating and cooling demands are always considerable energy concerns in 

buildings and industry. The cooling towers, as a vital component in this system, have a 

major potential to save energy and money when they operate in the higher efficiency 

mode. The potential for cost reduction, as well as the higher-efficiency design and 

control practices for cooling systems, offers the impetus for this project. 

There are some mature models for cooling towers such as the Merkel model and 

the Poppe model. They are widely studied and accepted by practitioners, but their limits 

have raised new questions in some cases when it comes to the practical application in the 

field. The Merkel model assumes a saturated outlet air condition and no water loss in the 

process, which underestimates the cooling capacity and hence gives less accurate results, 

although it does simplify the calculation significantly. The Poppe method is accurate 

enough to predict the outlet conditions for the cooling tower, but its requirement of super 

computers to solve the differential equations has set barriers for most practicing 

engineers. It is these limitations that have motivated the development of a cooling tower 

model that is not only easily implementable in practice but also gives results with high 

levels of accuracy.  

This thesis will present the process of improving the performance of the cooling 

tower system with no assumption about the saturation of the exiting air, thus expanding 
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the horizons for the application of this methodology. The Effectiveness Model for the 

cooling towers developed by Braun (1988) is introduced and explored to achieve the 

above-mentioned goals. The most significant advantage of the Braun model is that the 

simplicity of the relationship between operating parameters offers great insights into 

their effects on the behavior of cooling towers. It can be applied to a wide operational 

range of a cooling tower. The general nature of the Braun model easily simplifies the 

testing of devices such as heat exchangers used to estimate the performance of cooling 

towers and reduces the number of measurements needed to obtain reliable data. The 

reduction in the number of required measurements significantly reduces the eventual 

error of the model. The Braun model combines the simplicity of models like that of 

Merkel and the high accuracy of models like that of Poppe and thus becomes a more 

desirable model for engineers to use in the field.  

Braun’s cooling tower model is one significant part of this thesis. This study will 

also review the performance curves of chillers and fans in order to analyze the 

performance of the entire cooling system. There are few practical methodologies in the 

existing literature concerning the procedure of evaluation and optimization for the entire 

cooling system, and hence there is a need for a simple but reliable methodology for field 

implementation. By combining the models for components included in the cooling 

system such as the cooling towers and chillers, we can easily estimate the optimal 

operating condition for a specific cooling system with only a few measurements. The 

methodology explored in this thesis involves field measurement of sufficient cooling 

tower performance data to determine the cooling tower NTU.  This information is then 
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utilizedwith measured weather and load data and chiller performance curves to give field 

engineers a practical way to optimize the performance of the entire cooling system. With 

the Braun model and the analysis of measured data, we can describe the actual 

performance of a cooling system and predict its exiting air and water conditions in a 

simple but reliable way. 

 

1.3 Organization of the Thesis 

This thesis is divided into six chapters, including: 1) Introduction, 2) Literature 

Review, 3) Cooling Tower Model Development, 4) Chiller Model Development, 5) 

Methodologies for Optimal Control, 6) Conclusions and Discussion. 

Chapter I presents an introduction to this study with a background, the purpose 

and objectives. Chapter II reviews the literature related to this study. It verifies the 

unsaturated outlet air condition, introduces some classical models and modified models 

and elaborates attempts for optimized cooling system operation. Chapter III and Chapter 

IV describe the considerations of comparing and selecting models for the cooling towers 

and chillers. Chapter V explains the methodology for optimal control with the selected 

model and performance curves. This chapter also discusses the optimized operation 

point and operation range under different wet-bulb temperatures and other weather 

conditions. Chapter VI summarizes this study, and discusses future research. 
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CHAPTER II  

LITERATURE REVIEW 

 

In this chapter, we first review the actual outlet air condition of the cooling tower 

which we use to explain the drawbacks of models such as that of Merkel and the 

advantages of the Braun model. The literature review then explores briefly several 

existing cooling tower models, including classical models developed by Merkel and 

Poppe. Attempts made by subsequent researchers to improve the performance of these 

cooling tower models are also discussed. 

 

2.1 Outlet Air Conditions 

Outlet air of the cooling tower is generally treated as saturated air in most 

models. During the process of heat and mass transfer in a cooling tower, the ambient air 

powered by a fan, goes through the fill from the bottom to the top of the tower in a 

counter clockwise flow. The air absorbs heat and moisture from water, with the absorbed 

moisture becoming vapor, which thus increases the relative humidity at the outlet. 

However, few cooling towers achieve the state of complete outlet air saturation.  

Zheng et al. (2012) compared the total heat transfer rate, the outlet humidity ratio, 

and the outlet temperature of air under unsaturated and supersaturated conditions. They 

found that the difference in the total heat transfer rate between these two states of 

saturation was less than 0.1% if the inlet water temperature is fixed at 310K, while the 

inlet air temperature varies from 280K to 310K. The difference in outlet air conditions, 
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which includes the humidity ratio and the temperature, increases with increasing inlet air 

humidity ratio. They measured the status of outlet air at inlet air temperatures of only 

280K, 290K, 300K and 310K, and thus it’s hard to make a conclusion of air status at any 

other temperature. Based on these tests, they found that the outlet air conditions were 

unsaturated at inlet air temperature of 290K, 300K and 310 K and ambient RH varying 

from 8% to 97%. However, at an inlet air temperature of 280 K, the results showed that 

the outlet air conditions were all supersaturated for the specific cooling tower they 

investigated. The higher the inlet air temperature, the higher the saturation point and 

hence the more water vapor can be absorbed when the air gets saturated. 

Kloppers and Kröger (2004) pointed out that it does not matter how much water 

vapor is present in the supersaturated air for a specific air enthalpy since the lines of 

constant air enthalpy in the supersaturated region are very close to vertical. In this case, 

the results calculated from supersaturated governing equations are fairly close to 

unsaturated ones. Thus the assumption that the air is unsaturated is also a very useful 

assumption to predict the total heat transfer rate of the cooling towers if the air is 

supersaturated. 

 

2.2 Classical Methods and Models 

There are several classical methods to model the performance of a cooling tower. 

We will now discuss some of them briefly. 

The first practical theory and equation set was developed by Merkel in 1925. 

This theory is widely accepted for thermal evaluation of cooling towers and is still 
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widely used today. It relies on three critical assumptions to simplify the calculations 

involved. The assumptions are: 

• the water loss by evaporation is negligible 

• the air exiting the cooling tower is saturated 

• the Lewis number, relating heat and mass transfer is unity 

With all the assumptions taken into account, the Equations (2.1) and (2.2) for 

Merkel theory are obtained from mass and energy balances of control volumes shown in 

Figures 2.1 and 2.2.  

𝑑ℎ𝑚𝑎

𝑑𝑦
=

ℎ𝑑𝑉𝑓𝑖𝑙𝑙

𝑚𝑎 
(ℎ𝑚𝑎𝑠𝑤 − ℎ𝑚𝑎)                                              (2.1) 

𝑑𝑇𝑤

𝑑𝑦
=

𝑚𝑎𝑑ℎ𝑚𝑎

𝑚𝑤𝑐𝑝𝑤𝑑𝑦 
                                                       (2.2) 

where ℎ𝑚𝑎 is the enthalpy of air, ℎ𝑚𝑎𝑠𝑤 is the enthalpy of saturated air at the 

local bulk water temperature, ℎ𝑑 is the mass transfer coefficient, and 𝑉𝑓𝑖𝑙𝑙 is the unit 

volume of length 𝑑𝑦 of fill.  

 

 

 

 

 

 

 

Figure 2.1 Schematic Diagram of a Counterflow Cooling Tower 
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Figure 2.2 Control Volume of the Counterflow Fill 

 

Because of the water lost by evaporation and the unsaturated outlet air condition, 

the Merkel model underestimates the cooling capacity. For this reason, the Merkel 

method cannot accurately represent the physics of the heat and mass transfer processes 

and so the predicted outlet air temperature and humidity could be significantly different 

from the actual observed values in certain cases. The underestimation of the tower 

capacity by the Merkel model and the deviation from observed performance gives rise to 

questions pertaining to the nature of air leaving the fill, and hence the  optimal operation 

point of the cooling tower.  

In the early 1970s, the Poppe method, without Merkel’s simplifying assumptions, 

was developed by Poppe and Rögener. The Poppe method uses a more complex and 

accurate model for a cooling tower and predicts the outlet conditions better. It is based 

on a system of advanced differential equations. From Figures 2.1 and 2.2, governing 

equations for unsaturated air after some manipulation are: 

 𝑑𝑦 

𝑚𝑤, ℎ𝑤 𝑚𝑎(1 + 𝑤) 

ℎ𝑚𝑎 

Control Volume 

𝑚𝑤 + 𝑑𝑚𝑤ℎ𝑤
+ 𝑑ℎ𝑤 

 

𝑚𝑎(1 + 𝑤 + 𝑑𝑤) 

ℎ𝑚𝑎 + 𝑑ℎ𝑚𝑎 
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𝑑𝑤

𝑑𝑇𝑤
=

𝑐𝑝𝑤(𝑤𝑠𝑤−𝑤)𝑚𝑤

𝑚𝑎
/[ℎ𝑠𝑤 − ℎ𝑚𝑎 + (𝐿𝑒𝑓 − 1){ℎ𝑠𝑤 − ℎ𝑚𝑎 − (𝑤𝑠𝑤 − 𝑤)ℎ𝑣} −

(𝑤𝑠𝑤 − 𝑤)𝑐𝑝𝑤𝑇𝑤]                                                  (2.3) 

𝑑ℎ𝑎

𝑑𝑇𝑤
=

𝑐𝑝𝑤𝑚𝑤

𝑚𝑎
[1 + (𝑤𝑠𝑤 − 𝑤)𝑐𝑝𝑤𝑇𝑤/[ℎ𝑚𝑎𝑠𝑤 − ℎ𝑚𝑎 + (𝐿𝑒𝑓 − 1){ℎ𝑚𝑎𝑠𝑤 − ℎ𝑚𝑎 −

(𝑤𝑠𝑤 − 𝑤)ℎ𝑣} − (𝑤𝑠𝑤 − 𝑤)𝑐𝑝𝑤𝑇𝑤]                                      (2.4) 

𝐿𝑒𝑓 =
ℎ

ℎ𝑑𝑐𝑝𝑎
= 0.865

2

3(
𝑤𝑠𝑤+0.622

𝑤+0.622
− 1)/ln (

𝑤𝑠𝑤+0.622

𝑤+0.622
)                         (2.5) 

where wsw is the saturation humidity ratio of air evaluated at the local bulk water 

temperature and hv is the enthalpy of the vapor (Kloppers and Kröger, 2005).  

The Equations (2.3) to (2.5) of the Poppe method must be solved by an iterative 

procedure. This is a computationally laborious task requiring the help from super 

computers (Halasz, 1998). Despite its high accuracy, the Poppe method is seldom used 

in the field due to this computational burden.  

 

2.3 Other Modified Models 

The Merkel and Poppe methods are both accepted widely by researchers. 

However, because of their limitations stated above, there was need for models which 

would be both accurate and easy to implement in a field setting.  

For the cooling tower models, one common traditional strategy is to utilize 

variable tower airflow to maintain a fixed supply temperature to the chiller condenser. 

Another “optimized” method of operation is to maintain a constant approach temperature 

(Braun, 1990). Braun indicated that the optimal supervisory control is primarily a 

function of two easily measured uncontrolled variables, which are the total chilled-water 
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cooling load and the ambient wet-bulb temperature. A modified non-dimensional model 

developed by Halasz (1998) transformed the complex system of differential equations to 

a pure non-dimensional form. According to Halasz, to obtain the simplest possible non-

dimensional model, the Lewis number is assumed to be equal to 1 and the outlet air 

condition is not assumed to be saturated. Another popular cooling tower model was 

developed by Whillier (1976). He introduced a fundamental concept called the tower 

capacity factor, R, as a basis for correlation of test data and for predicting performance. 

His work also presented an optimal ratio of water flowrate to air flowrate for a certain 

set of outside conditions to minimize the average water temperature across the cooling 

tower. 

For the chiller models, thermodynamic models of reciprocating chillers (Chua et 

al. 1996), centrifugal chillers (Gordon et al. 1995) and a “universal” thermodynamic 

model for chillers (Gordon and Ng 1995) are available. Several simpler models, 

including absorption chillers, combustion turbine chillers and electric chillers, are also 

introduced in the EnergyPlus Reference book.   

There have been several attempts to optimize the operating methodology of a 

cooling system. Van (1985) utilized the condenser water flowrate and cooling tower fan 

speed as the control variables while Schwedler and Bradley (2001) used average water 

temperature to determine the capacity of the tower. Most of these attempts only 

optimized the operation of one component like the chiller or the cooling tower, instead 

of the whole system.  
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Several attempts have also been made to address the optimization of the entire 

cooling system as a whole with partial success. For instance, an optimum water flowrate 

was used to achieve the lowest possible average temperature of water when dissipating a 

specific amount of heat into a specific stream of air. Another discussion of optimal 

control was presented by Braun (1990). He argued for trade-offs in the power 

consumption of the chillers and the cooling tower fans and developed an algorithm, 

based upon an open-loop control equation, for the near-optimal control of the cooling 

system. He pointed out that the minimum total power occurs at a point where the rate of 

increase in the fan power with airflow is equal to the rate of decrease in the chiller power. 

The reset schedule of the optimal cooling tower condenser water leaving temperature 

was not discussed. Zhang et al. (2011) then introduced the optimization of the cooling 

tower condenser water leaving temperature using a component-based model. Their 

simulation results showed that the optimal cooling tower approach set-point reset 

schedule can be approximated with two straight lines, which can bring significant energy 

savings compared with the scenario with a constant cooling tower condenser water 

leaving temperature. However, currently, no single model in the published literature can 

represent all components in the cooling system (Graves, 2003). 

Cortinovis et al. (2009) summarized some recommendations for optimal 

operation from their case studies. When there is an increase of thermal demand of the 

process without a simultaneous requirement of a lower water outlet temperature from the 

cooling tower, the optimal solution prescribes increasing the flowrate of circulating 

water through the system within a reasonable range, keeping the other operational 
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conditions constant. In situations when cooler water is needed to fulfill the process 

thermal demand, and it is sufficiently available, the most economical choice is to 

increase the air flowrate through the cooling tower. If the required temperature of the 

exiting water from the cooling tower must still be lower than the one achieved by the 

cooling tower and the air flowrate no longer can be raised, the methodology dictates the 

forced reduction of the water flowrate that enters the cooling tower.  

 

2.4 Lewis Factor Influence 

The Lewis factor is defined as the ratio of heat and mass transfer, playing an 

important role in cooling towers’ modeling. It’s a function of the humidity of the air in 

the boundary layer at the air-water interface. In the Merkel method, the Lewis factor is 

assumed equal to 1, while Poppe and Rögener use Equation (2.5) to express the Lewis 

factor. Kloppers and Kröger (2005) presented a comprehensive analysis for the 

influences of the Lewis factor. 

The Lewis factor varies with change in atmospheric temperature and humidity. 

Kloppers and Kröger (2005) argued that the Lewis factor assumption of Merkel is not 

correct and that it is most likely in the range from 0.6 to 1.3.The higher the Lewis factor, 

the more heat is rejected from the tower, with a corresponding increase in outlet air 

temperature and a decrease in the outlet water temperature. Less water is evaporated 

with an increasing Lewis factor. At very high ambient temperatures, the results from the 

model are fairly close with different Lewis factors. However, as the inlet air temperature 

decreases, the results vary with the different Lewis factors. Thus at higher temperatures 



 

15 

 

(>26ᵒC), it doesn’t matter as much if the Lewis number specification is applied 

inconsistently (Kloppers and Kröger, 2005). Again, it is emphasized that the same 

specification of the Lewis factor must be applied to evaluate the performance 

characteristics of a certain fill material and subsequently to employ the same Lewis 

factor specification to predict the cooling tower performance. 

The water temperature and heat rejected are within close tolerance for different 

Lewis factors. However, this trend is not observed for the evaporated water and the air 

outlet temperature. More water is evaporated for lower Lewis factors. This is because the 

Lewis factor is an indication of the relative rates of heat and mass transfer in an 

evaporative process. 
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CHAPTER III  

COOLING TOWER MODEL DEVELOPMENT 

 

This chapter describes and compares different cooling tower models, including 

the Merkel, Halasz, Braun and detailed models, with the derivation of the equation 

system and the application for a specific cooling tower. Among these models, the Halasz 

and Braun models abandon the assumption of saturated exiting air. In particular, the 

Braun model is selected for this thesis. Based on the Braun model and the measurements, 

regression will be carried out to obtain the NTU for a particular tower. The NTU, in turn, 

will be used as an input for Braun model to calculate the air flowrate.  

 

3.1 General Mass and Energy Balances 

There are two subsystems in cooling towers: air and water. The assumptions 

include a constant air flowrate, a steady-state energy balance condition and negligible 

heat transfer from the walls. A schematic of a counterflow cooling tower showing 

pertinent states and dimensions is given in Figure 3.1. 
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Figure 3.1 Directions of Water and Air in a Counterflow Cooling Tower 

Within the incremental volume, dV, the relation between water and air enthalpies 

is shown in Equation (3.1). The incremental water loss, 𝑑�̇�𝑤, and water flowrate at any 

point within the tower, �̇�𝑤, are determined from steady-state water mass balance 

equations below: 

�̇�𝑎𝑑ℎ𝑎 = 𝑑(�̇�𝑤ℎ𝑓,𝑤) = �̇�𝑤ℎ𝑓,𝑤 + ℎ𝑓,𝑤𝑑�̇�𝑤 (3.1) 

𝑑�̇�𝑤 = �̇�𝑎𝑑𝑤𝑎 (3.2) 

�̇�𝑤 = �̇�𝑤,𝑖 − �̇�𝑎(𝜔𝑎,𝑜 − 𝜔𝑎) (3.3) 

where �̇�𝑎 is the mass flowrate of dry air, ℎ𝑎 is the enthalpy of moist air per unit 

mass of dry air, �̇�𝑤 is the mass flowrate of water,  ℎ𝑓,𝑤 is the enthalpy of liquid water 

V
 

𝑑
V

 

𝑤𝑎 + 𝑑𝑤𝑎 
ℎ𝑎 + 𝑑ℎ𝑎 

�̇�𝑤 + 𝑑�̇�𝑎 
𝑇𝑤 + 𝑑𝑇𝑤 

�̇�𝑎;𝑤𝑎,𝑜; ℎ𝑎,𝑜 
Water 
�̇�𝑤𝑖;𝑇𝑤𝑖

Air 
�̇�𝑎;𝑇𝑎𝑖,𝑤𝑎𝑖 �̇�𝑤,𝑜;𝑇𝑤,𝑜 

𝑤𝑎; ℎ𝑎 �̇�𝑤;𝑇𝑤 
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and 𝜔𝑎 is the local air humidity ratio. Subscripts i and o represent inlet and outlet 

conditions respectively. 

From Equations (3.1)-(3.3), the change in water temperature from the water inlet 

to the outlet is: 

𝑑𝑇𝑤 =
𝑑ℎ𝑎−𝐶𝑝𝑤(𝑇𝑤−𝑇𝑟𝑒𝑓)𝑑𝑤𝑎

[
�̇�𝑤,𝑖
�̇�𝑎

−(𝜔𝑎,𝑜−𝜔𝑎)]𝐶𝑝𝑤

                                         (3.4) 

where 𝑇𝑤 is the water temperature, 𝑇𝑟𝑒𝑓 is the reference temperature for zero 

enthalpy of liquid water, and 𝐶𝑝𝑤 is the constant pressure specific heat of liquid water. 

For the air side, the enthalpy increase of the air stream equals the rate of energy 

transfer from the water droplets due to both heat and mass transfer: 

�̇�𝑎𝑑ℎ𝑎 = ℎ𝐶𝐴𝑉𝑑𝑉(𝑇𝑤 − 𝑇𝑎) + ℎ𝑔,𝑤�̇�𝑎𝑑𝜔𝑎                       (3.5) 

where ℎ𝐶  is the convection heat transfer coefficient, 𝐴𝑉 is the surface area of 

water droplets per unit volume of cooling tower and  ℎ𝑔,𝑤 is the enthalpy of water vapor 

at the local temperature. 

The rate of mass transfer of water vapor to the air stream is: 

�̇�𝑎𝑑𝑤𝑎 = ℎ𝐷𝐴𝑉𝑑𝑉(𝜔𝑠,𝑤 − 𝜔𝑎)                                   (3.6) 

where ℎ𝐷 is the mass transfer coefficient and 𝜔𝑠,𝑤 is the saturated air humidity 

ratio at the water temperature. 

If the Lewis number definition (𝐿𝑒 = ℎ𝐶/(ℎ𝐷𝐶𝑝𝑚)) is used, the following 

equation is obtained from Equation (3.5): 

�̇�𝑎𝑑ℎ𝑎 = ℎ𝐷𝐴𝑉𝑑𝑉[𝐿𝑒𝐶𝑝𝑚(𝑇𝑤 − 𝑇𝑎) + ℎ𝑔,𝑤(𝜔𝑠,𝑤 − 𝜔𝑎)] 

= 𝐿𝑒ℎ𝐷𝐴𝑉𝑑𝑉[(ℎ𝑠,𝑤 − ℎ𝑎) + ℎ𝑔,𝑤 (
1

𝐿𝑒
− 1) (𝜔𝑠,𝑤 − 𝜔𝑎)]     (3.7) 
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where 𝐶𝑝𝑚 is the constant pressure specific heat of moist air and ℎ𝑔,𝑤 is the 

enthalpy of water vapor at the local water temperature. The overall number of transfer 

units for mass transfer is defined as 

𝑁𝑇𝑈 =
ℎ𝐷𝐴𝑉𝑉𝑇

�̇�𝑎
                                                (3.8) 

where 𝑉𝑇 is the total tower volume. Applying the NTU, Equations (3.6) and (3.7) 

can be reduced to: 

𝑑𝑤𝑎

𝑑𝑉
= −

𝑁𝑇𝑈

𝑉𝑇
(𝜔𝑎 − 𝜔𝑠,𝑤)                                      (3.9) 

𝑑ℎ𝑎

𝑑𝑉
= −

𝐿𝑒 𝑁𝑇𝑈

𝑉𝑇
[(ℎ𝑎 − ℎ𝑠,𝑤) + ℎ𝑔,𝑤 (

1

𝐿𝑒
− 1) (𝜔𝑎 − 𝜔𝑠,𝑤)          (3.10) 

If the NTU, Lewis number and inlet conditions are given, the equations above 

can be solved numerically for air and water outlet conditions, including 𝑤𝑎,𝑜 𝑎𝑛𝑑 𝑇𝑎,𝑜, 

after an iteration process. 

 

3.2 Halasz Non-Dimensional Model 

Halasz (1998) developed a non-dimensional general mathematical model for the 

description of all types of evaporative cooling devices. This is a practical cooling tower 

model without a saturation assumption. This model transforms the complex system of 

differential equations to a pure non-dimensional form. By doing so, the parameters are 

greatly reduced; thus some obscure factors can also be evaluated. To obtain the simplest 

possible non-dimensional model, the Lewis number is assumed equal to 1.  

Definitions of non-dimensional temperature and humidity ratios are: 

𝜃𝑎 =
𝑇𝑎−𝑇𝑊𝐵

𝑇𝑎𝑖−𝑇𝑊𝐵
;  𝜃𝑤 =

𝑇𝑤−𝑇𝑊𝐵

𝑇𝑎𝑖−𝑇𝑊𝐵
                                      (3.11) 
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𝜖𝑎 =
𝜔𝑎−𝜔𝑊𝐵

𝜔𝑊𝐵−𝜔𝑎𝑖
;  ϵ𝑤

′′ =
𝜔𝑠,𝑤−𝜔𝑊𝐵

𝜔𝑊𝐵−𝜔𝑎𝑖
                                    (3.12) 

By introducing these parameters, a non-dimensional coordinate system (𝜃, 𝜖) is 

established. And Equations (3.11) and (3.12) are related by the well-known equation: 

𝑇𝑎𝑖 − 𝑇𝑊𝐵 =
ℎ𝑑𝑟𝑊𝐵

ℎ𝑐
(𝑤𝑊𝐵 − 𝑤𝑎𝑖)                                   (3.13) 

where 𝜔𝑠,𝑤 and 𝜔𝑊𝐵 is the humidity ratio of saturated air at bulk water 

temperature and wet-bulb temperature respectively, 𝑟𝑊𝐵 is the heat of vaporization of 

water at the wet-bulb temperature and ℎ𝑐 is the convective heat transfer coefficient. 

Other non-dimensional coefficients are: 

Number of heat transfer units:                  𝑋𝑂 =
ℎ𝑐𝐴𝑠

𝑚𝑎𝑐𝑝𝑎
                                    (3.14)                           

Lewis factor:                                             𝐿𝑒𝑓 =
ℎ𝑑𝑐𝑝𝑎

ℎ𝑐
                                   (3.15) 

Non-dimensional slope of the straight air saturation line B: 

𝑏 =
𝜔𝑠,𝑤−𝜔𝑊𝐵

𝑇𝑤−𝑇𝑊𝐵
, 𝐵 =

𝑏𝑟𝑊𝐵

𝑐𝑝𝑎
                                     (3.16)                                                               

Water to air heat capacity rate ratio:         𝑊 =
𝑚𝑤𝑐𝑤

𝑚𝑎𝑐𝑝𝑎
                                    (3.17) 

A new combined non-dimensional parameter z can be defined: 

z =
1+𝐵

𝑊
                                                         (3.18) 

as the ratio of total heat capacity rate of the given mass flowrate of air along its 

saturation line to the heat capacity rate of the given water mass flowrate. A very simple 

formula for the water-cooling efficiency 𝜀𝑤 is obtained:  

𝜀𝑤 =
𝑇𝑤𝑖−𝑇𝑤𝑜

𝑇𝑤𝑖−𝑇𝑊𝐵
= 1 −

𝜃𝑤𝑜

𝜃𝑤𝑖
= 𝑧

1−𝑒−(1−𝑧)𝑋𝑂

1−𝑧𝑒−(1−𝑧)𝑋𝑂
                            (3.19) 
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Equation (3.16) gives us a plot of b versus 𝑇𝑤. Assume a value for 𝑇𝑤𝑜, then the 

specific 𝑇𝑤 for calculation can be simplified by the following equation: 

𝑇𝑤 =
𝑇𝑤𝑖−𝑇𝑤𝑜

𝑙𝑛 (
𝑇𝑤𝑖
𝑇𝑤𝑜

)
                                                   (3.20) 

For measured data of 𝑇𝑤𝑖, 𝑇𝑊𝐵, 𝑇𝑎𝑖, 𝑤𝑎𝑖 and designed 𝑚𝑎 and 𝑚𝑤, values of b, 

B, z, 𝜀𝑤 W and 𝑇𝑤𝑜 can be calculated with energy balance equations. If the obtained 𝑇𝑤𝑜 

has an error less than ±0.5% of the assumed 𝑇𝑤𝑜, 𝑇𝑤𝑜 can be determined. This iteration 

process runs no more than 3 times for most cases, which is extremely simple for field 

use. The actual outlet air temperature and humidity can also be obtained from following 

equations: 

𝑇𝑎𝑜 = 𝑇𝑊𝐵 + [
1

𝑧
(𝑇𝑤𝑖 − 𝑇𝑤𝑜) + (𝑇𝑎𝑖 − 𝑇𝑊𝐵)𝑒−𝑋𝑂]                     (3.21) 

𝑤𝑎𝑜 = 𝑤𝑊𝐵 + (𝑤𝑊𝐵 − 𝑤𝑎𝑖)[
𝐵

𝑧

𝑇𝑤𝑖−𝑇𝑤𝑜

𝑇𝑎𝑖−𝑇𝑊𝐵
− 𝑒−𝑋𝑂]                       (3.22) 

If needed, the percentage of evaporated water is defined by Equation (3.23): 

∆𝑚𝑤

𝑚𝑤
=

𝑐𝑤(𝑇𝑎𝑖−𝑇𝑊𝐵)

𝑟𝑊𝐵

1+𝜖𝑎𝑜

𝑊
                                          (3.23) 

Halasz (1998) pointed out that the outlet air enthalpy is computed fairly 

accurately with the non-dimensional model. Moreover, when the cooling range (𝑇𝑤𝑖 −

𝑇𝑤𝑜) is no greater than 10 ᵒC, it gives a more accurate result than the Merkel method. 

However, the results of the non-dimensional model deviate from the detailed model, 

defined by Equation (3.4 – water temperature change), (3.9 - dwa/dV through the tower) 

and (3.10 – dha/dV), by more than 10% in extreme conditions (with very minimum air 

flow, exceedingly large cooling range, or foggy outlet air condition). When the outlet 

temperature is too near to the water inlet temperature, this model yields no result. Since a 
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formula for the enthalpy of unsaturated air is used in deriving this model, error is 

inevitable. Overall, as far as the air outlet condition is concerned, the results of the non-

dimensional model can be considered satisfactory in general. However, since the non-

dimensional model can only describe the cooling towers performance accurately under 

moderate operating conditions, a better model is required.  

 

3.3 Braun Effectiveness Model 

The effectiveness model is a cooling tower model developed by Braun in 1988.  

It’s a simple, yet mechanistic method for modeling the performance of cooling towers. 

This method doesn’t assume saturated exiting air conditions as Merkel did. 

Consequently, the accuracy is more satisfactory, and it has significantly fewer 

computational requirements than the Poppe model. Compared to the Halasz model, the 

Braun model can be applied over a wider cooling temperature range. 

In this section, the effectiveness model is developed by utilizing the assumption 

of a linearized saturated air enthalpy and a Lewis number of unity. The linearization was 

utilized earlier for cooling towers by Threlkeld (1970). This method can estimate the 

water loss in cooling towers and predict the exiting air conditions. After applying the 

assumptions, the equations for the cooling tower are reduced to: 

𝑑ℎ𝑎

𝑑𝑉
= −

𝑁𝑇𝑈

𝑉𝑇
(ℎ𝑎 − ℎ𝑠,𝑤)                                         (3.24) 

𝑑𝑇𝑤

𝑑𝑉
=

�̇�𝑎(
𝑑ℎ𝑎
𝑑𝑉

)

�̇�𝑤𝐶𝑝𝑤
                                                   (3.25) 

If a parameter, 𝐶𝑠, is introduced, then Equation (3.25) can be written as: 



 

23 

 

𝑑ℎ𝑠,𝑤

𝑑𝑉
=

�̇�𝑎𝐶𝑠(
𝑑ℎ𝑎
𝑑𝑉

)

�̇�𝑤𝐶𝑝𝑤
                                                 (3.26) 

where, 

𝐶𝑠 = (
𝑑ℎ𝑠

𝑑𝑇
)𝑇=𝑇𝑤

=
ℎ𝑠,𝑤,𝑖−ℎ𝑠,𝑤,𝑜

𝑇𝑤,𝑖−𝑇𝑤,𝑜
                                     (3.27) 

𝐶𝑠 has the units of specific heat and will be termed the saturation specific heat. 

The linear relation between enthalpy and temperature differences helps to solve for the 

exiting conditions analytically. By selecting an appropriate average slope between the 

inlet and outlet water condition, an effectiveness relationship is derived in terms of 𝐶𝑠. 

Another important parameter is air-side effectiveness, 𝜺𝒂, which is defined as the 

ratio of the actual heat transfer to the maximum possible air-side heat transfer if the 

exiting air stream were saturated at the temperature of the incoming water (i.e. ℎ𝑎,𝑜 =

ℎ𝑠,𝑤,𝑖). Then the actual heat transfer is: 

�̇� = 𝜀𝑎�̇�𝑎(ℎ𝑠,𝑤,𝑖 − ℎ𝑎,𝑖)                                           (3.28) 

The effectiveness is calculated from: 

𝜀𝑎 =
1−𝑒𝑥𝑝 (−𝑁𝑇𝑈(1−𝑚∗))

1−𝑚∗𝑒𝑥𝑝 (−𝑁𝑇𝑈(1−𝑚∗))
                                          (3.29) 

where,  

𝑚∗ =
�̇�𝑎𝐶𝑠

�̇�𝑤,𝑖𝐶𝑝𝑤
                                                    (3.30) 

The exiting air enthalpy and the water temperature are determined from overall 

energy balances on the flow streams. 

ℎ𝑎,𝑜 = ℎ𝑎,𝑖 + 𝜀𝑎(ℎ𝑠,𝑤,𝑖 − ℎ𝑎,𝑖)                                     (3.31) 

𝑇𝑤,𝑜 =
�̇�𝑤,𝑖(𝑇𝑤,𝑖−𝑇𝑟𝑒𝑓)𝐶𝑝𝑤−�̇�𝑎(ℎ𝑎,𝑜−ℎ𝑎,𝑖)

�̇�𝑤,𝑜𝐶𝑝𝑤
                               (3.32) 
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By integrating Equation (3.24) for a constant ℎ𝑠,𝑤, an effective saturation 

enthalpy is determined as: 

ℎ𝑠,𝑤,𝑒 = ℎ𝑎,𝑖 +
ℎ𝑎,𝑜−ℎ𝑎,𝑖

1−𝑒𝑥𝑝 (−𝑁𝑇𝑈)
                                     (3.33) 

The exiting humidity ratio could be calculated by numerically integrating 

Equation (3.9) over the tower volume. With assumption that the Lewis number is unity, 

integration of Equation (3.9) yields: 

𝜔𝑎,𝑜 = 𝜔𝑠,𝑤,𝑒 + (𝜔𝑎,𝑖 − 𝜔𝑠,𝑤,𝑒)𝑒𝑥𝑝 (−𝑁𝑇𝑈)                      (3.34) 

where the effective saturation humidity ratio, 𝜔𝑠,𝑤,𝑒, can be found from a 

psychrometric chart by using the value of ℎ𝑠,𝑤,𝑒 under saturation condition. 

The water loss is not neglected in the Braun model. The water flowrate exiting 

the cooling tower is usually 1% to 4% less than the entering flowrate. From an overall 

mass balance, the exiting water flowrate is: 

�̇�𝑤,𝑜 = �̇�𝑤,𝑖 − �̇�𝑎(𝜔𝑎,𝑜 − 𝜔𝑎,𝑖)                                     (3.35) 

By using these equations, the air outlet conditions and water loss rate all can be 

obtained.  

 

3.4 Model Comparisons 

To evaluate and compare the performance of the Halasz and Braun models, an 

accurate analysis defined by the numerical solution of Equations (3.4 – water 

temperature change), (3.9 - dwa/dV through the tower) and (3.10 – dha/dV) and the 

Merkel analysis are applied as the criteria for the comparison. The Lewis number is 

assumed to be unity for both the Halasz and Braun models in this thesis. 
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Braun (1988) plotted the cooling tower air heat transfer effectiveness and water 

temperature effectiveness versus the NTU for different ratios of water flow to air flow 

and compared the outcomes of these four models. Braun’s figures were also utilized in 

this work to verify the models performance and to also compare it with that of Halasz 

model.  

Figure 3.2 shows the cooling tower air heat transfer effectiveness (ε𝑎) versus the 

NTU when the mass ratios of water to air flowrate are 0.5, 1 and 2 respectively. The 

operating condition is fixed at 70ᵒF dry-bulb, 60ᵒF wet-bulb and 90ᵒF water inlet 

temperature. Overall, the Merkel, the Braun and the Halasz models all agree well with 

the detailed analysis for the conditions shown in Figure 3.2. The Merkel model slightly 

underpredicts the heat transfer effectiveness and the water evaporation rate because of 

the neglect of the water loss and a reduced mass transfer in the cooling tower but the 

error decreases for increasing ambient air temperatures. Braun pointed out that errors 

associated with the Braun model are primarily a result of the assumption of a linear 

saturation enthalpy relationship. The Halasz model also assumed a linear air saturation 

line, so similar errors exist for the Halasz model. The overestimation of the Halasz 

model is more distinct as the ratio of water to air decreases.  

Figure 3.3 shows the cooling tower water temperature effectiveness (ε𝑤) under 

the same conditions as for Figure 3.2. The water temperature effectiveness is defined as 

the ratio of the temperature difference between the inlet and outlet water to the 

maximum possible temperature difference if the leaving water is at the entering air wet-

bulb temperature. The Merkel model overstates the water temperature effectiveness 
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slightly due to the neglect of the water loss. The ε𝑤 value predicted by the Halasz model 

is higher than the detailed analysis when the ratio of water to air is 0.5 and 1 but the gap 

decreases as the water-air ratio goes to 2.0. The Braun model gives results consistently 

closer to the detailed model for ε𝑤 than the Merkel and Halasz models. 

Based on the results in Figure 3.2 and Figure 3.3, the Braun model performs 

better than the Merkel and Halasz models when water loss and unsaturated conditions 

are present in the cooling tower. The Braun model offers a good compromise between 

simplicity, accuracy, and completeness. 

 

 
Figure 3.2 Air Heat Transfer Effectiveness Comparisons versus NTU 
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Figure 3.3 Water Temperature Effectiveness Comparisons versus NTU 
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Table 3.1 Design Operating Conditions  

Inputs 

Water 

Flowrate 

(lb/min) 

Dry-Bulb 

(°F) 

Wet-Bulb 

(°F) 

Water 

Inlet Temp 

(°F) 

Water 

Outlet 

Temp (°F) 

Value 6317 85 75 87 80 

 

 

 

Figure 3.4 Test Facility Cooling Tower 

 

Generally, this cooling system has two sets of cooling towers, chillers and pumps, 

which are shown schematically in Figure 3.5. Only one set is running at a time. Each 

cooling tower (CT) in this system is operated with the associated chiller. When chiller 1 

is commanded on, then CT 1 will operate; this also works for CT 2 and chiller 2. The 

cooling tower basin water level is maintained by an adjustable water level set point, by 

providing domestic cold water (DCW) make-up with a DCW makeup valve. Water 
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enters both the cooling tower basins with the valve open. The basins are configured as 

two different cells but have an interlocked overflow function 4 ft above the bottom of the 

tower basin. 

The cooling tower piping has the ability to deliver water to either the top of the 

cooling tower or directly to the basin, based on the condenser water temperatures and set 

points. If the condensing water temperature is below the set point, the pump valve will 

close and the condensing water will be delivered only to the top of the cooling tower.  

Each cooling tower fan has a VFD. The operation of the fan is also based on the 

condenser water temperature and the set point. When the condenser water pump valve is 

open to the basin, the cooling tower fan is off. When the condenser water temperature 

(Tcond,e) is above the set point, the fan will operate between 20% and 100% speed for the 

sake of maintaining the set point. 

The minimum possible condenser water temperature is the ambient wet-bulb 

temperature, which is not possible to achieve at any significant load. The design 

approach temperature for these cooling towers is 6 ᵒF. The supply water temperature to 

the chiller doesn’t go below 65 ᵒF because of the installed by-pass valve. There is also 

an isolation valve that will shut water off completely when there is no need for the water 

cooling. If the fan is running at full speed, the water cannot be cooled any further. Figure 

3.6 shows the measured data for the cooling range, which is defined as the difference 

between the inlet and outlet water temperatures, and the measured water flowrate of the 

cooling tower during calendar year 2015. 
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Figure 3.5 Schematic of the Cooling System at the Connally Building 

 

 

Figure 3.6 Cooling Range and Water Flowrate during Calendar Year 2015 
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3.6 Air Flowrate Distribution for the Fan  

Cooling towers are also characterized by the air movement method. Mechanical-

draft cooling towers rely on power-driven fans to draw or force the air through the tower. 

The fan’s performance directly affects the performance of the cooling tower system. 

Achieving the optimized approach temperature for the cooling tower with the lowest 

electric power requirement is the main goal for the fan performance optimization. The 

fan models based on the regression with fan measurements and their performance curves 

can help determine the optimized operating condition combined with the chiller side. 

 

3.6.1 Calibration for the Air Flowrate Meters 

The instrument utilized to measure the air velocity in this thesis is the TSI 

VelociCalc
○R  Air Velocity Meter Model 9555 Series with a range of 0 to 9999 ft/min and 

an accuracy of ±3% of reading or ±3 ft/min, whichever is greater. 

To verify the credibility of the meters, a field calibration was performed. Two 

TSI meters (model 9555P0905005 and 9555P0732009) are put at a distance of 1 inch 

from each other at the exit of the cooling tower fan to measure the air velocity (ft/min) at 

the same time. The measurement samples are shown in Figure 3.7. 
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Figure 3.7 Comparison of Air Velocity Measurement for Two TSI Meters  

 

To evaluate the degree of match between the two sets of measurements, three 

statistical metrics are used:  

Firstly, the root mean square error (RMSE) is defined by following equation: 

(RMSE)2 =
∑𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑖

2

𝑁−2
                                             (3.36) 

The second statistical metric used is the mean bias error (MBE):  

(MBE)2 =
∑𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑖

𝑁
                                               (3.37) 

The third statistical metric is the combined error (ERRORTOT) defined as: 

𝐸𝑅𝑅𝑂𝑅𝑇𝑂𝑇 = (𝑅𝑀𝑆𝐸𝑇𝑂𝑇
2 + 𝑀𝐵𝐸𝑇𝑂𝑇

2 )1/2                          (3.38) 

Together with the “max velocity residual”, which is defined as the maximum 

velocity difference between the two meters, the values of the above-mentioned statistical 
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metrics are listed in Table 3.2 to analyze the degree of match between the two sets of air 

velocity measurements.  

 

Table 3.2 Calibration Analysis of the TSI Meters 

Max Velocity 

Residual (ft/min) 

MBE 

(ft/min) 

RMSE 

(ft/min) 

ERRORTOT 

(ft/min) 

ERRORTOT

Mean
 

178 26.39 70.19 74.98 5.9% 

 

The value of 
ERRORTOT

Mean
 is 5.9%, which was judged to indicate that the tested TSI 

meters were sufficiently accurate for the intended measurements, though this difference 

indicates that at least one of the meters is not meeting the manufacturer’s specified 

accuracy. There is also the possibility that both the meters’ measurements are either 

higher or lower than the true values. 

 

3.6.2 Air Flowrate Measurements 

Most fans are selected based on their full load working status, but in practice they 

are not working at the full load state most of the time. To control the flow and air 

volume of the fans, a variable frequency drive (VFD) is usually adopted in a range of 

variable load applications. The air velocity changes as the VFD speed changes, as well 

as along the radius of the fan.  

Figure 3.8 shows the exterior of the target fan at the Connally Building. There 

are two sets of chillers and cooling towers, including fans. A schematic of the fan is 

shown in Figure 3.9 to explain its dimensions. As shown in Figure 3.9, the fans have a 
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disc with a diameter (OA) of 79cm (d=2.6ft) in the center so that the airflow is 

obstructed within the central area. The diameter (OC) for the fan is 232cm (D=7.6ft).  

The measurements were implemented using a TSI model 9555P0905005 air flow 

meter to obtain the relationship for the air velocity versus the VFD speed and fan radius. 

To exclude the impact of the meshes on the air velocity, the sampled points are located 

within the region M shown in Figures 3.8 and 3.9. The impact of the meshes will be 

discussed later.  It is hard to measure the exact edge of the central disc, thus the airflow 

at point B with a radius of 46 cm (r’=1.5 ft) is measured instead of that at point A. The 

test points 1-5 and 46-50 are uniformly distributed on the segment BC with different 

radii for one direction. Repeat this for different directions, and then we have 50 samples 

for a given VFD speed. 

 

 

(a) 

Figure 3.8 Photos of Fan at the Connally Building 
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(b) 

Figure 3.8 Continued 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Schematic Diagram of the Fan 

The Sensor 
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In the following measurements, the fan was operated at 20%, 40%, 60%, 80% 

and 100% of the full VFD speed. Figure 3.10 plots the air velocity versus the radius at 

different VFD speeds. With the measurements, an R
2
 value and a quadratic curve

showing the relationship between the air velocity and the radius can be obtained at the 

given VFD speed. These relationships are utilized to integrate to obtain the total air 

flowrate. The R
2 

value indicates the degree of match between the regression curves and

the measured samples. Overall, the air velocity reaches its peak almost at the center 

radius of the circular ring, and the velocity is low at the points A and B in Figure 3.9 

because of the holdback. 

When the fan is operated at 20% VFD speed, the equation for the curve is: 

Air Velocity = -110.3*R
2
 + 559.23*R – 441.25        (3.39) 

and the coefficient of variance R² = 0.9149. The air flowrate (cfm) after integration 

becomes: 

 Air Flowrate = ∫ [(−110.3 ∗ 𝑅2 + 559.23 ∗ 𝑅–  441.25)
3.8 𝑓𝑡

1.3 𝑓𝑡
∗ 2𝜋𝑅 ∗ 𝑑𝑅 

= 8388 𝑐𝑓𝑚  (3.40) 

Repeat the integration for other VFD speeds, and then we have Table 3.3: 

Table 3.3 Air Flowrate at Different VFD Speeds 

VFD Speed (%) 20 40 60 80 100 

R
2

0.8188 0.9058 0.8952 0.8993 0.9423 

Air Flowrate (cfm) 8388 27487 45060 62691 79098 
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(a) 

(b) 

(c) 

Figure 3.10 Air Velocity vs. Fan Radius at the Given VFD Speed (a)-(e) 
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(d) 

(e) 

Figure 3.10 Continued 
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2 
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speed. Hence there would be significant deviations from these linear relationships at 

very low fan speeds. 

(a) 

(b) 

Figure 3.11 Air Velocity vs. VFD Speed w/o Meshes at the Given Radius (a)-(e) 
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(c) 

(d) 

(e) 

Figure 3.11 Continued 
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The linear relationship between the air velocity and VFD speed also verifies the 

linearity of the fans performance. Based on Table 3.2, Figure 3.12 shows the linear 

relationship between the air flowrate (CFM) and the VFD speed. The R
2
 of 0.9993

suggests that the linear equation describes the change of air flowrate change with VFD 

speed very well, explaining 99.9% of the variation observed for the target fan. The 

modeling equation is: 

Air Flowrate (CFM) = 883.12*(VFD %) – 8442.4  (3.41) 

In theory, this equation can help determine the air flowrate for any given VFD 

speed. However, because of the possible error in the measurements, and the fact that the 

fan measurements were taken without water flow, this equation won’t be utilized to 

describe the actual cooling tower performance practically. Instead, Figure 3.12 will be 

used as a reference to evaluate the performance of the Braun model developed in EES by 

comparing the measured and simulated air flowrate. Overall, the method and process 

used to analyze the air flow for the fan in this section may be applied for field 

measurements to investigate the performance of other fans. But further study, especially 

with water flow present, may give improved results. The figures and equations above 

verify again that the air flowrate changes approximately linearly with the VFD operation. 

This linearity will also be seen and used in later sections and chapters. 
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Figure 3.12 Change of Air Flowrate with VFD Speed w/o Meshes 
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Figure 3.13 Diagram Showing the Locations of the Sampled Points 

(a) 

Figure 3.14 Air Velocity vs. Fan Radius w/ Meshes (a)-(d) 
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(b) 

(c) 

(d) 

Figure 3.14 Continued 
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The integration of the above air velocities (ft/min) gives Figure 3.15, which plots 

the air flowrate versus the VFD speed and includes their corresponding equations. The 

cooling towers in this study were operated at VFD speeds higher than 30% for 94% of 

the time throughout the year 2015, and the two measurements differ by no more than 17% 

when the VFD speed is higher than 30%. The deviation at high fan speed may be 

partially due to edge losses since no practical way was found to guarantee that there is 

no flow outside the diameter of the fan once we are 6 inches above the mesh. Overall, 

we can conclude that these two air flowrate measurements are basically consistent and 

both the field measurements can be considered to be useable at VFD speeds higher than 

30%. 

Figure 3.15 Change of Air Flowrate with VFD Speed 
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3.7 Verification of Temperature Sensors 

The accuracy of the sensors used in the water side measurements is very 

important. Determining the energy balance for the tower described in Equation (3.42) 

between water and air side particularly requires that the sensors used to determine 

enthalpy and temperature differences give consistent readings at the same conditions, or 

the energy balance determinations will be inaccurate. 

�̇�𝑎(ℎ𝑎𝑜 − ℎ𝑎𝑖) = �̇�𝑤(𝑇𝑤𝑖 − 𝑇𝑤𝑜) (3.42) 

To investigate the consistency of the water temperature sensors used,  a 

calibration was performed utilizing two new HOBO air/water temperature sensors 

TMC20-HD with a measurement range of (-40ᵒ to 122ᵒF) in water and (-40ᵒ to 212ᵒF) in 

air. When used with HOBO logger U12-013, the specified accuracy is ±0.45ᵒF from 32ᵒ 

to 122ᵒF and the drift is less than 0.2ᵒF per year. 

To determine whether these two sensors give credible temperature differences, 

both  the sensors were put in the same stainless steel water sink with a dimension of 4 

in*5 in*3 in for half an hour. The water was heated by adding hot water to the sink 

slowly. The temperature readings were taken every 5 seconds. The comparison of 

observed values exported from the HOBO logger U12-013 is plotted in Figure 3.16. 
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Figure 3.16 Comparison of Two Sensors for Calibration 

The residual here is defined as the temperature difference between the two 

sensors, and then all the residuals are shown in the Figure 3.17. The maximum absolute 
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Figure 3.17 Comparison of the Accuracy and Residuals for the HOBO Sensors 

Table 3.4 shows the calibration analysis with the values of the statistical metrics 

for the two HOBO sensors. 

Table 3.4 Calibration Analysis of the HOBO Sensors 

Max Temperature 

Residual (ᵒF) 
MBE (ᵒF) 

(RMSE)
2

(ᵒF)
2

RMSE (ᵒF) ERRORTOT(ᵒF) 

0.436 0.021 0.014 0.119 0.121 

The R
2
 value in Figure 3.16 is 0.9997, indicating that the two sensors agree on

99.97% of the temperature variation that they measure. Furthermore, the ERRORTOT of 
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0.121ᵒF, compared with the water temperature range (55ᵒF, 100ᵒF), can be judged to 

indicate that the two HOBO sensors are reliable in practical use.  

The two HOBO sensors were installed and logged to simultaneously measure the 

real-time water inlet and outlet temperatures. The measurements lasted for two weeks 

during January 2016. The comparisons between the HOBO sensor and the EMCS sensor 

measurements can be seen in Figures 3.18 and 3.19 below. Further analysis of the 

measurements is done by plotting the difference between measurements by HOBO and 

EMCS sensors for inlet and outlet temperatures in Figures 3.20 and 3.21 respectively. 

Almost all the inlet temperature residuals, defined as the temperature difference between 

the HOBO and EMCS simultaneous measurements, are within the range of ±2ᵒF and 

have a maximum of 3.14ᵒF. For the outlet temperature residuals, the main range is 

within ±1ᵒF and the maximum is 1.37ᵒF. The EMCS sensors and HOBO sensors are 

installed at slightly different places, which may contribute some of the differences 

observed.  If we were aware only that the mean difference between the inlet and outlet 

temperatures during the period analyzed is only 1.2°F, we might conclude that the 

EMCS readings could not be used. 
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Figure 3.18 Data Comparison for Water Inlet Temperatures for January 2016 

 

 
Figure 3.19 Data Comparison for Water Outlet Temperatures for January 2016 
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Figure 3.20 Inlet Temperature Residuals with HOBO and EMCS Sensors 

Figure 3.21 Outlet Temperature Residuals with HOBO and EMCS Sensors 
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Table 3.5 shows the maximum value, the MBE, the RMSE and the ERRORTOT of 

temperature residuals between HOBO and EMCS measurements. If the MBE is positive, 

the readings from the HOBO sensors are higher than those from the EMCS sensors. 

Table 3.5 Analysis of Temperature Residuals between HOBO and EMCS Sensors 

Max Temperature 

Residuals (ᵒF) 
MBE (ᵒF) 

(RMSE)
2

(ᵒF)
2

RMSE 

(ᵒF) 

ERRORTOT

(ᵒF) 

Inlet 3.14 -0.030 0.420 0.648 0.649 

Outlet 1.37 0.016 0.057 0.239 0.239 

The MBE of -0.030ᵒF and 0.016ᵒF for inlet and outlet temperature residuals 

respectively recorded by the HOBO and EMCS sensors are very close to zero. However, 

further analysis, which will be presented, is required to determine whether the EMCS 

measurements are sufficiently reliable to be used. It may be noted that compared with 

the inlet temperature measurements, the outlet temperature measurements by the HOBO 

and EMCS sensors give much lower ERRORTOT. 

The cooling range, defined as the temperature difference between the hot 

entering water and the relatively cold leaving water of the tower, is an important 

indicator of the performance of the EMCS sensors. Figures 3.22 and 3.23 show the 

cooling range recorded by HOBO and EMCS sensors respectively, and based on this 

data, the figure showing the cooling range residuals of these two records is plotted in 

Figure 3.24. 
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To evaluate consistency of the cooling temperature ranges from the two 

measurements, a new non-dimensional parameter ɛ, defined as the temperature range 

differences over the average value of the HOBO cooling range (
Range(HOBO)−Range(EMCS)

Ave Range(HOBO)
 ) 

is introduced for the metric calculation. This non-dimensional ɛ keeps the scatter from 

being inflated by measurements at very low range. Table 3.6 shows the maximum value, 

the MBE, the RMSE, and the ERRORTOT of cooling range residuals between HOBO and 

EMCS measurements. Particularly, positive MBE means the HOBO sensors give a 

higher cooling range for the cooling tower than the EMCS sensors.  

 

Table 3.6 Analysis of Cooling Range Residuals with HOBO and EMCS Measurements 

Cooling Range Residuals Max MBE (RMSE)
2
  RMSE ERRORTOT 

𝜀 =
Range(HOBO) − Range(EMCS)

Ave Range(HOBO)
 247% -1.59% 0.256 0.506 0.506 

 

The cooling tower modeled in this thesis has a low cooling range for the load 

conditions during the measurement period.  It varies from 0 ᵒF to 3.5 ᵒF during January 

with an average value of only 1.3ᵒF.  
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Figure 3.22 Cooling Tower Range Measurements with HOBO Logger 

 

 
Figure 3.23 Cooling Tower Range Measurements with EMCS Sensors 
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Figure 3.24 Differences between HOBO and EMCS Temperature Ranges 
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procedure, however, is that the NTU is not given in tower specifications and is seldom 

known for existing cooling towers. Thus, before utilizing the Braun model for a specific 

cooling tower, data must be measured for that tower to determine the NTU. 

The measurements taken, including water and air flowrates, ambient dry-bulb 

and wet-bulb temperatures, and water inlet and outlet temperatures, for the year 2015 

will be utilized to determine the NTU value for the case-study tower using a regression 

procedure that will now be defined. 

 

3.8.1 Energy Balance on Cooling Tower and Chiller Sides 

In a cooling system, there are several energy balance requirements, and they are 

important indicators to verify the accuracy of the plant measurements. One of the energy 

balances is that in theory, the summation of the heat removed from the chilled water and 

the input electric energy for the chiller should equal the heat rejection of the condensed 

water in the cooling system, which is expressed in Equation (3.43). 

𝑄𝐶ℎ𝑖𝑙𝑙𝑒𝑟 + 𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 = 𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔𝑇𝑜𝑤𝑒𝑟                                    (3.43) 

The Energy Balance Error is defined as: 

𝐸𝐵𝐸𝑟𝑟𝑜𝑟 = (𝑄𝐶ℎ𝑖𝑙𝑙𝑒𝑟 + 𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 − 𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔𝑇𝑜𝑤𝑒𝑟) 𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔𝑇𝑜𝑤𝑒𝑟⁄ ∗ 100%   (3.44) 

Figure 3.25 below shows the original tonnage measurements from the EMCS, 

which were taken every 15 minutes, of the cooling tower and chiller side for sampled 

weeks during summer (8/17-8/24), winter (12/21-12/28), and the transition period (3/30-

4/6) throughout the year 2015. If possible data missing is not considered, the entire year 

2015 has 365*24*4 points for each parameter. It would take a great deal of time to 
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analyze all of this data.  Hence, to provide reasonable coverage of weather conditions 

throughout the year, about one week of data for each month was selected for the energy 

balance analysis and subsequent modeling. In addition to the plots shown in Figure 3.25, 

more figures and the table for corresponding data for other weeks can be found in 

Appendix G. The 98 days of data in Appendix G are utilized in Chapter IV for chiller 

modeling and Chapter V for estimating energy savings. 

 

 

(a) 

Figure 3.25 Original Plant Data of Cooling Tower and Chiller Side for Summer, Winter 

and the Transition Time (a)-(c) 
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(b) 

 
(c) 

Figure 3.25 Continued 

 

From Figure 3.25, it can be seen that the error is greater than 10% from 12/22-

12/28. Generally, the error for low temperature weather is higher and more scattered 
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than that for high temperature weather. To simplify the analysis, daily average data is 

used instead of the original 15-minute interval data to perform the energy balance 

comparisons and analyze the cooling tower performance. Figure 3.26 below compares 

the average tonnage of the cooling tower and the chiller side for the 98 days analyzed. 

Since the performance is much more stable over a longer period of time, the daily data 

shows much less scatter.  

 

 

Figure 3.26 Comparison between Cooling Tower and Chiller Side Energy Flows 
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results that are within 2.55% and the ERRORTOT is 0.0548, the whole cooling plant is 

considered energy balanced. 

 

Table 3.7 Analysis of Energy Balance Error between Cooling Tower and Chiller Sides 

 Max MBE (RMSE)
2
  RMSE ERRORTOT 

EBError 12.8% 2.55% 0.00235 0.0485 0.0548 

 

3.8.2 Regression Analysis 

In Section 3.8.1, the energy balance for these selected days has already been 

verified for the cooling plant in this work, thus the measurements of these days are 

suitable to be used in the regression. Each set of daily measurements can produce one 

value of the NTU by using the programmed Braun model in the Engineering Equation 

Solver (EES). The calculation flowchart diagram in Figure 3.24 shows the main 

calculation steps of the Braun model. After applying all the measurement sets to the 

Braun model, all the corresponding NTU values can be obtained. Figure 3.25 is a 

scatterplot showing all the NTU values versus dry-bulb temperatures from programming.  
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Figure 3.27 Flowchart Diagram Showing the Main Calculation Steps 
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The average of all NTU values calculated is 1.42. Thus the NTU for the cooling 

tower at the Connally Building will be considered to be 1.42 for all simulations 

subsequently performed in this thesis. 

 
Figure 3.28 NTU at Different Dry-Bulb Temperatures 

 

The air flowrates were also obtained from the regression. As shown in Figure 

3.29, the air flowrate generally has a linear relationship with VFD speed as expected; 
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simulated air flowrate after regression is expressed in the following equations. 
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(a) 

 

 
(b) 

Figure 3.29 Linear Relationship between Air Flowrate and VFD Speed 
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3.9 Simulation Outcomes with the Braun Model  

When the NTU value of 1.42 is applied to the Braun model, the predicted exiting 

water and air temperatures compared with actual measurements are plotted in Figure 

3.30 and Figure 3.31. Overall, the predicted values match with the actual ones very well 

with R
2
 values of 0.9976 and 0.9948 for the water and air respectively. Thus 1.42 can be 

considered as a reasonable value of NTU for the cooling tower modeled in this thesis. 

 

 
Figure 3.30 Comparisons between Predicted and Measured Outlet Temperatures of 

Water at NTU=1.42 
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Figure 3.31 Comparisons between Predicted and Measured Outlet Temperatures of Air 

at NTU=1.42 

 

The Braun model gives a good prediction for water outlet conditions. Figure 3.32 

plots the predicted and measured exiting water temperatures versus dry-bulb temperature. 
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temperatures are relatively constant at 65 ᵒF because of the by-pass setting for the 

cooling tower. 

 

 
Figure 3.32 Comparison between Predicted, Design and Measured Water Outlet and 

Wet-Bulb Temperatures 
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of the optimal condenser water leaving temperature reset schedule. The approach 

setpoint reset schedule with two straight lines is also applicative for the cooling tower in 

this work as plotted in Figure 3.33. Thus, when the chiller PLR is 80%, and the chilled 

water leaving temperature is about 42.0 ᵒF, if the slight changes of PLR and the chilled 

water leaving temperature are neglected, the reset schedule of the cooling tower CWLT 

can be expressed as the following equations instead of operating the cooling tower with 

a constant approach temperature (Tapp) at 6ᵒF. 

Tapp = -0.93Twb+62.2 if Twb≤57ᵒF                                (3.47) 

Tapp = -0.12 Twb +15.95 if Twb>57ᵒF                              (3.48) 

 

 
Figure 3.33 CT Approach Temperatures versus Ambient Wet-Bulb Temperatures 
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3.10 Performance Curve for the Cooling Tower Fan 

The fan consumes electric energy to draw or force air through the tower and then 

to lower the water temperature. As more electricity is consumed, a lower approach 

temperature can be achieved. The nominal power of the target fan is 15hp. Based on the 

relationship of air flowrate vs. VFD speed (Figure 3.29) and the fan power consumption 

curve to be given in Section 3.10.1, the Braun model helps to obtain the power 

consumption curve for a range of operating condition. More details for the process will 

be included in later sections. 

 

3.10.1 Regression for Fan Power Consumption Curve 

Measurements were conducted to obtain results of the fan power consumption at 

different VFD speeds. Table 3.8 lists the values of the measurements.  

 

Table 3.8 Fan Power Consumption Measurements 

VFD Speed (%) 25 50 60 70 80 90 100 

Power (kW) 1.058 2.352 3.046 3.782 4.768 5.692 6.726 

 

 

The regression of the above measurements yields the following equation for the 

fan power consumption as a function of the VFD speed: 

Fan Power (kW) = -0.0000014*(VFD Speed)
3
+0.00073*(VFD Speed)

2 

+0.0021*(VFD Speed)+0.57                                           (3.49) 
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Figure 3.34 Fan Power Consumption Curve 

 

3.10.2 kW and kW/Ton Curves for the Fan 

Equation (3.46) and Equation (3.49) give the relationships between the air 

flowrate (CFM) and the fan power consumption (kW) and VFD speed. When the inlet 

and ambient conditions are fixed at a given set of values, the air flowrate can be varied 

in the Braun model to match the measured cooling tower water exiting temperature. 

Once the air flowrate is known, the corresponding VFD speed can be obtained by 

Equation (3.46), and then the fan power consumption can be predicted by Equation 

(3.49). To estimate the fan power in kW/Ton, the design condition and the NTU 

obtained from Section 3.8 are applied. All the input values for the Braun model are listed 

in Table 3.9. 
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Table 3.9 Inputs for Fan Power Calculation 

Inputs 

Water 

Flowrate 

(lb/min) 

Dry-Bulb 

(ᵒF) 

Wet-Bulb 

(ᵒF) 

Water Inlet 

Temp (ᵒF) 
NTU 

Value 6317 85 75 87 1.42 

 

In Section 3.4, the Braun model has already been verified to be able to predict the 

water outlet temperatures (𝑇𝑤𝑜) with high accuracy. Equation (3.50) presents the 

relationship between 𝑇𝑤𝑜 and other parameters in the Braun model. More detailed 

equations and explanations about the 𝑇𝑤𝑜 calculation can be found in Section 3.3 and 

appendix A. Furthermore, the fan power (kW) and the efficiency (kW/ton) can be 

obtained using the Equations (3.50)-(3.56) developed in the Braun model.  

𝑇𝑤𝑜 =
�̇�𝑤,𝑖(𝑇𝑤,𝑖−𝑇𝑟𝑒𝑓)𝐶𝑝𝑤−�̇�𝑎(ℎ𝑎,𝑜−ℎ𝑎,𝑖)

�̇�𝑤,𝑜𝐶𝑝𝑤
= 𝑔(�̇�𝑤, �̇�𝑎, 𝑇𝑤𝑖𝑇𝑎𝑖, 𝑇𝑊𝐵, 𝑁𝑇𝑈)    (3.50) 

𝑇𝑎𝑝𝑝 = 𝑇𝑤𝑜 − 𝑇𝑊𝐵                                            (3.51) 

The relationship between 𝑇𝑎𝑝𝑝 and �̇�𝑎 can be built when other parameters are 

given: 

𝑇𝑎𝑝𝑝 = 𝑓(�̇�𝑤, �̇�𝑎, 𝑇𝑤𝑖𝑇𝑎𝑖 , 𝑇𝑊𝐵, 𝑁𝑇𝑈)                             (3.52) 

�̇�𝑎 = 𝑓(�̇�𝑤, 𝑇𝑎𝑝𝑝, 𝑇𝑤𝑖𝑇𝑎𝑖 , 𝑇𝑊𝐵, 𝑁𝑇𝑈)                             (3.53) 

Insert Equations (3.46), (3.53) to Equation (3.49), and then the relationship 

between fan power and VFD speed becomes: 

𝑃𝑓𝑎𝑛 = −0.0000014 ∗ (𝑉𝐹𝐷%)3 + 0.00073 ∗ (𝑉𝐹𝐷%)2 + 0.0021 ∗ (VFD%) + 0.57 
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= −0.0000014 ∗ (
�̇�𝑎 + 1092.6

67.369
)
3

+ 0.00073 ∗ (
�̇�𝑎 + 1092.6

67.369
)
2

+ 0.0021

∗ (
�̇�𝑎 + 1092.6

67.369
) + 0.57 

= 𝑓1(�̇�𝑤, 𝑇𝑎𝑝𝑝, 𝑇𝑤𝑖𝑇𝑎𝑖, 𝑇𝑊𝐵, 𝑁𝑇𝑈)                                                                 (3.54) 

The cooling capacity 𝑄 = �̇�𝑤 ∗ (𝑇𝑤𝑖 − 𝑇𝑤𝑜)                                               (3.55) 

ε𝑓𝑎𝑛 =
𝑃𝑓𝑎𝑛

𝑄
 

=
[
 
 
 
 
−0.0000014 ∗ (

�̇�𝑎 + 1092.6
67.369 )

3

+ 0.00073 ∗ (
�̇�𝑎 + 1092.6

67.369 )
2

+

0.0021 ∗ (
�̇�𝑎 + 1092.6

67.369 ) + 0.57 ]
 
 
 
 

[�̇�𝑤 ∗ (𝑇𝑤𝑖 − 𝑇𝑤𝑜)]
 

= 𝑓2(�̇�𝑤, 𝑇𝑎𝑝𝑝, 𝑇𝑤𝑖𝑇𝑎𝑖, 𝑇𝑊𝐵, 𝑁𝑇𝑈)                                                                 (3.56) 

If the input values of �̇�𝑤, 𝑇𝑤𝑖𝑇𝑎𝑖 , 𝑇𝑊𝐵 and 𝑁𝑇𝑈 are used in Equations (3.50)-

(3.56), this equation set can be solved and the functions that relate the approach 

temperature to the fan power (kW) and efficiency (kW/ton) can be obtained. The Braun 

model developed in EES makes it easier to gain the functions (𝑓1and 𝑓2). Equations 

(3.57)-(3.62) were obtained after applying the inputs in Table 3.9 to the model. 

Figure 3.35 plots curves of the fan power consumption, as total kW and as 

kW/ton, versus the approach temperature for air flowrates varying from 1000 lb/min to 

6000 lb/min as suggested in Section 3.8. The fan power consumptions at three different 

wet-bulb temperatures are also shown.  

Following are equations for these curves. They are mainly applied at approach 

temperatures lower than 20 ᵒF: 
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When the wet-bulb temperature is 70 ᵒF,  

Fan Power (kW)=-0.004*(Tapp)
3
+0.207*(Tapp)

2
-3.971*(Tapp)+27.336          (3.57) 

Fan Power (kW/ton)=-0.00004*(Tapp)
3
-0.0009*(Tapp)

2
+0.0057*(Tapp)+0.0181   (3.58) 

When the wet-bulb temperature is 75 ᵒF,  

Fan Power (kW)=-0.011*(Tapp)
3
+0.399*(Tapp)

2
-5.256*(Tapp)+25.210          (3.59) 

Fan Power (kW/ton)=-0.0001*(Tapp)
3
-0.0019*(Tapp)

2
+0.0065*(Tapp)+0.0336    (3.60) 

When the wet-bulb temperature is 80 ᵒF,  

Fan Power (kW)=-0.055*(Tapp)
3
+1.127*(Tapp)

2
-8.408*(Tapp)+23.201          (3.61) 

Fan Power (kW/ton)=-0.0008*(Tapp)
3
-0.0065*(Tapp)

2
+0.0081*(Tapp)+0.0664    (3.62) 

 

 

(a) 

Figure 3.35 Fan Power Consumption vs. Approach Temperature 
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(b) 

Figure 3.35 Continued 

 

3.10.3 Comparison between Measured and Simulated Fan Power Consumption 

Equations (3.57) to (3.62) give examples of cooling tower fan power calculation 

using the approach temperature as the only variable, under the operation condition 

specified in Table 3.9. At off-design operating conditions, the fan power can be also 

calculated using the same method. Figure 3.36 below plots the comparison of measured 

and simulated fan power consumption data. 
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Figure 3.36 Comparisons between Measured and Simulated Fan Power 

 

The simulated power is lower than the measured power in general, especially in 

the power range from 5kW to 6kW. To further illustrate the simulation results, Figure 

3.37 shows the power consumption data versus the dry-bulb temperatures. The main 

separation occurs at dry-bulb temperatures around 80 ᵒF and higher. The cooling tower 

model doesn’t consider the possible fan efficiency decrease at high VFD speed; this may 

be one of the reasons for the deviation. 

The impact of the simulated fan power deviation on the whole system will be 

analyzed further in Chapters IV and V. 
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Figure 3.37 Measured and Simulated Fan Power vs. Dry-Bulb Temperatures 
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CHAPTER IV 

CHILLER MODEL DEVELOPMENT 

 

The chiller is another essential component of the cooling system. Consisting  of 

an evaporater,  a compressor, a condenser, and valves and pipes, it is used to remove 

heat from a liquid via a refrigeration cycle. Figure  4.1 shows the energy balance within 

the chiller control volume. The heat is transferred from the evaporator side to the 

condenser side. There are also heat leaks from the compressor, condenser and evaporator, 

which are neglected in this study. 

This chapter describes the modeling development of the chiller. An electric 

chiller model based on condenser entering temperature is utilized. The measurements of 

the chiller side are employed to adjust the coefficients to match the actual performance 

curves for the target chiller. 

 

 

 

 

 

 

 

 

Figure 4.1 Chiller Energy Balance Diagram within A Control Volume 
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The chillers modeled in this thesis are York
○R  Codepak

TM
 Liquid Chilling 

Systems with a unit model number of YT E1 E3 C1-CK F S and serial number of YCYM 

688122. These chillers were installed in 1990. They have been and are serving well with 

motors of 270 hp and with reference capacities of 220 tons. The rated kW/TON is about 

0.70 at full load and full output. The picture below shows a general view of the chiller 

system. 

 

 
Figure 4.2 A View of the Chiller System 

 

4.1 EnergyPlus Chiller Model 

EnergyPlus includes an electric chiller model based on the condenser entering 

temperature, which is also the cooling tower exiting water temperature. This model is 

based on the compression chiller model in the DOE-2.1 building energy simulation 
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program. A reference condition should be defined for the specific cooling tower. The 

chiller model uses three performance curves for cooling capacity and efficiency to 

determine the chiller operation in off-reference conditions. The three curves are: 

• Cooling Capacity Function of Temperature Curve 

• Energy Input to Cooling Output Ratio Function of Temperature Curve 

• Energy Input to Cooling Output Ratio Function of Part Load Ratio Curve 

These curves are important indicators of the chiller system performance. 

Meanwhile, they make the dominant variables clearer when the system curves are 

analyzed under different operating conditions. This model helps to avoid the analysis of 

unnecessary parameters. 

Theoretically, these three curves should be defined for each chiller model in the 

design phase and provided by manufacturer. However, all the information relevant to the 

performance curves was lost because the chillers in this thesis are so old that they are no 

longer produced or sold. As a result, the default chiller models in EnergyPlus are 

referred as the baseline models to obtain the performance curves used in this thesis.  

EnergyPlus includes 162 chiller models, with reference conditions provided. 

They are the empirical models from the DOE-2 building energy simulation program. 

Chiller performance at off-reference conditions can be modeled using the above 

mentioned curves. These three performance curves will be introduced in detail in 

Sections 4.2 to 4.4. 

Based on the reference capacity (220 tons) and reference kW/ton (0.7) of the 

chillers in this work, the ElectricEIRChiller York YT 1051kW/5.05COP/Vanes model 
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was selected to model the chillers at the Connally Building. Table 4.1 lists the reference 

conditions of the selected chiller model. 

 

Table 4.1 Reference Conditions of the Chiller Model 

Field Units Object 

Name  
ElectricEIRChiller York YT 

1051kW/5.05COP/Vanes 

Reference Capacity W 1051400 

Reference COP W/W 5.05 

Reference  Leaving 

Chilled Water 

Temperature 
ᵒC 6.67 

Reference  Entering 

Condenser Fluid 

Temperature 

ᵒC 29.44 

Reference Chilled 

Water Flow rate 
m

3
/s 0.04527 

Reference Condenser 

Fluid Flow Rate 
m

3
/s 0.05659 

Minimum Part Load 

Ratio 
 0.2 

Maximum Part Load 

Ratio 
 1.01 

Optimum Part Load 

Ratio 
 1 

Minimum Unloading 

Ratio 
 0.2 

Condenser Type  Water-Cooled 
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4.2 Cooling Capacity Ratio as a Function of Temperature Curve 

The cooling capacity function of temperature curve is biquadratic and describes 

the cooling capacity performance with two independent variables: the leaving chilled 

water temperature and the entering condenser fluid temperature. The output of this curve 

can be multiplied by the reference capacity to give the full-load cooling capacity at 

specific temperature operating conditions. When the temperature equals the reference 

temperature, the output should have a value of 1.0.   

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 = 𝑎 + 𝑏(𝑇𝑐𝑤,𝑙) + 𝑐(𝑇𝑐𝑤,𝑙)
2
+ 𝑑(𝑇𝑐𝑜𝑛𝑑,𝑒) + 𝑒(𝑇𝑐𝑜𝑛𝑑,𝑒)

2
 

+𝑓(𝑇𝑐𝑤,𝑙)(𝑇𝑐𝑜𝑛𝑑,𝑒)                                                         (4.1) 

where 𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 is the cooling capacity factor, defined as the actual 

cooling capacity divided by the full-load cooling capacity,  𝑇𝑐𝑤,𝑙 is the leaving chilled 

water temperature and 𝑇𝑐𝑜𝑛𝑑,𝑒 is the entering condenser fluid temperature (also cooling 

tower exiting temperature). 

The cooling capacity curve as a function of temperature for the selected chiller 

model is defined as shown in Table 4.2. The corresponding curve is plotted in Figure 4.3. 

In the EnergyPlus manual, the minimum value of the condenser entering water (𝑇𝑐𝑜𝑛𝑑,𝑒) 

was 52ᵒF (11.11ᵒC). However, 52ᵒF seems too low for these old chillers. York has been 

contacted for the minimum 𝑇𝑐𝑜𝑛𝑑,𝑒 and has not responded yet. In additional, the towers 

are operated with minimum tower water leaving temperature (also 𝑇𝑐𝑜𝑛𝑑,𝑒) of 65 ᵒF. 

Hence, to describe the actual operation of the chiller system, 65ᵒF, instead of 52 ᵒF given 
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by the EnergyPlus manual, will be utilized for subsequent simulation and optimization 

calculations. 

 

Table 4.2 Cooling Capacity Ratio Curve Coefficients 

Coefficient a – Constant 0.9482157 

Coefficient b – 𝑇𝑐𝑤,𝑙 0.03306737 

Coefficient c – 𝑇𝑐𝑤,𝑙
2  -6.45007E-05 

Coefficient d – 𝑇𝑐𝑜𝑛𝑑,𝑒 -0.003756522 

Coefficient e – 𝑇𝑐𝑜𝑛𝑑,𝑒
2  -6.50167E-05 

Coefficient f – 𝑇𝑐𝑤,𝑙 ∗  𝑇𝑐𝑜𝑛𝑑,𝑒 -2.518E-15 

Minimum Value of 𝑇𝑐𝑤,𝑙 (ᵒC) 4.44 

Maximum Value of 𝑇𝑐𝑤,𝑙 (ᵒC) 8.89 

Minimum Value of 𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒC) 18.33 

Maximum Value of 𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒC) 35 

 

 

Figure 4.3 Chiller Capacity Ratio Curve 
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4.3 Energy Input to Cooling Output Ratio as a Function of Temperature Curve 

This curve is also a biquadratic performance curve, which describes the energy 

input to cooling output ratio (EIR), calculated as the energy input power divided by the 

chiller’s cooling capacity, as a function of the leaving chilled water temperature and the 

entering condenser fluid temperature. The output of this curve can be multiplied by the 

reference EIR to give the full-load EIR at specific temperature operating conditions. 

Similarly, the output should have a value of 1.0 at the reference temperature and 

flowrate specified by the user.  

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 = 𝑎 + 𝑏(𝑇𝑐𝑤,𝑙) + 𝑐(𝑇𝑐𝑤,𝑙)
2
+ 𝑑(𝑇𝑐𝑜𝑛𝑑,𝑒) + 𝑒(𝑇𝑐𝑜𝑛𝑑,𝑒)

2
 

+𝑓(𝑇𝑐𝑤,𝑙)(𝑇𝑐𝑜𝑛𝑑,𝑒)                                                         (4.2) 

where the 𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 is energy input to cooling output factor.  

Table 4.3 below defines the coefficients of Equation (4.2).  

 

Table 4.3 Energy Input to Cooling Output Ratio Curve Coefficients 

Coefficient a – Constant 0.2574181 

Coefficient b – 𝑇𝑐𝑤,𝑙 -0.005530317 

Coefficient c – 𝑇𝑐𝑤,𝑙
2  0.001209907 

Coefficient d – 𝑇𝑐𝑜𝑛𝑑,𝑒 0.009122333 

Coefficient e – 𝑇𝑐𝑜𝑛𝑑,𝑒
2  0.00109237 

Coefficient f – 𝑇𝑐𝑤,𝑙 ∗  𝑇𝑐𝑜𝑛𝑑,𝑒 -0.001469958 

Minimum Value of 𝑇𝑐𝑤,𝑙 (ᵒC) 4.44 

Maximum Value of 𝑇𝑐𝑤,𝑙 (ᵒC) 8.89 

Minimum Value of 𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒC) 18.33 

Maximum Value of 𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒC) 35 
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The corresponding curve is plotted in Figure 4.4. 

 

 

Figure 4.4 Energy Input to Cooling Output Ratio Curve as a Function of Temperature 

 

4.4 Energy Input to Cooling Output Ratio as a Function of Part Load Ratio Curve 

The energy input to cooling output ratio as a function of part-load curve is a 

quadratic performance curve that shows the factor dependent on the part-load ratio. The 

part-load ratio is the actual cooling load divided by the chiller’s available cooling 

capacity. The output of the curve is multiplied by the reference EIR and 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 to give the EIR at the specific temperature and part-load ratio at 

which the chiller is operating. 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅 = 𝑎 + 𝑏(𝑃𝐿𝑅) + 𝑐(𝑃𝐿𝑅)2 

= 𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟/[𝑃𝑟𝑒𝑓(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝)         (4.3) 

𝑃𝐿𝑅 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑

𝐶ℎ𝑖𝑙𝑙𝑒𝑟′𝑠 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
                                            (4.4) 
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where 𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅 is the energy input to cooling output factor, PLR is part-

load ratio, defined by Equation (4.4), 𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 is the chiller power at specific PLR, and 

𝑃𝑟𝑒𝑓 is the reference chiller power, which is defined as �̇�𝑟𝑒𝑓/𝐶𝑂𝑃𝑟𝑒𝑓. 

Table 4.4 below defines the coefficients of Equation (4.3). The corresponding 

curve is plotted in Figure 4.5. 

 

Table 4.4 Energy Input to Cooling Output Ratio Curve Coefficients 

Coefficient a – Constant 0.4904181 

Coefficient b – PLR -0.005530317 

Coefficient c – PLR2 0.001209907 

Minimum Value of PLR 0.2 

Maximum Value of PLR 1.01 

 

 
Figure 4.5 Energy Input to Cooling Output Ratio Curve as a Function of PLR 
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4.5 The Input Power Curves for the Chiller 

The input power of the chiller is generally the most significant energy use by a 

cooling system. The input power curves of the chillers can be generated based on the 

figures and curve formulas in Sections 4.2 to 4.4.   

The following Equation (4.5) is utilized as a guiding formula for the chiller input 

power modeling: 

𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 =

�̇�𝑟𝑒𝑓

𝐶𝑂𝑃𝑟𝑒𝑓
(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅) =

�̇�𝑟𝑒𝑓

𝐶𝑂𝑃𝑟𝑒𝑓
[𝑎 +

𝑏(𝑇𝑐𝑤,𝑙) + 𝑐(𝑇𝑐𝑤,𝑙)
2
+ 𝑑(𝑇𝑐𝑜𝑛𝑑,𝑒) + 𝑒(𝑇𝑐𝑜𝑛𝑑,𝑒)

2
+ 𝑓(𝑇𝑐𝑤,𝑙)(𝑇𝑐𝑜𝑛𝑑,𝑒)]

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝
∗

[𝑎 + 𝑏(𝑇𝑐𝑤,𝑙) + 𝑐(𝑇𝑐𝑤,𝑙)
2
+ 𝑑(𝑇𝑐𝑜𝑛𝑑,𝑒) + 𝑒(𝑇𝑐𝑜𝑛𝑑,𝑒)

2
+

𝑓(𝑇𝑐𝑤,𝑙)(𝑇𝑐𝑜𝑛𝑑,𝑒)]
𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝

∗ [𝑎 + 𝑏(𝑃𝐿𝑅) + 𝑐(𝑃𝐿𝑅)2]𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅        (4.5) 

 

In Equation (4.5) above, �̇�𝑟𝑒𝑓 = 220 𝑡𝑜𝑛𝑠 and 𝐶𝑂𝑃𝑟𝑒𝑓 = 1.43 𝑡𝑜𝑛𝑠/𝑘𝑊. 

Utilizing the equations and curves in former sections, when the 𝑇𝑐𝑤,𝑙 is 42 ᵒF and the 

PLR is at 80%, the chiller input power is: 

𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 =
�̇�𝑟𝑒𝑓

𝐶𝑂𝑃𝑟𝑒𝑓

(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅) 

=
220 𝑡𝑜𝑛

1.43 𝑡𝑜𝑛 𝑘𝑊⁄
∗ [−0.00006501672 ∗ (𝑇𝑐𝑜𝑛𝑑,𝑒)

2
− 0.003756522 ∗ (𝑇𝑐𝑜𝑛𝑑,𝑒) +

1.1659] |𝑇𝑐𝑤,𝑙=42𝐹 ∗ [0.0005923591 ∗ (𝑇𝑐𝑜𝑛𝑑,𝑒)
2
− 0.000682287 ∗ (𝑇𝑐𝑜𝑛𝑑,𝑒) +

0.507358317] |𝑇𝑐𝑤,𝑙=42𝐹 ∗ 0.767928|𝑃𝐿𝑅=80%                                               (4.6) 
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The chiller power consumption can be plotted versus entering condenser water 

temperature as shown in Figure 4.6. 

 
Figure 4.6 Chiller Power Curve as a Function of 𝑻𝒄𝒐𝒏𝒅,𝒆 

 

The measurements of average daily data used in Section 3.8 (Figure 3.26) for the 

energy balance calculation are still utilized to evaluate the coefficients in Equations (4.1) 

– (4.3) and to further calibrate the above mentioned performance curves. The detailed 

data for these 98 days are attached in Appendix I. Figure 4.7 includes the measurements 

for the year 2015 without any subdivision. 
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Figure 4.7 Chiller Input Power Measurements for Year 2015 

 

To calculate the simulated chiller input power using the performance curves in a 

real case, measurements of 𝑇𝑐ℎ,𝑙, 𝑇𝑐𝑜𝑛𝑑,𝑒 and 𝑄𝑒𝑣𝑎𝑝 are utilized, where 𝑇𝑐ℎ,𝑙 is the chiller 

leaving water temperature and 𝑄𝑒𝑣𝑎𝑝 is the chiller load. 

Take the measurements on 01/22/2015 for example; the inputs and some of the 

results are listed in Table 4.5. Substitute the values of 𝑇𝑐ℎ,𝑙 and 𝑇𝑐𝑜𝑛𝑑,𝑒 in Equations (4.1) 

and (4.2), and then the 𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 and 𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 can be easily 

obtained (see Table 4.5).  
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Table 4.5 Measurements on 01/22/2015 for Chiller Power Calculation 

Parameters Value 

𝑇𝑐ℎ,𝑙 (ᵒF) 42.65 

𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒF) 64.75 

𝑄𝑒𝑣𝑎𝑝 (ton) 42.87 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 1.051699 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 0.6364773 

 

The calculation of 𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅 requires the actual value of PLR first. If the 

chiller’s available cooling capacity 𝑄𝑎𝑣𝑎𝑖𝑙 is defined as the full-load capacity at the given 

operating condition, then 𝑄𝑎𝑣𝑎𝑖𝑙 can be calculated by following equation: 

𝑄𝑎𝑣𝑎𝑖𝑙 = 𝑄𝑟𝑒𝑓 ∗  𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 = 220 𝑡𝑜𝑛𝑠 ∗ 1.051699 = 231.3739 tons       (4.7) 

Further, 

𝑃𝐿𝑅 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑

𝐶ℎ𝑖𝑙𝑙𝑒𝑟′𝑠 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=

42.871 tons

231.3739 tons
= 0.18529                (4.8) 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅 = 𝑎 + 𝑏(𝑃𝐿𝑅) + 𝑐(𝑃𝐿𝑅)2 = 0.4904181 − 0.005530317 ∗ 

0.18529 + 0.001209907 ∗ 0.185292 = 0.316941                   (4.9) 

The chiller’s simulated power should be: 

𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 =
�̇�𝑟𝑒𝑓

𝐶𝑂𝑃𝑟𝑒𝑓

(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝)(𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑃𝐿𝑅) 

=
220 𝑡𝑜𝑛𝑠

1.43 𝑡𝑜𝑛 𝑘𝑊⁄
∗ 1.051699 ∗ 0.6364773 ∗ 0.316941 = 32.67185 𝑘𝑊         (4.10) 

Equations (4.7)-(4.10) illustrate the detailed calculation process for the chiller 

power. Repeat this procedure for all the other measurements, and then all the 
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simulated chiller power values can be obtained. Figures 4.8 and 4.9 plot the 

comparison of the simulated and measured chiller power for the sampled days. The R
2
 

value in Figure 4.8 is 0.987, which suggests that the simulated power values will 

provide a good prediction of the chillers’ performance. 

 

 
Figure 4.8 Comparison of Simulated and Measured Chiller Input Power 
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Figure 4.9 Comparison of Simulated and Measured Chiller Input Power vs. Dry-Bulb 

Temperature 
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which results in a maximum deviation from the average value of 4.31%. All the 
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power consumption of the cooling system. Thus, only the cooling tower fan power and 

the chiller input electric power will be considered in subsequent work. 

 

 
Figure 4.10 Water Pump Power Consumption for Year 2015 

 

 

 
Figure 4.11 Water Pump Power Deviations for Year 2015 
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CHAPTER V  

METHODOLOGIES FOR OPTIMAL CONTROL 

 

The trade-off of the cooling system should consider both the chiller power and 

cooling tower fan power. Chapter III and Chapter IV have developed the performance 

curves of the chiller and the cooling tower fan respectively. This chapter integrates the 

individual models for each component and analyzes the combined model and curves. 

The sum of the chiller power and the cooling tower fan power can be minimized by 

using the Braun model and the performance curves described in previous chapters. 

By adding the performance curves of the chiller and the cooling tower fan, the 

dependence of the total energy consumption on the condenser leaving water temperature 

and the approach temperature can be obtained. The lowest total energy consumption 

reveals the optimal operation point.  

 

5.1 Baseline for Total Power Optimization 

Chapters III and IV have elaborated the models and consequent figures for the 

simulated power consumption of the fans and the chillers under the stated conditions. By 

following the steps illustrated in Chapters III and IV, the power consumption (kW) for 

the individual components can be obtained. Overall, the modeling and simulation 

process for the whole system in this chapter also follow the same rules used in the 

previous chapters. However, when the cooling system is considered as a cohesive whole, 

more variables and relevant calculations should be taken into account.  
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To show the total power calculation more clearly, again, the day 01/22/2015 is 

used as an example. The operating condition and the measurements are listed in Table 

5.1. 

 

Table 5.1 Operating Condition and Measurements on 01/22/2015 

Parameters Value 

Dry-Bulb - 𝑇𝑑𝑏(ᵒF) 46.33 

Wet-Bulb - 𝑇𝑤𝑏 (ᵒF) 45.17 

Chilled Water Leaving Temp  

- 𝑇𝑐ℎ,𝑙 (ᵒF) 
42.65 

Condenser Water Entering Temp  

- 𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒF) 
64.75 

Approach Temp - 𝑇𝑎𝑝𝑝 (ᵒF) 19.59 

Chiller Load - 𝑄𝑒𝑣𝑎𝑝 (ton) 42.87 

Water Flowrate - �̇�𝑤 (lb/min) 6690 

 

Based on the energy balance equation: 

𝑄𝑒𝑣𝑎𝑝 + 𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 = 𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔𝑇𝑜𝑤𝑒𝑟 = (𝑇𝑐𝑜𝑛𝑑,𝑙 − 𝑇𝑐𝑜𝑛𝑑,𝑒) ∗ �̇�𝑤 ∗ 𝑐𝑝𝑤               (5.1) 

 𝑇𝑐𝑜𝑛𝑑,𝑙 =
𝑄𝑒𝑣𝑎𝑝+𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟

�̇�𝑤∗𝑐𝑝𝑤
+ 𝑇𝑐𝑜𝑛𝑑,𝑒 

=
(32.67185+42.871)𝑡𝑜𝑛𝑠

6690 𝑙𝑏/𝑚𝑖𝑛∗1𝐵𝑡𝑢/(𝑙𝑏𝐹)
∗

200𝐵𝑡𝑢/𝑚𝑖𝑛

𝑡𝑜𝑛
= 66.321 °𝐹                               (5.2) 

When modeling the cooling tower using the Braun model, the value of 𝑇𝑐𝑜𝑛𝑑,𝑙 

obtained from Equation (5.2), instead of the measured data, should be used as the input 
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for 𝑇𝑤,𝑖. For all the other inputs, use the measurements in Table 5.1. Then the Braun 

model will give the corresponding fan power. In this case, the fan power is 1.3684 kW.  

The total power is: 

 𝑃𝑡𝑜𝑡 = 𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 + 𝑃𝑓𝑎𝑛 = 32.6719 𝑡𝑜𝑛𝑠 + 1.3684 𝑡𝑜𝑛𝑠 = 34.0403 𝑡𝑜𝑛𝑠      (5.2) 

To reduce the calculation burden, 68 days was selected out from the 98 sampled 

days used in Chapter IV for optimization calculation. After repeating the calculation for 

all the 68 sampled days, the simulated total power for these days can be plotted and 

compared with the measured power consumption data as shown in Figure 5.2 and 5.3. 

 

 
Figure 5.1 Comparison of Simulated and Measured Total Power Consumption 
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Figure 5.2 Comparison of Simulated and Measured Total Power vs. Dry-Bulb 

Temperature 

 

5.2 Optimization Calculation 

Instead of improving the equipment itself, this thesis focuses on determining the 

savings potential of the existing plant, using simple operating strategies. The most 

important variable stated in this work is wet-bulb temperature. By varying the desired 

wet-bulb temperatures, a series of corresponding total power values can be obtained.  

The approach temperature with an increment of 0.25ᵒF is set as the input variable 

to calculate the total power. Repeat the procedure introduced in Section 5.1. Take the 

day 01/22/2015 as an example; the results are given in Table 5.4 under the operating 

conditions listed in Table 5.1.  
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Table 5.2 Part of the Results on 01/22/2015 

𝑇𝑎𝑝𝑝 

(ᵒF) 

𝑇𝑐𝑜𝑛𝑑,𝑒 

(ᵒF) 

𝑇𝑐𝑜𝑛𝑑,𝑙 

(ᵒF) 

𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 
(kW) 

VFD Speed 𝑃𝑓𝑎𝑛 (kW) 
𝑃𝑡𝑜𝑡 
(kW) 

3.5 48.667 50.113 19.391 96.81% 6.396 25.786 

4 49.167 50.616 19.681 88.40% 5.535 25.216 

5 50.167 51.621 20.286 75.88% 4.350 24.637 

5.5 50.667 52.123 20.601 71.05% 3.928 24.529 

5.75 50.917 52.375 20.762 68.92% 3.748 24.510 

6 51.167 52.626 20.925 66.97% 3.587 24.511 

6.25 51.417 52.878 21.089 65.14% 3.439 24.528 

*19.88 65.000 66.561 32.936 32.08% 1.348 *34.284 

*The optimal approach temperature and the corresponding power 

 

According to Table 5.4, the approach temperature around 5.75ᵒF gives the 

minimum total power consumption if the chiller could operate with a condenser entering 

water temperature this low. However, since the minimum condenser entering water 

temperature for the chiller is 65ᵒF, the 𝑇𝑐𝑜𝑛𝑑,𝑒 of 50.92ᵒF can't be used. In this case, the 

non-optimal approach temperature of 19.88ᵒF must be used, instead of 5.75ᵒF, to 

provide the 𝑇𝑐𝑜𝑛𝑑,𝑒 of 65ᵒF. For all the other days, if the minimum total power occurs at 

the 𝑇𝑐𝑜𝑛𝑑,𝑒 lower than 65ᵒF, the approach temperature corresponding to the 𝑇𝑐𝑜𝑛𝑑,𝑒 of 

65ᵒF will be used as the approach temperature to estimate the actual savings. The 

simulated power consumption in Chapters III and IV will be used as the baseline for the 

savings estimation.  

To illustrate the optimizing process when the 𝑇𝑐𝑜𝑛𝑑,𝑒 is higher than 65ᵒF, another 

sample day 06/06/2015 is also used to explain the optimal control. Table 5.3 includes the 
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relevant measurement data for 06/06/2015. Similarly, the chiller’s input power can be 

calculated using the values of 𝑇𝑐ℎ,𝑙, 𝑇𝑐𝑜𝑛𝑑,𝑒, 𝑄𝑒𝑣𝑎𝑝 (see Section 4.5). The other 

computational procedures are also the same as stated in previous chapters and sections. 

Based on the data listed in Table 5.3, the simulated results can be obtained as shown in 

Table 5.4.  

 

Table 5.3 Measured Data for 06/06/2015 

Parameters Value 

Dry-Bulb - 𝑇𝑑𝑏(ᵒF) 82.13 

Wet-Bulb - 𝑇𝑤𝑏 (ᵒF) 72.63 

Chilled Water Leaving Temp  

- 𝑇𝑐ℎ,𝑙 (ᵒF) 
41.49 

Condenser Water Entering Temp  

- 𝑇𝑐𝑜𝑛𝑑,𝑒 (ᵒF) 
79.43 

Approach Temp - 𝑇𝑎𝑝𝑝 (ᵒF) 6.37 

Chiller Load - 𝑄𝑒𝑣𝑎𝑝 (ton) 104.3 

Water Flowrate - �̇�𝑤 (lb/min) 6292 

 

Table 5.4 Simulated Results for Day 06/06/2015 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 0.978358 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 1.042404 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑃𝐿𝑅 0.486642 

𝑃𝑐ℎ𝑖𝑙𝑙𝑒𝑟 (kW) 88.43 

𝑃𝑓𝑎𝑛 (kW) 4.81 

𝑃𝑡𝑜𝑡𝑎𝑙  (kW) 93.24 
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Again, the approach temperature with an increment of 0.25ᵒF is set as the input 

variable to calculate for the total power. Repeat the procedure introduced in Section 5.1. 

The results are given in Table 5.5 under the operating conditions listed in Table 5.3.  

 

Table 5.5 Part of the Results on 06/06/2015 

𝑇𝑎𝑝𝑝 

(ᵒF) 

𝑇𝑐𝑜𝑛𝑑,𝑒 

(ᵒF) 
𝑇𝑐𝑜𝑛𝑑,𝑙 (ᵒF) 

𝑃𝐶ℎ𝑖𝑙𝑙𝑒𝑟 
(kW) 

VFD 

Speed 
𝑃𝑓𝑎𝑛 (kW) 

𝑃𝑡𝑜𝑡 
(kW) 

3.5 76.125 80.072 80.025 103.8% 7.147 87.172 

*3.75 76.375 80.327 80.568 99.79% 6.712 87.280 

4 76.625 80.581 81.114 96.13% 6.324 87.438 

*6.37 78.997 83.002 88.430 80.89% 4.809 93.239 

*3.75 is the optimal approach temperature with minimum total power 

*6.37 is the measured average daily approach temperature 

 

Since the 𝑇𝑐𝑜𝑛𝑑,𝑒 for sample day 06/06/2015 is always above 65ᵒF, the minimum 

value of 𝑇𝑐𝑜𝑛𝑑,𝑒 doesn’t not have to be considered any more. The approach temperature 

corresponding to the minimum total power is the optimum value, which is 3.75ᵒF for day 

06/06.This result suggests that when the dry-bulb temperature is high enough, the 

cooling tower fan should be operated at full VFD speed to cool the water, in order to 

achieve the minimum total power consumption.  

Now the measured, simulated and optimal power consumptions for both 01/22 

and 06/06/2015 are obtained and compared in Table 5.6. The savings are defined as the 

power differences between the simulated and the optimal power. The negative saving for 

day 01/22 is because of the error between the measured and simulated power values and 

indicates that no savings can be achieved on cold winter days, due to the minimum 
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condenser water entering temperature set point for the chillers. In comparison, 06/06 

achieves the savings as expected when running the fan at full VFD speed. 

 

Table 5.6 Power (kW) Comparisons  

  01/22 06/06 

 Measured Power 

Fan  1.065 90.200 

Chiller 32.500 4.572 

Total 33.565 94.772 

Simulated Power 

Fan  1.368 88.430 

Chiller 32.672 4.809 

Total 34.040 93.239 

Optimal Power 

Fan  1.348 6.712 

Chiller 32.936 70.568 

Total 34.284 77.280 

 
*Savings 

(Total) 
-0.244 15.959 

*Savings = Simulated Power – Optimal Power 

 

5.3 Optimization Results 

After repeating the calculation in Table 5.2 for all the other sampled days, Figure 

5.3 is obtained. Figure 5.4 here helps to show the kW/ton comparison. Table 5.7 shows 

the daily power consumption of the sampled days. The overall savings are estimated to 

be 15.6%. Especially, the winter days, due to the minimum setting for the 𝑇𝑐𝑜𝑛𝑑,𝑒, give 

only a little or no savings, while the savings on higher temperature days are more stable 

and obvious if the cooling tower fan is fully open as recommended. 
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Figure 5.3 Total Power Savings for 68 Sampled Days 

 

Table 5.7 Average Daily Total Power Comparison and Saving for 68 Sampled Days 

Measured 

(kW) 
Simulated (kW) Optimal (kW) *Savings (%) 

71.03 70.16 59.2 15.6 

*Saving = (Simulated-Optimal)/Simulated×100% 

 

The kW/ton Figure 5.4 follows the similar pattern with the kW figure. The set of 

simulated and optimal data here correspond to the same chiller load. 
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Figure 5.4 kW/ton Comparison 

 

Figures 5.5 and 5.6 show the power of the cooling tower fan and the chiller 

respectively. The fan power is very low compared with the chiller input power at the 

same dry-bulb temperature. Thus, overall, to achieve the optimal power consumption, 

the cooling tower fan power is increased while the chiller power is decreased. This is 

also the “trade-off” for the whole cooling system. 
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Figure 5.5 Comparison of Simulated and Optimal Fan Power 

 

 

Figure 5.6 Comparison of Simulated and Optimal Chiller Power 
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CHAPTER VI  

CONCLUSIONS AND DISCUSSION 

 

This thesis focuses on combining the whole process of optimizing the cooling 

system’s performance when the exiting air is not necessarily saturated. The development 

of classical and subsequent modified models for the cooling towers and the chillers 

provides opportunities to explore complex cooling systems in a simple but reliable way. 

Traditional models for the cooling towers, such as the Merkel model, assume saturated 

outlet air condition, which results in significant deviation from the real world 

performance. To better describe its performance, the effectiveness model developed by 

Braun (1988) is used in this thesis. This model doesn’t assume the saturated outlet 

condition and can be applied to a wide operation range. It satisfies the need for simplistic 

representation of the relationships between operating parameters, which in turn offers an 

insight into the effects of various parameters on the behavior of cooling towers. It can 

bridge the gap between the Merkel and Poppe models by combining the simplicity of the 

rating procedure with a high degree of accuracy. 

The Braun model requires the NTU value of the cooling tower, so field 

measurements were conducted to determine the NTU value for the tower as well as the 

fan power as a function of air flow. The measurement of the air velocity verifies the 

linear relationship between the air flowrate and the VFD speed. Verification of water 

temperatures and the energy balance suggests that the EMCS measurements are 

adequately accurate for model development in this case. With the measurements and the 
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ambient weather data, the Braun model gives a good prediction of the performance for 

the cooling tower under a variety of operating conditions.  

The performance curves for the cooling tower and chiller together indicated the 

optimal operation point for the cooling system. An optimized approach temperature was 

determined for a wide range operating condition. When the cooling system operates 

using the optimized approach temperature, the sum of the chiller power and the cooling 

tower fan power is minimized. About 15.6% of the total measured power chiller and 

tower fan power can be saved for the 68 sampled days with the optimization 

methodology in this study applied. 

 

6.1 Future Work 

The trade-offs between power consumption of the chillers and cooling tower fans 

can be used as part of a more comprehensive enhancement of cooling plant system 

performance. This thesis did not consider variation in the flow of water to the cooling 

towers as part of the optimization, and this is an important addition to overall plant 

optimization that should be investigated in the future.  

One particular weakness of this work is that more extensive data is required to 

achieve an accurate estimate for the overall performance and for the NTU regression. 

The data used in this thesis are verified to be usable, but more calibration and 

verification of the temperature and flowrate meters should have been done under 

different weather conditions. There is always space for the improvement of the accuracy 



 

105 

 

of the data, especially for this thesis, in which data is the major concern to generate 

reliable models for the cooling tower and the chiller. 

Another area that deserves more attention is the chiller’s model. This thesis 

focuses more on the development of the cooling tower models. To simplify the chiller 

side, a simple electric chiller model based on the condenser entering temperature is 

utilized. Some vital variables such as the chiller capacity, EIR, and condenser entering 

temperature are analyzed and used to predict chiller performance at different chiller 

leaving water temperatures and PLR values. It is desirable to have a procedure that can 

“calibrate” the chiller model to the performance of the chiller in the field.  The work 

presented here used an old chiller that was not designed for variable condenser water 

flow.  The overall optimization procedure needs to be expanded to include variable 

condenser water flow.  Then the cooling system can be better defined and the optimized 

operation should be more practicable and reliable. 

A third concern is that the methodology for optimize the cooling system lacks 

practical data support. The methodology expounded in this thesis is based on theoretical 

models and field measurements. However, the optimized approach temperatures and 

temperature ranges are not put into practice for the target cooling tower system due to 

the lack of time and access. The optimized operation should becarried out for the cooling 

system of the Connally Building, so the models can be adjusted and improved to better 

describe the actual system and to validate the approach proposed here.   

Overall, the selection of models for the cooling towers and chillers system, the 

subsequent analysis, and trade-off considerations in this study can be regarded as a 
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starting point for other researchers to use in developing a practical procedure for field 

optimization of chiller plants in the future. 
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APPENDIX A 

EES PROGRAMMING FOR THE HALASZ AND THE BRAUN MODEL 

 

The Halasz Model is programmed as follows: 

Function WaterOutletTemp(n,q_mw,q_ma,T_wi,T_ai,B_WB,X_o 

$Arrays ON 

 T_wi=32[C], 

 T_ai=35[C] 

 B_WB=20[C], 

 q_mw=9888 

 q_ma=9370} 

 P=14.7, 

            w_ai=humRat(AIRH2O, P=P,B=B_WB,T=T_ai) 

 w_WB=humRat(AIRH2O, P=P,B=B_WB,R=1) 

 c_pw=1 {why doesn't specheat(H2O,T=T) work} 

 c_pa=specheat(AIR,T=T_ai) 

 W=q_mw*c_pw/q_ma/c_pa 

{ X_o=1.7375*(q_ma/q_mw)^(-0.7345)} 

            X_o=4 

 

A[1]=80 

i:=1 

repeat 

            T_w[i]=(T_wi-A[i])/Ln(T_wi/A[i]) 

            w_Sat[i]=humRat(AIRH2O, P=P,T=T_w[i],R=1) 

            b[i]=(w_Sat[i]-w_WB)/(T_w[i]-B_WB) 

            B_s[i]=b[i]*2454.1/specheat(AIR,T=T_ai) 

            z[i]=(1+B_s[i])/W 
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            e_w[i]=z[i]*(1-exp((z[i]-1)*X_o))/(1-z[i]*exp((z[i]-1)*X_o)) 

            A[i+1]=T_wi-e_w[i]*(T_wi-B_WB) 

            A[i]=A[i+1] 

            i:=i+1 

      until(abs((A[i-1]-A[i])/A[i-1])<0.0005) 

      n=i-1, 

      duplicate j=1,n 

      WaterOutletTemp[j]=A[j] 

      end 

WaterOutletTemp=A[n] 

end 

 

n=5, 

      T_wo=WaterOutletTemp(n,q_mw,q_ma,T_wi,T_ai,B_WB,X_o)} 

      T_ai=70 

T_wi=90 

B_WB=60 

P=14.7 

w_ai=humRat(AIRH2O, P=P,B=B_WB,T=T_ai) 

h_ai=enthalpy(airh2o,P=P,T=T_ai,B=B_WB) 

w_WB=humRat(AIRH2O, P=P,B=B_WB,R=1) 

c_pw=1 

c_pa=specheat(AIR,T=T_ai) 

q_ma=4000 

q_mw=8000 

W=q_mw*c_pw/q_ma/c_pa 

{ X_o=1.7375*(q_ma/q_mw)^(-0.7345)} 

 X_o=4 
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     B_s=2.8 

     z=(1+B_s)/W      

     e_T=z*(1-exp((z-1)*X_o))/(1-z*exp((z-1)*X_o)) 

     T_wo_final=T_wi-e_T*(T_wi-B_WB) 

     T_w=((T_wi-32)/1.8-(T_wo_final-32)/1.8)/Ln((T_wi-32)/1.8)/((T_wo_final-32)/1.8) 

     w_Sat=humRat(AIRH2O, P=P,T=T_w,R=1) 

     T_approach=T_wo_final-B_WB 

     T_ao=B_WB+((T_wi-T_wo_final)/z+(T_ai-B_WB)*exp(-X_o)) 

     w_ao=w_WB+(w_WB-w_ai)*(B_s*(T_wi-T_wo_final)/(T_ai-B_WB)/z-exp(-X_o)) 

     h_ao=enthalpy(airh2o,P=P,T=T_ao,w=w_ao) 

     Q_water=c_pw*q_mw*(T_wi-T_wo_final) 

     Q_air=q_ma*(h_ao-h_ai) 

     e_a=(h_ao-h_ai)/(enthalpy(airh2o,P=P,T=T_wi,R=1)-h_ai) 

     q_mwo=q_mw-q_ma*(w_ao-w_ai) 

     Loss_water=(q_mw-q_mwo)/q_mw*100  

 

$Arrays off 

$ShowWindow Arrays 

 

 

The Braun Model is programmed as follows: 

Function WaterOutletTemp(n,q_mw,q_ma,T_wi,T_ai,B_WB,NTU) 

$Arrays ON 

 

P=14.7, 

w_ai=humRat(AIRH2O, P=P,B=B_WB,T=T_ai) 

h_ai=enthalpy(AIRH2O,T=T_ai,P=P,w=w_ai) 

w_WB=humRat(AIRH2O, P=P,B=B_WB,R=1) 

c_pw=1  
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c_pa=specheat(AIR,T=T_ai) 

NTU=1.428 

 

A[1]=70[F] 

i:=1 

repeat 

c_s[i]=(enthalpy(AIRH2O,T=T_wi,P=P,R=1)-

enthalpy(AIRH2O,T=A[i],P=P,R=1))/(T_wi-A[i]) 

q_star[i]=q_ma*c_s[i]/q_mw/c_pw 

e_a[i]=(1-exp(-NTU*(1-q_star[i])))/(1-q_star[i]*exp(-NTU*(1-q_star[i]))) 

h_ao[i]=h_ai+e_a[i]*(enthalpy(AIRH2O,T=T_wi,P=P,R=1)-h_ai) 

h_swe[i]=h_ai+(h_ao[i]-h_ai)/(1-exp(-NTU)) 

w_swe[i]=humRat(AIRH2O,P=P,h=h_swe[i],R=1) 

w_ao[i]=w_swe[i]+(w_ai-w_swe[i])*exp(-NTU) 

q_mwo[i]=q_mw-q_ma*(w_ao[i]-w_ai) 

A[i+1]=(q_mw*(T_wi-32)*c_pw-q_ma*(h_ao[i]-h_ai))/q_mwo[i]/c_pw+32 

A[i]=A[i+1] 

i:=i+1 

until(abs((A[i-1]-A[i])/A[i-1])<0.000005) 

 n=i-1, 

 duplicate j=1,n 

            WaterOutletTemp[j]=A[j]  

 end 

WaterOutletTemp=A[n] 

end 

 

n=5, 

{ T_wi=90[F], 

 T_ai=95[F],} 
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{ B_WB=68[F],} 

 P=14.7, 

    w_ai=humRat(AIRH2O, P=P,B=B_WB,T=T_ai) 

    h_ai=enthalpy(AIRH2O,T=T_ai,P=P,w=w_ai) 

{ q_mw=8000 

 q_ma=4000} 

 c_pw=1  

 c_pa=specheat(AIR,T=T_ai) 

 NTU=1.428 

 

T_wo=WaterOutletTemp(n,q_mw,q_ma,T_wi,T_ai,B_WB,NTU) 

h_swi=enthalpy(AIRH2O,T=T_wi,P=P,R=1) 

h_swo=enthalpy(AIRH2O,T=T_wo,P=P,R=1) 

c_s=(h_swi-h_swo)/(T_wi-T_wo) 

q_star=q_ma*c_s/q_mw/c_pw 

e_a=(1-exp(-NTU*(1-q_star)))/(1-q_star*exp(-NTU*(1-q_star)))      

h_ao=h_ai+e_a*(enthalpy(AIRH2O,T=T_wi,P=P,R=1)-h_ai)   

h_swe=h_ai+(h_ao-h_ai)/(1-exp(-NTU)) 

w_swe=humRat(AIRH2O,P=P,h=h_swe,R=1)      

w_ao=w_swe+(w_ai-w_swe)*exp(-NTU) 

T_ao=temperature(AIRH2O,h=h_ao,P=P,w=w_ao) 

q_mwo=q_mw-q_ma*(w_ao-w_ai) 

T_wo_final=(q_mw*(T_wi-32)*c_pw-q_ma*(h_ao-h_ai))/q_mwo/c_pw+32 

T_approach=T_wo_final-B_WB 

Q_heat=e_a*q_ma*(enthalpy(AIRH2O,T=T_wi,P=P,R=1)-h_ai) 

Q_water=c_pw*q_mw*(T_wi-T_wo_final) 

Q_air=q_ma*(h_ao-h_ai) 

w=q_ma/q_mw 

Loss_water=(q_mw-q_mwo)/q_mw*100 
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e_w=(T_wi-T_wo_final)/(T_wi-B_WB) 

 

$Arrays off 

$ShowWindow Arrays 

 

Note for both models: The number of equations programmed above is less than 

the number of variables. To solve the equations, a parametric table including all the 

missing input variables should be created in EES and then solve for the equation system. 

By doing so, modification of these variables can be made easily and their effects on the 

final results are clearer. 
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APPENDIX B 

CALIBRATION MEASUREMENTS FOR TSI METERS 

 

Table B.1 Calibration Measurements for TSI Meters 

# of Points TSI 1 TSI 2 

1 1176 1255 

2 1282 1210 

3 1105 1116 

4 1228 1050 

5 1267 1316 

6 1348 1303 

7 1193 1293 

8 1374 1273 

9 1201 1275 

10 1186 1251 

11 1296 1271 

12 1390 1291 

13 1429 1290 

14 1320 1300 

15 1309 1323 

16 1321 1237 

17 1328 1207 

18 1331 1258 

19 1304 1246 

20 1228 1255 

21 1188 1093 

22 1267 1176 

23 1250 1254 

24 1249 1279 

25 1301 1296 

26 1234 1451 

27 1337 1266 
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28 1320 1282 

29 1295 1310 

30 1276 1272 

31 1322 1272 

32 1318 1298 

33 1324 1320 

34 1342 1295 

35 1379 1347 

36 1338 1282 

37 1266 1133 

38 1202 1136 

39 1269 1179 

40 1308 1252 

41 1307 1291 

42 1244 1253 

43 1299 1268 

44 1206 1260 

45 1299 1289 

46 1273 1286 

47 1294 1288 

48 1329 1304 

49 1293 1291 

50 1286 1282 

51 1294 1240 

52 1292 1234 

53 1317 1271 

54 1302 1241 
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APPENDIX C 

AIR VELOCITY MEASUREMENTS 

 

The air velocities in Tables C.1 to C.5 were measured at different VFD speeds: 

20%, 40%, 60%, 80% and 100% without meshes. Figure 3.9 shows the dimensions of 

the fan and the location for the sensors at different radii and directions.  

 

Table C.1 Air Velocity Measurements at VFD Speed = 20% 

Radius (cm) 46 63.5 81 98.5 116 

Set 1 157 411 299 216 208 

Set 2 108 264 261 77 98 

Set 3 194 245 267 135 102 

Set 4 105 335 89 128 101 

Set 5 134 234 259 104 143 

Set 6 153 301 187 109 95 

Set 7 108 336 266 157 143 

Set 8 127 400 193 75 146 

Set 9 173 396 216 140 115 

Set 10 199 296 339 218 161 

 

Table C.2 Air Velocity Measurements at VFD Speed = 40% 

Radius (cm) 46 63.5 81 98.5 116 

Set 1 809 726 846 727 393 

Set 2 401 770 804 637 374 

Set 3 388 808 854 609 276 

ft/min 

ft/min 
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Set 4 349 889 804 746 272 

Set 5 612 828 857 696 210 

Set 6 609 953 861 704 252 

Set 7 678 808 821 717 310 

Set 8 598 879 923 657 390 

Set 9 651 1039 905 802 363 

Set 10 505 1001 960 738 373 

 

Table C.3 Air Velocity Measurements at VFD Speed = 60% 

Radius (cm) 46 63.5 81 98.5 116 

Set 1 1535 1251 1265 1188 712 

Set 2 995 1351 1273 1139 416 

Set 3 1120 1260 1263 1100 416 

Set 4 934 1307 1242 943 394 

Set 5 987 1336 1307 1004 464 

Set 6 1240 1290 1304 1011 434 

Set 7 1337 1438 1343 1082 487 

Set 8 1311 1397 1360 1113 432 

Set 9 1166 1490 1389 1021 536 

Set 10 1467 1549 1623 1144 661 

 

Table C.4 Air Velocity Measurements at VFD Speed = 80% 

Radius (cm) 46 63.5 81 98.5 116 

Set 1 1982 1879 1701 1769 907 

Set 2 1673 1830 1811 1467 694 

Set 3 1526 1770 1862 1889 621 

ft/min 

ft/min 
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Set 4 1745 1793 1886 1673 611 

Set 5 1739 1851 1815 1632 565 

Set 6 1670 2127 1881 1674 580 

Set 7 1565 2047 1900 1721 561 

Set 8 1348 2013 1969 1752 590 

Set 9 1856 2163 2007 1785 660 

Set 10 1524 2328 2279 1511 795 

 

Table C.5 Air Velocity Measurements at VFD Speed = 100% 

Radius (cm) 46 63.5 81 98.5 116 

Set 1 2066 2530 2391 2017 1182 

Set 2 2041 2423 2300 2070 1222 

Set 3 2093 2319 2328 2102 797 

Set 4 2225 2219 2252 2069 793 

Set 5 2263 2245 2365 2229 827 

Set 6 2378 2316 2351 2110 794 

Set 7 2187 2495 2356 2161 895 

Set 8 2026 2495 2373 2240 1010 

Set 9 2183 2443 2526 2296 1013 

Set 10 2212 2654 2694 2178 988 

 

 

 

 

ft/min 
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The air velocities in Tables C.6 to C.9 were measured at different VFD speeds: 

25%, 50%, 75% and 100%, Figure 3.13 shows the dimensions of the fan and the location 

for the sensors at different radius and directions. 

 

Table C.6 Air Velocity Measurements at VFD Speed = 25% 

Radius (cm) 40 59 78 97 116 

Set 1 141 524 556 472 157 

Set 2 154 591 631 526 144 

Set 3 87 514 591 568 117 

Set 4 172 437 478 454 272 

Set 5 103 461 486 381 105 

Set 6 70 462 485 481 123 

Set 7 96 503 550 496 135 

 

Table C.7 Air Velocity Measurements at VFD Speed = 50% 

Radius (cm) 40 59 78 97 116 

Set 1 323 1243 1167 1200 311 

Set 2 204 1192 1353 1204 342 

Set 3 157 1158 1129 1030 412 

Set 4 109 938 972 953 465 

Set 5 287 895 926 843 406 

Set 6 188 858 900 898 279 

Set 7 163 708 967 1005 439 

 

 

 

 

ft/min 

ft/min 
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Table C.8 Air Velocity Measurements at VFD Speed = 75% 

Radius (cm) 40 59 78 97 116 

Set 1 334 1463 1961 1868 501 

Set 2 265 1622 1820 1637 616 

Set 3 183 1759 1693 1578 511 

Set 4 182 1441 1510 1439 840 

Set 5 315 1420 1537 1521 506 

Set 6 446 1394 1278 1246 493 

Set 7 181 1612 1701 1487 568 

Set 8 246 1765 1621 1707 680 

 

Table C.9 Air Velocity Measurements at VFD Speed = 100% 

Radius (cm) 40 59 78 97 116 

Set 1 259 2410 2697 2332 624 

Set 2 331 1470 2326 2094 885 

Set 3 220 2334 1523 2085 908 

Set 4 323 1924 2287 1860 1110 

Set 5 456 2030 2014 1966 642 

Set 6 574 1794 1570 1833 589 

Set 7 241 1623 2497 2012 871 

Set 8 311 2350 2158 2298 987 

 

ft/min 

ft/min 



 

122 

 

APPENDIX D 

INTEGRATION OF FAN AIR FLOWRATE 

 

Chapter III introduces the integration for the air flowrate. When the VFD speed 

is 20%, the formula for air velocity is 

Air Velocity= -110.3*(R)
2
 + 559.23*(R) – 441.25                           (D.1) 

Air Flowrate = ∫ Air Velocity ∗ 𝑑𝐴

= ∫ [(−110.3 ∗ 𝑅2 + 559.23 ∗ 𝑅–  441.25)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 2𝜋𝑅 ∗ 𝑑𝑅

= 2𝜋 ∫ [(−110.3 ∗ 𝑅3 + 559.23 ∗ 𝑅2–  441.25 ∗ 𝑅)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 𝑑𝑅]

= 2π ∗ [(
−110.3

4
∗ 𝑅4 +

559.23

3
∗ 𝑅3 −

441.25

2
∗ 𝑅2)|1.3 𝑓𝑡

3.8 𝑓𝑡
]

= 2π ∗ [
−110.3

4
∗ (3.84 − 1.34) +

559.23

3
∗ (3.83 − 1.33) −

441.25

2

∗ (3.82 − 1.32)] = 8388 𝑐𝑓𝑚 

       (D.2) 

 

When the VFD speed is 40%, the formula for air velocity is: 

Air Velocity= -309.94*(R)
2
 + 1521.9*(R) – 1005.8                          (D.3) 



 

123 

 

Air Flowrate = ∫Air Velocity ∗ 𝑑𝐴

= ∫ [(−309.94 ∗ 𝑅2 + 1521.9 ∗ 𝑅–  1005.8)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 2𝜋𝑅 ∗ 𝑑𝑅

= 2𝜋 ∫ [(−309.94 ∗ 𝑅3 + 1521.9 ∗ 𝑅2–  1005.8 ∗ 𝑅)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 𝑑𝑅]

= 2π ∗ [(
−309.94

4
∗ 𝑅4 +

1521.9

3
∗ 𝑅3 −

1005.8

2
∗ 𝑅2)|1.3 𝑓𝑡

3.8 𝑓𝑡
]

= 2π ∗ [
−309.94

4
∗ (3.84 − 1.34) +

1521.9

3
∗ (3.83 − 1.33) −

1005.8

2

∗ (3.82 − 1.32)] = 27487 𝑐𝑓𝑚 

(D.4) 

 

When the VFD speed is 60%, the formula for air velocity is: 

Air Velocity= -386.02*(R)
2
 + 1760.7*(R) – 611.22                      (D.5) 

Air Flowrate = ∫Air Velocity ∗ 𝑑𝐴 

= ∫ [(−386.02 ∗ 𝑅2 + 1760.7 ∗ 𝑅–  611.22)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 2𝜋𝑅 ∗ 𝑑𝑅 

= 2𝜋 ∫ [(−386.02 ∗ 𝑅3 + 1760.7 ∗ 𝑅2–  611.22 ∗ 𝑅)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 𝑑𝑅] 

= 2π ∗ [(
−386.02

4
∗ 𝑅4 +

1760.7

3
∗ 𝑅3 −

611.22

2
∗ 𝑅2) |1.3 𝑓𝑡

3.8 𝑓𝑡
] 

= 2π ∗ [
−386.02

4
∗ (3.84 − 1.34) +

1760.7

3
∗ (3.83 − 1.33) −

611.22

2
∗ (3.82 − 1.32)] 

= 45060 𝑐𝑓𝑚                                                       (D.6) 
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When the VFD speed is 80%, the formula for air velocity is: 

Air Velocity= -632.34*(R)
2
 + 2965.1*(R) – 1426.8                        (D.7) 

Air Flowrate = ∫Air Velocity ∗ 𝑑𝐴

= ∫ [(−632.34 ∗ 𝑅2 + 2965.1 ∗ 𝑅–  1426.8)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 2𝜋𝑅 ∗ 𝑑𝑅

= 2𝜋 ∫ [(−632.34 ∗ 𝑅3 + 2965.1 ∗ 𝑅2–  1426.8 ∗ 𝑅)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 𝑑𝑅]

= 2π ∗ [(
−632.34

4
∗ 𝑅4 +

2965.1

3
∗ 𝑅3 −

1426.8

2
∗ 𝑅2)|1.3 𝑓𝑡

3.8 𝑓𝑡
]

= 2π ∗ [
−632.34

4
∗ (3.84 − 1.34) +

2965.1

3
∗ (3.83 − 1.33) −

1426.8

2

∗ (3.82 − 1.32)] = 62691 𝑐𝑓𝑚 

(D.8) 

 

When the VFD speed is 100%, the formula for air velocity is: 

Air Velocity= -952.63*(R)
2
 + 4828.5*(R) – 3641.2                          (D.9) 
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Air Flowrate = ∫Air Velocity ∗ 𝑑𝐴

= ∫ [(−952.63 ∗ 𝑅2 + 4828.5 ∗ 𝑅–  3641.2)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 2𝜋𝑅 ∗ 𝑑𝑅

= 2𝜋 ∫ [(−952.63 ∗ 𝑅3 + 4828.5 ∗ 𝑅2–  3641.2 ∗ 𝑅)
3.8 𝑓𝑡

1.3 𝑓𝑡

∗ 𝑑𝑅]

= 2π ∗ [(
−952.63

4
∗ 𝑅4 +

4828.5

3
∗ 𝑅3 −

3641.2

2
∗ 𝑅2)|1.3 𝑓𝑡

3.8 𝑓𝑡
]

= 2π ∗ [
−952.63

4
∗ (3.84 − 1.34) +

4828.5

3
∗ (3.83 − 1.33) −

3641.2

2

∗ (3.82 − 1.32)] = 79098 𝑐𝑓𝑚 

 (D.10) 
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APPENDIX E 

WATER TEMPERATURE MEASUREMENTS 

 

Table E.1 Water Temperature Measurements 

ᵒF HOBO Sensor EMCS Sensor 

Date 
Inlet 

Temp 

Outlet 

Temp 

Cooling 

Range 

Inlet 

Temp 

Outlet 

Temp 

Cooling 

Range 

1/13/2016 67.285 64.918 2.367 67.31 65.06 2.25 

1/13/2016 67.285 64.704 2.581 67.22 64.81 2.41 

1/13/2016 67.158 64.362 2.796 66.06 64.56 1.5 

1/13/2016 66.729 64.018 2.711 65.72 64.06 1.66 

1/13/2016 65.574 63.548 2.026 65.66 63.69 1.97 

1/13/2016 64.931 63.161 1.77 64.94 63.44 1.5 

1/13/2016 64.717 62.99 1.727 64.84 63.06 1.78 

1/13/2016 63.862 62.862 1 64.22 62.94 1.28 

1/13/2016 64.288 62.906 1.382 64.31 62.94 1.37 

1/13/2016 65.145 63.248 1.897 64.28 63.19 1.09 

1/13/2016 64.459 63.676 0.783 64.31 63.59 0.72 

1/13/2016 65.574 64.018 1.556 65.28 64 1.28 

1/13/2016 65.102 64.362 0.74 65.28 64.28 1 

1/13/2016 65.745 64.574 1.171 65.59 64.69 0.9 

1/13/2016 66.385 64.832 1.553 65.53 64.81 0.72 

1/13/2016 66.515 64.704 1.811 65.31 64.81 0.5 

1/13/2016 65.788 64.747 1.041 65.5 64.69 0.81 

1/13/2016 65.316 64.446 0.87 65.19 64.56 0.63 

1/13/2016 64.888 64.403 0.485 65.69 64.44 1.25 

1/13/2016 64.803 64.061 0.742 64.75 64.19 0.56 

1/13/2016 65.53 64.189 1.341 64.94 64.19 0.75 

1/13/2016 65.017 64.403 0.614 64.97 64.31 0.66 

1/13/2016 65.316 64.704 0.612 65.34 64.59 0.75 

1/13/2016 66.087 65.003 1.084 65.66 64.97 0.69 
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1/13/2016 65.829 65.217 0.612 65.69 65.09 0.6 

1/13/2016 65.701 65.345 0.356 66.31 65.38 0.93 

1/13/2016 65.615 65.303 0.312 66.19 65.38 0.81 

1/13/2016 66.6 65.26 1.34 65.69 65.38 0.31 

1/13/2016 65.574 65.089 0.485 65.94 65.13 0.81 

1/14/2016 65.316 64.959 0.357 65.56 65 0.56 

1/14/2016 65.273 64.788 0.485 65.16 64.88 0.28 

1/14/2016 65.017 64.574 0.443 65.09 64.75 0.34 

1/14/2016 64.674 64.403 0.271 64.97 64.5 0.47 

1/14/2016 64.459 64.148 0.311 64.59 64.22 0.37 

1/14/2016 64.931 64.617 0.314 64.97 64.5 0.47 

1/14/2016 65.916 65.431 0.485 65.63 65.38 0.25 

1/14/2016 66.344 66.158 0.186 66.31 66.13 0.18 

1/14/2016 67.285 66.758 0.527 67.41 66.78 0.63 

1/14/2016 66.429 66.074 0.355 66.88 66.38 0.5 

1/14/2016 65.487 65.089 0.398 65.78 65.44 0.34 

1/14/2016 64.76 64.319 0.441 64.94 64.5 0.44 

1/14/2016 63.99 63.719 0.271 64.28 63.88 0.4 

1/14/2016 63.648 63.375 0.273 63.78 63.47 0.31 

1/14/2016 63.775 63.548 0.227 63.63 63.34 0.29 

1/14/2016 64.717 64.403 0.314 64.5 64.25 0.25 

1/14/2016 65.487 65.132 0.355 65.41 65.09 0.32 

1/14/2016 67.329 66.714 0.615 68.5 66.03 2.47 

1/14/2016 70.329 69.157 1.172 70.19 69.34 0.85 

1/14/2016 69.085 68 1.085 70.03 68.16 1.87 

1/14/2016 68.443 66.459 1.984 68.09 66.75 1.34 

1/14/2016 66.985 65.303 1.682 67.34 65.47 1.87 

1/14/2016 65.658 64.362 1.296 65.81 64.56 1.25 

1/14/2016 65.145 63.933 1.212 65.06 64.03 1.03 

1/14/2016 65.316 63.847 1.469 65.53 63.91 1.62 

1/14/2016 65.916 64.104 1.812 66.03 64.19 1.84 

1/14/2016 66.173 64.403 1.77 65.59 64.63 0.96 

1/14/2016 66.6 64.704 1.896 65.63 64.94 0.69 
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1/14/2016 66.643 65.217 1.426 66.25 65.22 1.03 

1/14/2016 66.772 65.559 1.213 66.47 65.44 1.03 

1/14/2016 67.242 65.431 1.811 66.81 65.34 1.47 

1/14/2016 66.515 65.26 1.255 66.69 65.34 1.35 

1/14/2016 66 65.132 0.868 67.53 65.22 2.31 

1/14/2016 67.158 65.089 2.069 66.5 65.09 1.41 

1/14/2016 67.114 65.174 1.94 66.44 65.34 1.1 

1/14/2016 66.214 65.345 0.869 67.13 65.34 1.79 

1/14/2016 66.6 65.688 0.912 66.78 65.34 1.44 

1/14/2016 66.686 65.903 0.783 67.53 65.59 1.94 

1/14/2016 67.199 65.987 1.212 67.47 65.84 1.63 

1/14/2016 67.586 66.158 1.428 68.03 66 2.03 

1/14/2016 68.443 66.115 2.328 68.41 66.25 2.16 

1/14/2016 68.785 66.372 2.413 68.25 66.44 1.81 

1/14/2016 68.484 66.288 2.196 67.75 66.44 1.31 

1/14/2016 67.413 66.372 1.041 68.47 66.41 2.06 

1/14/2016 68.056 66.673 1.383 68 66.53 1.47 

1/14/2016 68.4 66.63 1.77 68.16 66.53 1.63 

1/14/2016 67.842 66.587 1.255 68.13 66.41 1.72 

1/14/2016 67.842 66.63 1.212 69.09 66.59 2.5 

1/14/2016 68.614 66.587 2.027 68.78 66.75 2.03 

1/14/2016 69.213 66.758 2.455 68.34 66.75 1.59 

1/14/2016 68.956 66.929 2.027 69.22 67.06 2.16 

1/14/2016 68.913 67.4 1.513 69.59 67.31 2.28 

1/14/2016 68.871 67.528 1.343 69.63 67.56 2.07 

1/14/2016 68.828 67.357 1.471 69.47 67.31 2.16 

1/14/2016 68.698 67.272 1.426 69.56 67.25 2.31 

1/14/2016 69.3 67.443 1.857 69.34 67.44 1.9 

1/14/2016 69.386 67.528 1.858 69.81 67.59 2.22 

1/14/2016 69.386 67.443 1.943 69.31 67.44 1.87 

1/14/2016 69.514 67.314 2.2 69.19 67.31 1.88 

1/14/2016 69.17 67.485 1.685 69.53 67.31 2.22 

1/14/2016 69.17 67.614 1.556 69.5 67.56 1.94 
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1/14/2016 69.728 67.742 1.986 69.97 67.72 2.25 

1/14/2016 69.3 67.742 1.558 70.56 67.72 2.84 

1/14/2016 70.587 68.043 2.544 70.19 68 2.19 

1/14/2016 70.543 68.171 2.372 70.22 68.25 1.97 

1/14/2016 70.803 68.471 2.332 70.22 68.34 1.88 

1/14/2016 70.846 68.77 2.076 70.84 68.63 2.21 

1/14/2016 70.759 69.114 1.645 71.63 69.06 2.57 

1/14/2016 70.803 69.285 1.518 71.72 69.22 2.5 

1/14/2016 71.533 69.114 2.419 71.16 69.22 1.94 

1/14/2016 71.274 68.856 2.418 71.09 69.09 2 

1/14/2016 70.759 68.685 2.074 71.19 68.97 2.22 

1/14/2016 70.587 68.471 2.116 69.84 68.59 1.25 

1/14/2016 68.913 68.171 0.742 70.28 68.22 2.06 

1/14/2016 69.771 67.829 1.942 69.03 67.94 1.09 

1/14/2016 68.571 67.571 1 69.06 67.56 1.5 

1/14/2016 68.185 67.229 0.956 68.38 67.44 0.94 

1/14/2016 68.227 67.1 1.127 68.69 67.19 1.5 

1/14/2016 68.356 66.844 1.512 67.47 66.81 0.66 

1/14/2016 67.413 66.587 0.826 68.22 66.56 1.66 

1/14/2016 67.199 66.372 0.827 67.09 66.44 0.65 

1/14/2016 67.971 66.372 1.599 66.81 66.44 0.37 

1/14/2016 67.285 66.245 1.04 67.22 66.31 0.91 

1/14/2016 66.6 66.115 0.485 67.59 66.25 1.34 

1/14/2016 66.301 65.903 0.398 67.78 66.06 1.72 

1/14/2016 66.9 65.73 1.17 66.34 65.81 0.53 

1/14/2016 66.729 65.517 1.212 66.53 65.69 0.84 

1/14/2016 66.472 65.303 1.169 66.56 65.44 1.12 

1/14/2016 66.043 65.174 0.869 66.06 65.31 0.75 

1/14/2016 65.444 65.046 0.398 65.81 65.06 0.75 

1/14/2016 65.701 64.918 0.783 65.44 65.06 0.38 

1/14/2016 65.658 65.046 0.612 65.75 65.09 0.66 

1/14/2016 65.829 65.089 0.74 65.53 65.09 0.44 

1/14/2016 65.444 65.174 0.27 66.38 65.09 1.29 
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1/14/2016 65.658 65.217 0.441 66.16 65.22 0.94 

1/14/2016 66.13 65.303 0.827 65.63 65.34 0.29 

1/15/2016 65.701 65.26 0.441 66.16 65.34 0.82 

1/15/2016 65.916 65.388 0.528 65.69 65.34 0.35 

1/15/2016 65.701 65.388 0.313 65.78 65.34 0.44 

1/15/2016 65.872 65.431 0.441 65.75 65.47 0.28 

1/15/2016 66.173 65.431 0.742 65.66 65.47 0.19 

1/15/2016 65.745 65.388 0.357 65.88 65.47 0.41 

1/15/2016 65.53 65.345 0.185 66.38 65.47 0.91 

1/15/2016 65.658 65.431 0.227 66 65.47 0.53 

1/15/2016 65.745 65.345 0.4 65.84 65.47 0.37 

1/15/2016 65.829 65.345 0.484 65.78 65.34 0.44 

1/15/2016 65.916 65.345 0.571 65.84 65.34 0.5 

1/15/2016 65.53 65.345 0.185 66.22 65.34 0.88 

1/15/2016 65.658 65.303 0.355 66.03 65.34 0.69 

1/15/2016 65.745 65.217 0.528 65.63 65.34 0.29 

1/15/2016 65.53 65.089 0.441 65.59 65.22 0.37 

1/15/2016 65.487 64.788 0.699 65.41 64.97 0.44 

1/15/2016 65.059 64.704 0.355 65.25 64.84 0.41 

1/15/2016 65.872 65.003 0.869 67.47 64.72 2.75 

1/15/2016 66.472 65.174 1.298 66.09 65.34 0.75 

1/15/2016 66.258 65.303 0.955 67.09 65.22 1.87 

1/15/2016 65.916 64.959 0.957 66.81 64.97 1.84 

1/15/2016 66.729 64.788 1.941 66.25 64.84 1.41 

1/15/2016 66.344 64.403 1.941 65.75 64.47 1.28 

1/15/2016 66.515 64.104 2.411 65.19 64.09 1.1 

1/15/2016 65.059 63.933 1.126 65 64 1 

1/15/2016 65.188 63.633 1.555 65.03 63.75 1.28 

1/15/2016 64.974 63.334 1.64 64.69 63.59 1.1 

1/15/2016 65.403 63.204 2.199 64.5 63.47 1.03 

1/15/2016 65.102 63.161 1.941 64.38 63.38 1 

1/15/2016 64.931 63.204 1.727 64.28 63.25 1.03 

1/15/2016 64.074 63.033 1.041 65.06 63.13 1.93 
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1/15/2016 64.375 62.906 1.469 64.22 63 1.22 

1/15/2016 65.53 63.161 2.369 64.25 63.25 1 

1/15/2016 65.273 63.633 1.64 64.75 63.69 1.06 

1/15/2016 65.788 64.104 1.684 64.94 64.13 0.81 

1/15/2016 67.285 64.704 2.581 65.97 64.81 1.16 

1/15/2016 67.372 65.217 2.155 67.19 65.28 1.91 

1/15/2016 67.971 65.773 2.198 67.34 65.91 1.43 

1/15/2016 67.971 66.115 1.856 68.69 66.16 2.53 

1/15/2016 68.056 66.288 1.768 69.09 66.25 2.84 

1/15/2016 67.971 66.201 1.77 68.78 66.09 2.69 

1/15/2016 68.742 66.245 2.497 68.28 66.22 2.06 

1/15/2016 67.885 66.245 1.64 68.94 66.22 2.72 

1/15/2016 68.571 65.816 2.755 68.06 65.94 2.12 

1/15/2016 68.484 65.816 2.668 67.97 65.91 2.06 

1/15/2016 68.657 65.602 3.055 67.63 65.75 1.88 

1/15/2016 67.928 65.474 2.454 68.13 65.63 2.5 

1/15/2016 67.971 65.474 2.497 68.38 65.56 2.82 

1/15/2016 67.928 65.345 2.583 67.72 65.44 2.28 

1/15/2016 68.227 65.431 2.796 67.44 65.44 2 

1/15/2016 67.885 65.132 2.753 67.19 65.19 2 

1/15/2016 66.985 65.303 1.682 68.16 65.19 2.97 

1/15/2016 67.285 65.217 2.068 68.03 65.19 2.84 

1/15/2016 67.071 65.26 1.811 68.22 65.19 3.03 

1/15/2016 67.798 65.303 2.495 67.84 65.19 2.65 

1/15/2016 67.413 65.26 2.153 68.75 65.44 3.31 

1/15/2016 67.971 65.773 2.198 68.28 65.59 2.69 

1/15/2016 68.785 65.73 3.055 68.16 65.72 2.44 

1/15/2016 68.527 65.688 2.839 68.44 65.88 2.56 

1/15/2016 68.614 65.517 3.097 68.59 65.59 3 

1/15/2016 68.185 65.602 2.583 68.66 65.59 3.07 

1/15/2016 68.657 65.73 2.927 68.59 65.72 2.87 

1/15/2016 68.056 65.474 2.582 68.88 65.56 3.32 

1/15/2016 67.798 65.217 2.581 68.25 65.19 3.06 
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1/15/2016 67.627 65.217 2.41 68.13 65.19 2.94 

1/15/2016 67.627 64.959 2.668 67.31 64.94 2.37 

1/15/2016 67.627 64.704 2.923 68.22 64.81 3.41 

1/15/2016 67.285 64.747 2.538 67.44 64.66 2.78 

1/15/2016 67.586 64.49 3.096 67.03 64.66 2.37 

1/15/2016 67.285 64.319 2.966 66.91 64.66 2.25 

1/15/2016 66.515 63.847 2.668 66.72 63.97 2.75 

1/15/2016 65.145 63.548 1.597 66.38 63.59 2.79 

1/15/2016 64.632 63.12 1.512 65.5 63.22 2.28 

1/15/2016 63.946 62.733 1.213 65 62.84 2.16 

1/15/2016 63.475 62.391 1.084 63.72 62.47 1.25 

1/15/2016 63.304 62.22 1.084 63.44 62.22 1.22 

1/15/2016 63.433 62.391 1.042 63.81 62.34 1.47 

1/15/2016 64.546 62.691 1.855 63.5 62.72 0.78 

1/15/2016 64.161 63.291 0.87 64.19 63.25 0.94 

1/15/2016 64.76 63.847 0.913 64.56 63.75 0.81 

1/15/2016 65.102 64.319 0.783 65.31 64.16 1.15 

1/15/2016 66.729 64.788 1.941 66.5 64.91 1.59 

1/15/2016 65.788 65.26 0.528 66.03 65.09 0.94 

1/15/2016 66.385 64.959 1.426 65.66 65.13 0.53 

1/15/2016 65.53 64.959 0.571 65.53 64.88 0.65 

1/15/2016 65.788 64.704 1.084 66.16 64.88 1.28 

1/15/2016 65.017 64.49 0.527 65.75 64.63 1.12 

1/15/2016 64.888 64.319 0.569 65.13 64.38 0.75 

1/15/2016 65.017 64.061 0.956 64.81 64.25 0.56 

1/15/2016 64.803 64.148 0.655 64.88 64.13 0.75 

1/15/2016 64.845 64.148 0.697 64.81 64.25 0.56 

1/15/2016 65.403 64.918 0.485 65.66 64.75 0.91 

1/15/2016 67.242 66.245 0.997 66.84 66.06 0.78 

1/15/2016 67.543 67.485 0.058 67.78 67.22 0.56 

1/15/2016 66.472 66.03 0.442 66.66 66.31 0.35 

1/15/2016 65.23 64.747 0.483 66.06 65 1.06 

1/16/2016 64.459 63.89 0.569 64.78 64.16 0.62 
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1/16/2016 63.518 63.12 0.398 63.81 63.28 0.53 

1/16/2016 63.048 62.776 0.272 63.31 62.88 0.43 

1/16/2016 64.117 63.719 0.398 63.78 63.5 0.28 

1/16/2016 64.375 65.345 -0.97 64.91 64.63 0.28 

1/16/2016 66.344 65.987 0.357 66.72 65.91 0.81 

1/16/2016 66.643 66.758 -0.115 67.22 66.44 0.78 

1/16/2016 67.242 67.357 -0.115 67.63 67.06 0.57 

1/16/2016 66.301 65.859 0.442 66.38 66.38 0 

1/16/2016 64.931 64.362 0.569 65.06 64.69 0.37 

1/16/2016 63.946 63.462 0.484 64.25 63.78 0.47 

1/16/2016 63.09 62.733 0.357 63.47 62.88 0.59 

1/16/2016 63.732 63.419 0.313 63.5 63.22 0.28 

1/16/2016 64.546 65.26 -0.714 64.66 64.34 0.32 

1/16/2016 66.385 65.816 0.569 66.47 65.75 0.72 

1/16/2016 66.686 66.288 0.398 66.44 66.16 0.28 

1/16/2016 66.857 67.015 -0.158 67.31 66.72 0.59 

1/16/2016 67.971 67.1 0.871 69.22 67.22 2 

1/16/2016 67.114 66.158 0.956 67.63 66.5 1.13 

1/16/2016 66.258 65.431 0.827 67.56 65.47 2.09 

1/16/2016 66.173 64.49 1.683 65.78 64.66 1.12 

1/16/2016 65.53 64.148 1.382 65.41 64.25 1.16 

1/16/2016 66.043 63.847 2.196 65.34 64 1.34 

1/16/2016 65.403 63.933 1.47 65.47 64.19 1.28 

1/16/2016 65.53 64.232 1.298 66.66 64.28 2.38 

1/16/2016 67.028 64.704 2.324 66.63 64.78 1.85 

1/16/2016 66 64.832 1.168 66.69 64.88 1.81 

1/16/2016 66.043 65.345 0.698 66.19 65 1.19 

1/16/2016 66.301 65.132 1.169 66.34 65.22 1.12 

1/16/2016 66.087 65.089 0.998 66.22 65.13 1.09 

1/16/2016 66.385 64.875 1.51 66.13 65.09 1.04 

1/16/2016 67.071 64.704 2.367 65.69 64.97 0.72 

1/16/2016 66.214 64.747 1.467 66.03 64.84 1.19 

1/16/2016 65.745 65.089 0.656 66.72 64.97 1.75 
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1/16/2016 65.53 65.003 0.527 66.94 64.81 2.13 

1/16/2016 66.686 65.003 1.683 66.34 65.09 1.25 

1/16/2016 66.943 65.174 1.769 67.19 65.22 1.97 

1/16/2016 66.686 65.217 1.469 66.31 65.5 0.81 

1/16/2016 66.258 65.26 0.998 67.38 65.25 2.13 

1/16/2016 66.385 65.132 1.253 66.59 65.25 1.34 

1/16/2016 66.043 65.003 1.04 67.19 65.13 2.06 

1/16/2016 66.043 64.875 1.168 66.75 65.13 1.62 

1/16/2016 67.242 64.959 2.283 65.63 64.97 0.66 

1/16/2016 67.242 65.046 2.196 66.59 65.09 1.5 

1/16/2016 66.857 65.174 1.683 66.56 65.38 1.18 

1/16/2016 66.558 65.303 1.255 67.47 65.38 2.09 

1/16/2016 66.173 65.217 0.956 66.63 65.38 1.25 

1/16/2016 66.13 65.174 0.956 67.25 65.25 2 

1/16/2016 66.258 65.26 0.998 66.06 65.13 0.93 

1/16/2016 66.985 64.959 2.026 65.84 65.13 0.71 

1/16/2016 66.515 64.661 1.854 66.22 64.88 1.34 

1/16/2016 66.515 64.918 1.597 65.97 64.88 1.09 

1/16/2016 66.214 64.875 1.339 66.91 65 1.91 

1/16/2016 66.686 64.918 1.768 66.66 65.13 1.53 

1/16/2016 66.686 64.704 1.982 65.88 64.84 1.04 

1/16/2016 65.788 64.747 1.041 66.66 64.91 1.75 

1/16/2016 66.13 65.003 1.127 66.44 64.91 1.53 

1/16/2016 66.087 64.918 1.169 66.31 64.91 1.4 

1/16/2016 65.916 65.132 0.784 65.78 65 0.78 

1/16/2016 66 65.089 0.911 66.56 65.03 1.53 

1/16/2016 66.729 65.431 1.298 67.59 65.41 2.18 

1/16/2016 68.013 65.645 2.368 67.03 65.84 1.19 

1/16/2016 67.114 65.73 1.384 67.94 65.88 2.06 

1/16/2016 67.028 65.431 1.597 67 65.69 1.31 

1/16/2016 66.429 65.217 1.212 67 65.31 1.69 

1/16/2016 66.857 65.003 1.854 66.38 65.16 1.22 

1/16/2016 66.043 64.875 1.168 67 64.94 2.06 
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1/16/2016 67.071 64.574 2.497 66.38 64.81 1.57 

1/16/2016 66.429 64.661 1.768 65.81 64.66 1.15 

1/16/2016 65.615 64.788 0.827 66.66 64.63 2.03 

1/16/2016 65.487 64.617 0.87 66.28 64.66 1.62 

1/16/2016 65.959 64.362 1.597 66.06 64.53 1.53 

1/16/2016 66.344 64.275 2.069 66.34 64.44 1.9 

1/16/2016 65.872 64.148 1.724 65.13 64.28 0.85 

1/16/2016 65.017 64.061 0.956 65.16 64.16 1 

1/16/2016 64.845 64.061 0.784 65.94 64.03 1.91 

1/16/2016 65.701 64.061 1.64 64.75 64.16 0.59 

1/16/2016 65.23 64.061 1.169 64.94 64.16 0.78 

1/16/2016 65.359 64.232 1.127 65.28 64.16 1.12 

1/16/2016 65.273 64.617 0.656 65.16 64.47 0.69 

1/16/2016 67.329 65.944 1.385 66.22 65.78 0.44 

1/16/2016 67.885 67.4 0.485 67.56 67.09 0.47 

1/16/2016 66.472 65.944 0.528 67.88 66.22 1.66 

1/16/2016 64.931 64.574 0.357 66.22 64.81 1.41 

1/16/2016 64.375 63.633 0.742 64.59 63.94 0.65 

1/16/2016 63.648 62.819 0.829 63.59 63.06 0.53 

1/16/2016 63.862 63.161 0.701 63.59 63.03 0.56 

1/16/2016 64.632 64.275 0.357 64.63 64.03 0.6 

1/16/2016 66.344 65.303 1.041 65.53 65.03 0.5 

1/16/2016 66.515 66.115 0.4 66.97 66.06 0.91 

1/16/2016 67.114 66.844 0.27 67.63 66.72 0.91 

1/16/2016 68.657 67.186 1.471 67.38 67.22 0.16 

1/16/2016 65.959 65.474 0.485 66.19 65.94 0.25 

1/16/2016 64.332 63.762 0.57 64.66 64.16 0.5 

1/16/2016 62.919 62.519 0.4 63.19 62.78 0.41 

1/16/2016 62.919 62.605 0.314 62.91 62.5 0.41 

1/17/2016 62.49 65.217 -2.727 65.25 64.81 0.44 

1/17/2016 65.658 65.003 0.655 65.5 65.47 0.03 

1/17/2016 66.344 65.645 0.699 66 65.69 0.31 

1/17/2016 66.344 65.645 0.699 65.94 65.69 0.25 



 

136 

 

1/17/2016 66 65.73 0.27 66.03 65.81 0.22 

1/17/2016 66 65.859 0.141 65.91 65.81 0.1 

1/17/2016 66.173 65.903 0.27 66.31 65.94 0.37 

1/17/2016 66.515 65.773 0.742 65.91 65.94 -0.03 

1/17/2016 64.161 63.762 0.399 64.59 64.03 0.56 

1/17/2016 62.577 62.09 0.487 62.81 62.53 0.28 

1/17/2016 62.962 62.906 0.056 62.94 62.69 0.25 

1/17/2016 64.418 64.148 0.27 66.19 65.41 0.78 

1/17/2016 65.658 65.132 0.526 65.72 65.75 -0.03 

1/17/2016 65.745 65.645 0.1 65.88 65.69 0.19 

1/17/2016 66.385 65.859 0.526 66 65.94 0.06 

1/17/2016 66.943 66.115 0.828 66 66.06 -0.06 

1/17/2016 66.214 66.245 -0.031 66.88 66.31 0.57 

1/17/2016 67.456 66.758 0.698 69.25 66.97 2.28 

1/17/2016 65.403 64.704 0.699 66.13 65.19 0.94 

1/17/2016 64.674 63.505 1.169 65.69 63.59 2.1 

1/17/2016 64.589 63.033 1.556 63.88 63.09 0.79 

1/17/2016 65.959 64.788 1.171 65.44 64.16 1.28 

1/17/2016 68.742 67.015 1.727 67.59 66.81 0.78 

1/17/2016 69.427 67.357 2.07 69.47 67.94 1.53 

1/17/2016 66.943 64.959 1.984 67.47 65.47 2 

1/17/2016 65.102 63.462 1.64 65.34 63.81 1.53 

1/17/2016 64.074 62.733 1.341 64.34 62.94 1.4 

1/17/2016 64.459 63.161 1.298 63.69 62.69 1 

1/17/2016 67.885 65.773 2.112 66.09 65.41 0.68 

1/17/2016 69.985 68.127 1.858 68.72 67.97 0.75 

1/17/2016 67.971 66.201 1.77 67.97 66.84 1.13 

1/17/2016 65.959 63.719 2.24 65.19 64.19 1 

1/17/2016 64.674 62.391 2.283 63.84 62.78 1.06 

1/17/2016 64.546 63.419 1.127 63.38 62.56 0.82 

1/17/2016 66.943 66.074 0.869 67.47 65.53 1.94 

1/17/2016 70.072 68.642 1.43 70.25 68.22 2.03 

1/17/2016 68.227 66.372 1.855 67.88 67 0.88 
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1/17/2016 65.959 64.49 1.469 66.78 64.91 1.87 

1/17/2016 65.658 63.59 2.068 65.66 63.88 1.78 

1/17/2016 65.145 63.419 1.726 64.81 63.38 1.43 

1/17/2016 65.059 63.59 1.469 65.06 63.5 1.56 

1/17/2016 65.188 64.018 1.17 66.31 64 2.31 

1/17/2016 68.227 67.314 0.913 68.78 66.53 2.25 

1/17/2016 69.129 67.913 1.216 70 68.16 1.84 

1/17/2016 67.798 66.201 1.597 68.13 66.56 1.57 

1/17/2016 67.071 64.661 2.41 66.25 64.94 1.31 

1/17/2016 65.658 63.975 1.683 65.41 64.16 1.25 

1/17/2016 65.658 63.676 1.982 65.19 63.75 1.44 

1/17/2016 65.959 63.719 2.24 64.53 64 0.53 

1/17/2016 65.829 64.189 1.64 66 64 2 

1/17/2016 66.043 64.959 1.084 66.53 64.88 1.65 

1/17/2016 66.558 65.431 1.127 67.69 65.38 2.31 

1/17/2016 66.985 65.602 1.383 68 65.63 2.37 

1/17/2016 67.586 65.773 1.813 68.09 65.88 2.21 

1/17/2016 67.329 65.816 1.513 67.06 65.88 1.18 

1/17/2016 66.643 65.431 1.212 67.38 65.5 1.88 

1/17/2016 66 65.26 0.74 67.03 65.13 1.9 

1/17/2016 65.701 64.959 0.742 66.31 64.59 1.72 

1/17/2016 66.087 64.875 1.212 66.03 64.59 1.44 

1/17/2016 65.872 64.875 0.997 66.91 64.84 2.07 

1/17/2016 66.729 64.574 2.155 65.69 64.72 0.97 

1/17/2016 66.173 64.788 1.385 67.31 64.84 2.47 

1/17/2016 66.814 64.918 1.896 67.03 65.09 1.94 

1/17/2016 67.028 65.046 1.982 66.75 65.28 1.47 

1/17/2016 66.558 65.003 1.555 66.81 65.34 1.47 

1/17/2016 66.814 65.089 1.725 66.94 65.16 1.78 

1/17/2016 67.199 65.046 2.153 66.88 65.16 1.72 

1/17/2016 66.087 65.089 0.998 66.5 65.03 1.47 

1/17/2016 65.829 64.875 0.954 66.75 64.91 1.84 

1/17/2016 66.043 64.788 1.255 65.97 64.78 1.19 
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1/17/2016 66.043 64.704 1.339 66.47 64.78 1.69 

1/17/2016 66.13 64.704 1.426 65.75 64.78 0.97 

1/17/2016 66.943 64.617 2.326 66.47 64.78 1.69 

1/17/2016 65.745 64.617 1.128 65.56 64.66 0.9 

1/17/2016 65.145 64.319 0.826 65.66 64.53 1.13 

1/17/2016 65.959 64.148 1.811 65.63 64.16 1.47 

1/17/2016 64.974 64.148 0.826 64.94 64.16 0.78 

1/17/2016 64.974 64.319 0.655 65.28 64.31 0.97 

1/17/2016 65.059 64.446 0.613 65.19 64.44 0.75 

1/18/2016 62.834 62.691 0.143 62.75 62.41 0.34 

1/18/2016 62.875 65.303 -2.428 65.31 65.13 0.18 

1/18/2016 65.745 65.688 0.057 65.81 65.5 0.31 

1/18/2016 66.772 66.03 0.742 65.97 66 -0.03 

1/18/2016 66.344 66.201 0.143 66.5 66.13 0.37 

1/18/2016 67.199 66.416 0.783 66.94 66.38 0.56 

1/18/2016 66 65.73 0.27 66.59 66.22 0.37 

1/18/2016 63.99 63.505 0.485 64.25 64.03 0.22 

1/18/2016 62.319 61.962 0.357 62.69 62.25 0.44 

1/18/2016 63.005 62.947 0.058 62.94 62.75 0.19 

1/18/2016 64.546 64.275 0.271 65.88 65.16 0.72 

1/18/2016 66 65.645 0.355 65.63 65.78 -0.15 

1/18/2016 66.558 65.773 0.785 66.03 65.84 0.19 

1/18/2016 66.13 66.03 0.1 66.66 65.97 0.69 

1/18/2016 66.814 66.288 0.526 66.41 66.22 0.19 

1/18/2016 67.028 66.543 0.485 66.72 66.59 0.13 

1/18/2016 64.161 63.804 0.357 64.84 64.28 0.56 

1/18/2016 63.09 62.391 0.699 64.09 62.5 1.59 

1/18/2016 65.615 64.959 0.656 65.47 64.88 0.59 

1/18/2016 68.27 67.314 0.956 69 66.78 2.22 

1/18/2016 68.871 67.485 1.386 69 67.97 1.03 

1/18/2016 66.643 65.431 1.212 66.81 65.59 1.22 

1/18/2016 66.043 63.762 2.281 65.16 64.06 1.1 

1/18/2016 64.459 62.648 1.811 64.28 62.78 1.5 
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1/18/2016 63.862 62.261 1.601 63.63 62.38 1.25 

1/18/2016 66.772 65.089 1.683 66.19 64.59 1.6 

1/18/2016 69.3 67.699 1.601 69.03 67.28 1.75 

1/18/2016 68.27 67.314 0.956 69.69 67.94 1.75 

1/18/2016 65.959 64.918 1.041 66.53 65.09 1.44 

1/18/2016 64.375 63.334 1.041 64.94 63.47 1.47 

1/18/2016 63.903 62.304 1.599 63.72 62.44 1.28 

1/18/2016 65.059 63.89 1.169 65.28 63.34 1.94 

1/18/2016 68.227 66.543 1.684 67.59 66.28 1.31 

1/18/2016 70.115 68.984 1.131 70.53 68.91 1.62 

1/18/2016 68.356 66.201 2.155 68.06 66.63 1.43 

1/18/2016 65.403 64.574 0.829 66.47 64.66 1.81 

1/18/2016 64.888 63.419 1.469 64.69 63.66 1.03 

1/18/2016 65.102 63.375 1.727 64.88 63.41 1.47 

1/18/2016 65.316 63.804 1.512 65.38 63.91 1.47 

1/18/2016 67.071 64.747 2.324 65.84 64.91 0.93 

1/18/2016 66.9 65.602 1.298 66.56 65.59 0.97 

1/18/2016 67.456 66.03 1.426 67.34 66 1.34 

1/18/2016 68.571 66.158 2.413 67.44 66.28 1.16 

1/18/2016 68.056 66.201 1.855 67.34 66.41 0.93 

1/18/2016 67.757 65.773 1.984 67.19 66.16 1.03 

1/18/2016 66.729 65.345 1.384 67.44 65.41 2.03 

1/18/2016 67.242 65.003 2.239 66.78 65.16 1.62 

1/18/2016 66.043 65.003 1.04 66.13 64.91 1.22 

1/18/2016 66.985 65.046 1.939 65.91 65.03 0.88 

1/18/2016 66.515 64.875 1.64 66.19 65.03 1.16 

1/18/2016 66.515 65.089 1.426 67 65.03 1.97 

1/18/2016 66.9 65.303 1.597 67.19 65.41 1.78 

1/18/2016 66.686 65.431 1.255 67.41 65.53 1.88 

1/18/2016 67.071 65.688 1.383 66.63 65.66 0.97 

1/18/2016 66.429 65.559 0.87 67.41 65.66 1.75 

1/18/2016 66.985 65.345 1.64 66.56 65.41 1.15 

1/18/2016 66.344 65.132 1.212 66.91 65.06 1.85 
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1/18/2016 66.772 64.832 1.94 66.78 64.94 1.84 

1/18/2016 66.043 64.875 1.168 67.28 65.06 2.22 

1/18/2016 66.472 64.747 1.725 66.38 64.97 1.41 

1/18/2016 67.329 64.747 2.582 65.84 64.84 1 

1/18/2016 67.372 64.617 2.755 66.22 64.97 1.25 

1/18/2016 66.729 65.132 1.597 66.84 65 1.84 

1/18/2016 66.9 65.003 1.897 67.25 65.22 2.03 

1/18/2016 67.114 65.132 1.982 66.53 65.13 1.4 

1/18/2016 66.558 65.303 1.255 67.25 65.25 2 

1/18/2016 67.158 65.174 1.984 66.75 65.25 1.5 

1/18/2016 66.6 65.345 1.255 67.13 65.13 2 

1/18/2016 66.558 65.174 1.384 67.59 65.16 2.43 

1/18/2016 66.043 65.003 1.04 66.91 65.03 1.88 

1/18/2016 65.701 64.747 0.954 66.56 64.75 1.81 

1/18/2016 66.301 64.533 1.768 66.03 64.63 1.4 

1/18/2016 66.515 64.148 2.367 65.16 64.38 0.78 

1/18/2016 66.214 64.061 2.153 64.97 64.13 0.84 

1/18/2016 65.145 63.89 1.255 64.94 64 0.94 

1/18/2016 65.059 63.847 1.212 65.44 63.88 1.56 

1/18/2016 65.403 63.847 1.556 64.81 63.88 0.93 

1/18/2016 65.444 64.018 1.426 64.72 64.13 0.59 

1/18/2016 65.059 64.148 0.911 64.91 64.13 0.78 

1/18/2016 65.188 64.061 1.127 64.81 64.13 0.68 

1/18/2016 64.803 64.232 0.571 65.19 64.13 1.06 

1/18/2016 65.059 64.319 0.74 64.97 64.25 0.72 

1/18/2016 64.931 64.362 0.569 65.63 64.38 1.25 

1/18/2016 66.515 66.03 0.485 66.34 65.75 0.59 

1/18/2016 67.928 67.272 0.656 67.59 67.22 0.37 

1/18/2016 66.9 66.459 0.441 67.56 66.59 0.97 

1/18/2016 65.574 65.003 0.571 65.69 65.22 0.47 

1/18/2016 64.589 63.847 0.742 64.81 63.94 0.87 

1/18/2016 63.347 62.906 0.441 63.88 63.16 0.72 

1/18/2016 63.09 62.733 0.357 63.44 62.66 0.78 
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1/18/2016 64.418 64.018 0.4 64.28 63.91 0.37 

1/18/2016 65.959 65.303 0.656 65.5 65.06 0.44 

1/18/2016 66.9 66.416 0.484 66.53 66.25 0.28 

1/18/2016 68.356 67.272 1.084 67.44 67 0.44 

1/18/2016 67.158 66.801 0.357 67.75 67.19 0.56 

1/18/2016 66.258 65.388 0.87 65.78 65.59 0.19 

1/19/2016 64.503 64.189 0.314 64.81 64.41 0.4 

1/19/2016 63.604 63.204 0.4 63.81 63.41 0.4 

1/19/2016 63.005 62.648 0.357 63.19 62.78 0.41 

1/19/2016 63.433 63.12 0.313 63.19 62.94 0.25 

1/19/2016 62.62 64.918 -2.298 64.38 64.56 -0.18 

1/19/2016 65.829 65.645 0.184 65.81 65.47 0.34 

1/19/2016 66.515 66.158 0.357 66.5 66.03 0.47 

1/19/2016 67.199 66.587 0.612 66.97 66.44 0.53 

1/19/2016 67.372 66.885 0.487 67.16 66.81 0.35 

1/19/2016 65.959 65.688 0.271 66.09 66.03 0.06 

1/19/2016 64.503 64.104 0.399 64.66 64.5 0.16 

1/19/2016 63.347 63.077 0.27 63.59 63.34 0.25 

1/19/2016 63.048 62.862 0.186 62.94 62.72 0.22 

1/19/2016 64.033 63.847 0.186 63.84 63.66 0.18 

1/19/2016 65.444 65.26 0.184 65.59 65.28 0.31 

1/19/2016 66 65.816 0.184 66.22 65.66 0.56 

1/19/2016 66.301 66.288 0.013 66.81 66.22 0.59 

1/19/2016 68.443 67.913 0.53 69.34 67.22 2.12 

1/19/2016 68.4 67.571 0.829 68.94 68.09 0.85 

1/19/2016 66.985 65.987 0.998 68.03 66.22 1.81 

1/19/2016 66.087 64.918 1.169 66.59 65.09 1.5 

1/19/2016 65.102 64.232 0.87 65 64.19 0.81 

1/19/2016 65.444 63.676 1.768 64.69 63.78 0.91 

1/19/2016 64.717 63.804 0.913 65.25 63.69 1.56 

1/19/2016 65.188 63.975 1.213 66.03 63.88 2.15 

1/19/2016 65.574 64.49 1.084 66.47 64.5 1.97 

1/19/2016 66.985 64.959 2.026 66.72 64.91 1.81 
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1/19/2016 67.071 65.431 1.64 66.31 65.69 0.62 

1/19/2016 66.686 65.773 0.913 67.75 65.63 2.12 

1/19/2016 66.814 65.859 0.955 66.94 65.94 1 

1/19/2016 66.9 65.816 1.084 68.09 65.78 2.31 

1/19/2016 66.558 65.859 0.699 67.38 65.66 1.72 

1/19/2016 67.158 65.517 1.641 67.19 65.5 1.69 

1/19/2016 66.643 65.645 0.998 67.88 65.47 2.41 

1/19/2016 66.686 65.73 0.956 66.81 65.44 1.37 

1/19/2016 67.842 65.474 2.368 66.59 65.69 0.9 

1/19/2016 66.857 65.816 1.041 66.84 65.75 1.09 

1/19/2016 67.158 66.074 1.084 67.31 65.94 1.37 

1/19/2016 67.199 66.245 0.954 68.66 65.94 2.72 

1/19/2016 68.185 66.372 1.813 67.81 66.28 1.53 

1/19/2016 68.956 66.329 2.627 68.16 66.63 1.53 

1/19/2016 68.657 66.416 2.241 68.81 66.66 2.15 

1/19/2016 68.698 66.587 2.111 68.97 66.63 2.34 

1/19/2016 68.142 66.673 1.469 69.22 66.59 2.63 

1/19/2016 67.971 66.587 1.384 69.16 66.59 2.57 

1/19/2016 68.443 66.459 1.984 68.38 66.44 1.94 

1/19/2016 68.142 66.5 1.642 68.44 66.44 2 

1/19/2016 67.714 66.245 1.469 68.28 66.19 2.09 

1/19/2016 67.329 66.158 1.171 68.28 66.03 2.25 

1/19/2016 68.443 66.074 2.369 67.59 66.03 1.56 

1/19/2016 67.885 66.03 1.855 68.28 65.94 2.34 

1/19/2016 67.971 65.816 2.155 67.59 65.94 1.65 

1/19/2016 67.842 65.474 2.368 67.25 65.78 1.47 

1/19/2016 67.586 65.26 2.326 67.25 65.38 1.87 

1/19/2016 68.313 65.517 2.796 67.28 65.63 1.65 

1/19/2016 67.627 65.688 1.939 66.84 65.63 1.21 

1/19/2016 67.971 65.474 2.497 67.41 65.63 1.78 

1/19/2016 68.142 65.859 2.283 67.84 65.88 1.96 

1/19/2016 67.586 65.816 1.77 67.44 65.75 1.69 

1/19/2016 67.586 66.074 1.512 68.22 66 2.22 
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1/19/2016 68.27 66.115 2.155 68.06 66.16 1.9 

1/19/2016 68.013 66.201 1.812 68.59 66.28 2.31 

1/19/2016 68.142 66.329 1.813 68.25 66.16 2.09 

1/19/2016 68.013 66.288 1.725 68.56 66.28 2.28 

1/19/2016 68.871 66.372 2.499 68.22 66.41 1.81 

1/19/2016 67.798 66.288 1.51 68.78 66.41 2.37 

1/19/2016 68.356 66.201 2.155 68.38 66.28 2.1 

1/19/2016 68.527 66.115 2.412 67.91 66.28 1.63 

1/19/2016 67.627 65.903 1.724 68 66.03 1.97 

1/19/2016 68.099 65.773 2.326 67.41 65.91 1.5 

1/19/2016 67.028 65.388 1.64 67.41 65.66 1.75 

1/19/2016 67.456 65.174 2.282 66.91 65.28 1.63 

1/19/2016 67.199 65.089 2.11 66.13 65.16 0.97 

1/19/2016 66.344 64.661 1.683 65.72 64.75 0.97 

1/19/2016 65.916 64.362 1.554 65.84 64.5 1.34 

1/19/2016 65.102 64.104 0.998 65.53 64.25 1.28 

1/19/2016 65.487 63.933 1.554 64.72 64 0.72 

1/19/2016 64.76 63.847 0.913 65.25 64 1.25 

1/19/2016 64.76 63.804 0.956 64.97 63.88 1.09 

1/19/2016 64.589 63.847 0.742 64.97 63.88 1.09 

1/19/2016 64.845 63.975 0.87 64.75 64 0.75 

1/19/2016 64.974 64.148 0.826 65.69 64.13 1.56 

1/19/2016 65.059 64.275 0.784 64.97 64.19 0.78 

1/19/2016 65.102 64.446 0.656 65.72 64.5 1.22 

1/19/2016 65.316 64.49 0.826 65.5 64.5 1 

1/19/2016 65.574 64.446 1.128 65.28 64.5 0.78 

1/19/2016 65.273 64.533 0.74 65.34 64.5 0.84 

1/19/2016 65.102 64.446 0.656 65.16 64.5 0.66 

1/19/2016 64.888 64.319 0.569 65.41 64.5 0.91 

1/19/2016 64.974 64.275 0.699 65.03 64.38 0.65 

1/19/2016 64.888 64.446 0.442 65.44 64.38 1.06 

1/19/2016 65.017 64.49 0.527 65.13 64.5 0.63 

1/19/2016 65.359 64.49 0.869 65.34 64.5 0.84 
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1/19/2016 65.273 64.446 0.827 65.03 64.5 0.53 

1/19/2016 64.931 64.403 0.528 65.03 64.38 0.65 

1/19/2016 64.888 64.362 0.526 64.94 64.5 0.44 

1/20/2016 64.888 64.362 0.526 64.94 64.38 0.56 

1/20/2016 64.803 64.362 0.441 64.81 64.38 0.43 

1/20/2016 64.803 64.362 0.441 64.81 64.38 0.43 

1/20/2016 64.76 64.275 0.485 64.69 64.38 0.31 

1/20/2016 64.674 64.189 0.485 64.59 64.38 0.21 

1/20/2016 64.546 64.232 0.314 64.72 64.25 0.47 

1/20/2016 64.632 64.319 0.313 64.72 64.38 0.34 

1/20/2016 64.845 64.49 0.355 64.84 64.5 0.34 

1/20/2016 65.188 64.788 0.4 65.09 64.78 0.31 

1/20/2016 65.872 65.132 0.74 65.56 65.13 0.43 

1/20/2016 65.615 65.474 0.141 66.34 65.38 0.96 

1/20/2016 65.658 65.431 0.227 65.81 65.5 0.31 

1/20/2016 65.359 64.918 0.441 65.28 65.13 0.15 

1/20/2016 64.546 64.148 0.398 64.91 64.34 0.57 

1/20/2016 63.648 63.334 0.314 64 63.56 0.44 

1/20/2016 63.262 62.691 0.571 63.34 62.94 0.4 

1/20/2016 62.834 62.391 0.443 62.97 62.56 0.41 

1/20/2016 64.503 64.148 0.355 65.41 63.53 1.88 

1/20/2016 67.971 67.015 0.956 67.84 66.81 1.03 

1/20/2016 70.63 69.157 1.473 70.81 68.91 1.9 

1/20/2016 68.999 67.699 1.3 69.88 68.09 1.79 

1/20/2016 66.943 65.987 0.956 67.88 66.16 1.72 

1/20/2016 66.13 64.403 1.727 66.19 64.88 1.31 

1/20/2016 64.674 63.676 0.998 66.03 63.81 2.22 

1/20/2016 64.503 63.161 1.342 64.72 63.38 1.34 

1/20/2016 65.059 63.204 1.855 65.03 63.25 1.78 

1/20/2016 64.803 63.59 1.213 64.91 63.63 1.28 

1/20/2016 65.444 64.148 1.296 65.22 64.03 1.19 

1/20/2016 65.53 64.661 0.869 66.06 64.66 1.4 

1/20/2016 66.385 64.959 1.426 66.34 65.06 1.28 
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1/20/2016 66.385 65.303 1.082 67.47 65.31 2.16 

1/20/2016 66.9 65.345 1.555 66.72 65.47 1.25 

1/20/2016 66.985 65.217 1.768 66.63 65.31 1.32 

1/20/2016 66.173 65.132 1.041 66.31 65.06 1.25 

1/20/2016 66.214 65.345 0.869 66.84 65.13 1.71 

1/20/2016 67.028 65.174 1.854 66.31 65.13 1.18 

1/20/2016 67.885 65.517 2.368 68.03 65.41 2.62 

1/20/2016 68.313 65.773 2.54 67.88 66.22 1.66 

1/20/2016 67.028 65.559 1.469 67.13 65.66 1.47 

1/20/2016 67.798 66.329 1.469 68.84 66.72 2.12 

1/20/2016 66.814 65.345 1.469 66.81 65.66 1.15 

1/20/2016 66.087 64.788 1.299 66.78 65 1.78 

1/20/2016 65.53 64.533 0.997 66.47 64.5 1.97 

1/20/2016 66 64.403 1.597 66.31 64.5 1.81 

1/20/2016 65.916 64.533 1.383 66.91 64.63 2.28 

1/20/2016 66.558 64.49 2.068 65.56 64.59 0.97 

1/20/2016 66.13 64.832 1.298 67.06 64.81 2.25 

1/20/2016 66.385 65.26 1.125 66.53 65.09 1.44 

1/20/2016 66.643 65.517 1.126 66.78 65.34 1.44 

1/20/2016 67.372 65.645 1.727 67 65.53 1.47 

1/20/2016 67.413 65.602 1.811 67.13 65.53 1.6 

1/20/2016 67.242 65.645 1.597 67.28 65.66 1.62 

1/20/2016 67.114 65.645 1.469 67.31 65.53 1.78 

1/20/2016 67.199 65.602 1.597 67.44 65.53 1.91 

1/20/2016 67.627 65.431 2.196 67.38 65.53 1.85 

1/20/2016 68.185 65.602 2.583 66.94 65.53 1.41 

1/20/2016 67.329 65.602 1.727 67.19 65.53 1.66 

1/20/2016 67.5 65.303 2.197 67.09 65.25 1.84 

1/20/2016 64.76 65.944 -1.184 67.59 65.66 1.93 

1/20/2016 64.074 64.959 -0.885 66.16 65.16 1 

1/20/2016 67.671 66.459 1.212 69.78 67.59 2.19 

1/20/2016 70.759 69.542 1.217 70.66 68.91 1.75 

1/20/2016 71.577 69.629 1.948 71.25 69.75 1.5 
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1/20/2016 70.673 68.599 2.074 70.47 68.94 1.53 

1/20/2016 69.042 67.4 1.642 69 67.63 1.37 

1/20/2016 67.885 65.987 1.898 68.31 66.34 1.97 

1/20/2016 66.13 64.832 1.298 65.88 65.06 0.82 

1/20/2016 64.974 64.148 0.826 65.91 64.44 1.47 

1/20/2016 64.632 63.762 0.87 65.19 63.94 1.25 

1/20/2016 64.717 63.548 1.169 64.81 63.69 1.12 

1/20/2016 64.375 63.548 0.827 64.63 63.56 1.07 

1/20/2016 64.845 63.633 1.212 65.41 63.69 1.72 

1/20/2016 64.803 63.89 0.913 64.59 63.81 0.78 

1/20/2016 65.017 64.148 0.869 64.91 64.06 0.85 

1/20/2016 65.574 64.362 1.212 65.5 64.31 1.19 

1/20/2016 65.188 64.574 0.614 65.94 64.56 1.38 

1/20/2016 65.102 64.617 0.485 65.97 64.69 1.28 

1/20/2016 65.745 64.704 1.041 65.47 64.81 0.66 

1/20/2016 65.487 64.832 0.655 65.41 64.81 0.6 

1/20/2016 66.043 64.788 1.255 65.28 64.81 0.47 

1/20/2016 65.359 64.875 0.484 66.34 64.94 1.4 

1/20/2016 65.444 64.959 0.485 65.72 64.94 0.78 

1/20/2016 65.829 64.959 0.87 65.75 65.06 0.69 

1/20/2016 65.359 65.003 0.356 66.41 65.06 1.35 

1/20/2016 66.214 64.959 1.255 65.5 65.06 0.44 

1/20/2016 65.53 65.003 0.527 65.5 65.06 0.44 

1/20/2016 66.214 64.918 1.296 65.47 65.06 0.41 

1/20/2016 65.403 64.959 0.444 65.5 64.94 0.56 

1/20/2016 65.487 64.918 0.569 65.41 65.06 0.35 

1/21/2016 65.273 64.918 0.355 65.38 64.94 0.44 

1/21/2016 65.359 65.046 0.313 65.63 64.94 0.69 

1/21/2016 65.487 65.174 0.313 65.34 65.06 0.28 

1/21/2016 65.701 65.26 0.441 65.59 65.31 0.28 

1/21/2016 65.788 65.388 0.4 65.75 65.31 0.44 

1/21/2016 65.872 65.474 0.398 65.84 65.44 0.4 

1/21/2016 65.788 65.559 0.229 66.38 65.56 0.82 



 

147 

 

1/21/2016 65.829 65.73 0.099 66.31 65.69 0.62 

1/21/2016 66.043 65.859 0.184 66.19 65.81 0.38 

1/21/2016 66.173 65.903 0.27 66.16 65.94 0.22 

1/21/2016 66.643 65.987 0.656 66.66 65.94 0.72 

1/21/2016 66.472 66.074 0.398 66.47 66.06 0.41 

1/21/2016 66.214 66.158 0.056 66.75 66.06 0.69 

1/21/2016 66.643 66.158 0.485 66.38 66.19 0.19 

1/21/2016 66.558 66.245 0.313 66.84 66.19 0.65 

1/21/2016 66.558 66.329 0.229 66.72 66.31 0.41 

1/21/2016 66.429 66.543 -0.114 67.34 66.44 0.9 

1/21/2016 68.527 67.614 0.913 69.75 66.81 2.94 

1/21/2016 68.956 67.742 1.214 69.38 67.56 1.82 

1/21/2016 69.685 67.913 1.772 69.28 67.84 1.44 

1/21/2016 69.685 67.956 1.729 69.88 67.97 1.91 

1/21/2016 69.6 67.872 1.728 69.75 68.09 1.66 

1/21/2016 69.343 68.257 1.086 70.34 68.22 2.12 

1/21/2016 69.643 68.385 1.258 70.31 68.34 1.97 

1/21/2016 69.901 68.556 1.345 70.16 68.47 1.69 

1/21/2016 70.201 68.599 1.602 70.09 68.59 1.5 

1/21/2016 70.329 68.77 1.559 70.34 68.75 1.59 

1/21/2016 70.716 68.813 1.903 70.13 68.88 1.25 

1/21/2016 70.286 68.984 1.302 70.63 69 1.63 

1/21/2016 70.502 68.943 1.559 70.56 69 1.56 

1/21/2016 70.93 69.071 1.859 70.69 69.13 1.56 

1/21/2016 71.49 69.242 2.248 70.38 69.25 1.13 

1/21/2016 70.846 69.285 1.561 70.84 69.41 1.43 

1/21/2016 70.803 69.456 1.347 70.69 69.28 1.41 

1/21/2016 69.901 67.571 2.33 68.16 66.97 1.19 

1/21/2016 70.887 69.843 1.044 71.09 69.16 1.93 

1/21/2016 71.06 69.157 1.903 70.69 69.38 1.31 

1/21/2016 70.158 68 2.158 69.97 68.34 1.63 

1/21/2016 68.657 66.459 2.198 68.41 66.88 1.53 

1/21/2016 66.515 65.174 1.341 68 65.47 2.53 
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1/21/2016 65.188 64.189 0.999 66.06 64.34 1.72 

1/21/2016 64.803 63.419 1.384 65.81 63.59 2.22 

1/21/2016 64.803 62.947 1.856 64.63 63.22 1.41 

1/21/2016 64.418 62.648 1.77 63.91 62.84 1.07 

1/21/2016 63.518 62.434 1.084 63.09 62.47 0.62 

1/21/2016 63.433 62.261 1.172 63.78 62.44 1.34 

1/21/2016 63.99 62.648 1.342 63.5 62.56 0.94 

1/21/2016 64.632 63.933 0.699 64.66 63.59 1.07 

1/21/2016 66.429 64.788 1.641 66.34 64.72 1.62 

1/21/2016 66.429 65.944 0.485 66.22 65.63 0.59 

1/21/2016 67.456 66.587 0.869 67.34 66.5 0.84 

1/21/2016 68.099 67.143 0.956 67.59 67.06 0.53 

1/21/2016 67.158 66.03 1.128 68.25 66.53 1.72 

1/21/2016 65.273 64.832 0.441 66.41 65 1.41 

1/21/2016 64.503 63.762 0.741 64.72 63.84 0.88 

1/21/2016 63.648 63.033 0.615 63.91 63.22 0.69 

1/21/2016 63.518 62.947 0.571 63.25 62.84 0.41 

1/21/2016 64.418 64.319 0.099 64.34 63.72 0.62 

1/21/2016 65.316 65.217 0.099 65.94 64.91 1.03 

1/21/2016 66.301 65.474 0.827 65.91 65.53 0.38 

1/21/2016 66.686 65.773 0.913 66.22 65.78 0.44 

1/21/2016 66.558 65.944 0.614 66.66 65.94 0.72 

1/21/2016 66.385 66.201 0.184 67 66.06 0.94 

1/21/2016 67.114 66.115 0.999 66.25 66.19 0.06 

1/21/2016 65.403 65.217 0.186 66.56 65.5 1.06 

1/21/2016 64.247 63.933 0.314 64.5 64.19 0.31 

1/22/2016 63.09 62.776 0.314 63.38 63.06 0.32 

1/22/2016 62.704 62.819 -0.115 62.94 62.56 0.38 

1/22/2016 66.772 65.903 0.869 67.75 66.06 1.69 

1/22/2016 69.3 67.571 1.729 68.56 67.09 1.47 

1/22/2016 69.814 68.298 1.516 69.59 68.41 1.18 

1/22/2016 67.543 66.372 1.171 68.34 66.69 1.65 

1/22/2016 66.301 64.788 1.513 66.44 65.22 1.22 
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1/22/2016 64.717 63.59 1.127 66.06 63.91 2.15 

1/22/2016 64.76 62.947 1.813 64.41 63.16 1.25 

1/22/2016 64.375 62.733 1.642 64.25 62.94 1.31 

1/22/2016 65.788 63.548 2.24 64.16 63.31 0.85 

1/22/2016 66.6 65.089 1.511 65.97 64.78 1.19 

1/22/2016 67.413 66.5 0.913 68.09 66.16 1.93 

1/22/2016 69.386 67.699 1.687 69 67.47 1.53 

1/22/2016 67.627 66.758 0.869 68.75 67.22 1.53 

1/22/2016 66.643 65.217 1.426 67.22 65.56 1.66 

1/22/2016 66.558 64.148 2.41 65.5 64.38 1.12 

1/22/2016 64.76 63.462 1.298 64.25 63.56 0.69 

1/22/2016 64.288 63.077 1.211 63.97 63.06 0.91 

1/22/2016 65.273 63.419 1.854 63.91 62.94 0.97 

1/22/2016 66.385 65.174 1.211 65.97 64.75 1.22 

1/22/2016 68.443 66.714 1.729 67.84 66.41 1.43 

1/22/2016 69.256 67.913 1.343 68.75 67.47 1.28 

1/22/2016 68.614 66.543 2.071 68.22 66.94 1.28 

1/22/2016 66.472 65.132 1.34 65.91 65.19 0.72 

1/22/2016 66.043 64.061 1.982 65.22 64.06 1.16 

1/22/2016 64.674 63.762 0.912 65.56 63.69 1.87 

1/22/2016 65.102 63.633 1.469 65.81 63.56 2.25 

1/22/2016 66.13 63.975 2.155 65.47 63.94 1.53 

1/22/2016 66.943 64.533 2.41 66.16 64.44 1.72 

1/22/2016 65.916 64.959 0.957 67.06 64.94 2.12 

1/22/2016 66.087 65.345 0.742 67.59 65.09 2.5 

1/22/2016 67.456 65.688 1.768 67.75 65.72 2.03 

1/22/2016 67.842 65.645 2.197 67.13 65.72 1.41 

1/22/2016 67.928 65.688 2.24 67.13 65.72 1.41 

1/22/2016 67.158 65.602 1.556 67.28 65.72 1.56 

1/22/2016 66.258 65.474 0.784 67.59 65.34 2.25 

1/22/2016 66.258 65.303 0.955 66.5 65.22 1.28 

1/22/2016 66.385 65.303 1.082 66.13 65.09 1.04 

1/22/2016 66.385 65.132 1.253 67.44 65.09 2.35 
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1/22/2016 66.385 64.959 1.426 67.03 65.09 1.94 

1/22/2016 66.344 65.046 1.298 66.53 64.84 1.69 

1/22/2016 67.158 64.959 2.199 67.19 64.97 2.22 

1/22/2016 66.173 64.959 1.214 66.94 64.97 1.97 

1/22/2016 66.643 65.003 1.64 66.41 64.84 1.57 

1/22/2016 66.686 64.788 1.898 67.5 64.84 2.66 

1/22/2016 66.043 65.217 0.826 67.44 64.97 2.47 

1/22/2016 67.627 65.388 2.239 66.56 65.22 1.34 

1/22/2016 67.028 65.602 1.426 67.47 65.47 2 

1/22/2016 67.114 65.688 1.426 67.31 65.59 1.72 

1/22/2016 66.9 65.431 1.469 67.69 65.47 2.22 

1/22/2016 64.632 65.174 -0.542 66.63 65.03 1.6 

1/22/2016 65.916 64.788 1.128 66.84 64.78 2.06 

1/22/2016 66 64.788 1.212 67.16 64.66 2.5 

1/22/2016 66.214 64.574 1.64 66.88 64.53 2.35 

1/22/2016 66.643 64.661 1.982 66.19 64.53 1.66 

1/22/2016 65.615 64.574 1.041 66.47 64.53 1.94 

1/22/2016 65.316 64.446 0.87 65.19 64.28 0.91 

1/22/2016 64.845 64.104 0.741 66 64.03 1.97 

1/22/2016 65.829 63.847 1.982 64.72 63.91 0.81 

1/22/2016 65.487 64.788 0.699 65.69 64.41 1.28 

1/22/2016 66.857 66.074 0.783 66.91 65.66 1.25 

1/22/2016 67.885 67.4 0.485 67.47 66.91 0.56 

1/22/2016 67.543 66.673 0.87 68.63 66.88 1.75 

1/22/2016 65.829 65.089 0.74 65.94 65.34 0.6 

1/22/2016 64.717 63.933 0.784 64.97 63.97 1 

1/22/2016 63.732 62.99 0.742 63.84 63.09 0.75 

1/22/2016 63.775 62.99 0.785 63.22 62.59 0.63 

1/22/2016 64.288 63.633 0.655 64.25 63.34 0.91 

1/22/2016 

 

65.345 

 

66.28 64.97 1.31 

1/22/2016 66 65.388 0.612 66.31 65.47 0.84 

1/22/2016 66.13 65.688 0.442 65.69 65.34 0.35 

1/22/2016 67.329 66.372 0.957 66.44 66.09 0.35 
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1/22/2016 68.185 66.885 1.3 67.34 66.72 0.62 

1/22/2016 67.798 67.528 0.27 67.63 67.22 0.41 

1/22/2016 66.6 65.388 1.212 65.94 65.72 0.22 

1/22/2016 64.288 63.719 0.569 64.47 63.97 0.5 

1/22/2016 63.347 62.562 0.785 63.22 62.84 0.38 

1/22/2016 63.475 62.776 0.699 62.81 62.47 0.34 

1/23/2016 65.615 65.303 0.312 65.56 65.22 0.34 

1/23/2016 65.701 65.602 0.099 65.56 65.34 0.22 

1/23/2016 66.515 66.03 0.485 66.28 65.72 0.56 

1/23/2016 66.729 66.5 0.229 66.38 66.09 0.29 

1/23/2016 66.686 66.844 -0.158 66.91 66.47 0.44 

1/23/2016 67.114 66.758 0.356 67.06 66.72 0.34 

1/23/2016 64.632 64.061 0.571 64.88 64.5 0.38 

1/23/2016 62.791 62.304 0.487 62.88 62.66 0.22 

1/23/2016 63.005 63.033 -0.028 62.63 62.53 0.1 

1/23/2016 67.071 66.372 0.699 67.72 66 1.72 

1/23/2016 70.029 68.642 1.387 69 67.81 1.19 

1/23/2016 69.643 67.829 1.814 69.56 68.44 1.12 

1/23/2016 66.429 65.26 1.169 67.38 65.59 1.79 

1/23/2016 64.717 63.291 1.426 64.97 63.59 1.38 

1/23/2016 63.262 62.434 0.828 64.38 62.34 2.04 

1/23/2016 64.117 63.12 0.997 64.06 62.47 1.59 

1/23/2016 66.643 65.174 1.469 65.78 64.63 1.15 

1/23/2016 69.042 67.528 1.514 67.78 67.03 0.75 

1/23/2016 70.029 68.171 1.858 70.09 68.97 1.12 

1/23/2016 66.429 65.303 1.126 67.81 65.88 1.93 

1/23/2016 64.418 63.334 1.084 66 63.56 2.44 

1/23/2016 63.775 62.348 1.427 63.81 62.44 1.37 

1/23/2016 64.546 63.419 1.127 64.22 62.81 1.41 

1/23/2016 66.385 65.73 0.655 66.38 64.84 1.54 

1/23/2016 68.443 67.699 0.744 68.72 67 1.72 

1/23/2016 69.343 67.956 1.387 70.59 68.63 1.96 

1/23/2016 66.772 65.431 1.341 67.75 65.94 1.81 
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1/23/2016 64.931 63.676 1.255 66.13 63.94 2.19 

1/23/2016 64.074 62.862 1.212 64.31 62.94 1.37 

1/23/2016 64.161 62.906 1.255 63.91 62.69 1.22 

1/23/2016 67.627 65.388 2.239 65.5 64.78 0.72 

1/23/2016 69.17 67.872 1.298 68.66 67.28 1.38 

1/23/2016 68.828 67.785 1.043 70.03 68.06 1.97 

1/23/2016 67.242 65.559 1.683 67.09 65.84 1.25 

1/23/2016 65.574 64.104 1.47 65.56 64.34 1.22 

1/23/2016 64.459 63.375 1.084 64.97 63.34 1.63 

1/23/2016 64.503 63.12 1.383 65.09 63.09 2 

1/23/2016 65.959 63.676 2.283 64.81 63.47 1.34 

1/23/2016 68.4 66.329 2.071 66.5 65.63 0.87 

1/23/2016 70.329 68.428 1.901 69.19 68.19 1 

1/23/2016 68.313 66.673 1.64 68.13 66.81 1.32 

1/23/2016 67.456 65.174 2.282 66.84 65.56 1.28 

1/23/2016 66.043 64.49 1.553 65.84 64.69 1.15 

1/23/2016 65.188 63.89 1.298 65.34 63.81 1.53 

1/23/2016 64.717 63.633 1.084 65.84 63.56 2.28 

1/23/2016 65.188 64.018 1.17 65.22 63.69 1.53 

1/23/2016 66.686 64.446 2.24 64.94 64.31 0.63 

1/23/2016 67.028 64.832 2.196 65.75 64.72 1.03 

1/23/2016 67.842 65.816 2.026 66.72 65.72 1 

1/23/2016 67.285 65.987 1.298 67.25 65.97 1.28 

1/23/2016 67.285 66.115 1.17 68.13 65.97 2.16 

1/23/2016 67.671 66.03 1.641 68.06 65.97 2.09 

1/23/2016 67.627 65.645 1.982 67.19 65.72 1.47 

1/23/2016 67.885 65.217 2.668 66.25 65.22 1.03 

1/23/2016 66.686 65.089 1.597 67.72 64.97 2.75 

1/23/2016 66.558 64.918 1.64 66.38 64.84 1.54 

1/23/2016 66.043 64.747 1.296 66.59 64.72 1.87 

1/23/2016 66.214 64.747 1.467 67.47 64.72 2.75 

1/23/2016 66.087 64.959 1.128 66.31 64.72 1.59 

1/23/2016 67.114 64.959 2.155 66.44 64.84 1.6 



 

153 

 

1/23/2016 66.772 65.089 1.683 66.22 64.97 1.25 

1/23/2016 67.671 65.132 2.539 65.97 65.22 0.75 

1/23/2016 66.814 65.132 1.682 66.91 65.06 1.85 

1/23/2016 66.472 64.918 1.554 67 64.94 2.06 

1/23/2016 66.087 64.704 1.383 65.75 64.69 1.06 

1/23/2016 66.087 64.446 1.641 65.44 64.44 1 

1/23/2016 65.359 64.232 1.127 65.53 64.19 1.34 

1/23/2016 65.359 64.189 1.17 65.16 64.06 1.1 

1/23/2016 65.017 64.232 0.785 64.78 64.06 0.72 

1/23/2016 65.403 64.788 0.615 65.06 64.19 0.87 

1/23/2016 66.943 66.158 0.785 67.31 65.84 1.47 

1/23/2016 69.085 67.614 1.471 68.09 67.16 0.93 

1/23/2016 67.329 66.63 0.699 67.84 67.06 0.78 

1/23/2016 65.829 65.046 0.783 66 65.22 0.78 

1/23/2016 64.546 63.762 0.784 64.59 63.81 0.78 

1/23/2016 63.903 62.947 0.956 63.69 63.06 0.63 

1/23/2016 63.648 62.99 0.658 63.34 62.56 0.78 

1/23/2016 64.632 63.719 0.913 64.38 63.69 0.69 

1/23/2016 65.316 64.788 0.528 65.03 64.44 0.59 

1/23/2016 66 65.602 0.398 66.03 65.44 0.59 

1/23/2016 66.558 66.416 0.142 67 66.06 0.94 

1/23/2016 68.27 67.143 1.127 67.03 66.94 0.09 

1/23/2016 68.4 67.658 0.742 68 67.44 0.56 

1/23/2016 66.214 65.688 0.526 66.88 65.91 0.97 

1/23/2016 64.503 63.975 0.528 64.59 64.28 0.31 

1/23/2016 63.347 62.776 0.571 63.34 63.03 0.31 

1/23/2016 62.962 62.691 0.271 62.69 62.41 0.28 

1/24/2016 65.23 65.089 0.141 65.63 65.28 0.35 

1/24/2016 65.916 65.559 0.357 65.63 65.28 0.35 

1/24/2016 66.13 65.773 0.357 66 65.63 0.37 

1/24/2016 66.344 66.074 0.27 66.25 65.91 0.34 

1/24/2016 66.6 66.372 0.228 66.5 66.03 0.47 

1/24/2016 67.798 66.758 1.04 66.47 66.53 -0.06 
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1/24/2016 66.301 65.944 0.357 66.88 66.38 0.5 

1/24/2016 64.546 64.018 0.528 64.75 64.38 0.37 

1/24/2016 63.005 62.562 0.443 63.09 62.84 0.25 

1/24/2016 63.005 62.776 0.229 62.84 62.47 0.37 

1/24/2016 66.9 66.372 0.528 67.34 65.94 1.4 

1/24/2016 69.557 68.298 1.259 68.53 67.56 0.97 

1/24/2016 69.685 67.785 1.9 69.72 68.34 1.38 

1/24/2016 67.242 65.773 1.469 66.91 66.06 0.85 

1/24/2016 65.273 63.975 1.298 66.16 64.22 1.94 

1/24/2016 64.375 63.033 1.342 64.44 63.22 1.22 

1/24/2016 63.946 62.691 1.255 64.47 62.72 1.75 

1/24/2016 65.788 64.232 1.556 65.03 63.66 1.37 

1/24/2016 68.999 66.801 2.198 66.97 66.03 0.94 

1/24/2016 70.716 68.727 1.989 69.06 68.31 0.75 

1/24/2016 67.971 66.201 1.77 67.75 66.69 1.06 

1/24/2016 66.729 64.319 2.41 65.91 64.69 1.22 

1/24/2016 64.632 63.419 1.213 65.56 63.53 2.03 

1/24/2016 64.288 62.819 1.469 64.38 62.91 1.47 

1/24/2016 64.974 63.933 1.041 64.47 63.06 1.41 

1/24/2016 67.627 66.074 1.553 67.41 65.78 1.63 

1/24/2016 70.201 68.513 1.688 68.91 67.94 0.97 

1/24/2016 69.256 67.143 2.113 69 67.69 1.31 

1/24/2016 67.586 65.944 1.642 68.31 66.13 2.18 

1/24/2016 66.729 65.132 1.597 66.44 65.25 1.19 

1/24/2016 66.9 64.617 2.283 65.94 64.59 1.35 

1/24/2016 65.916 64.403 1.513 65.78 64.34 1.44 

1/24/2016 66.429 64.446 1.983 65.31 64.22 1.09 

1/24/2016 67.028 64.918 2.11 65.78 64.59 1.19 

1/24/2016 66.043 65.303 0.74 67.22 65.09 2.13 

1/24/2016 66.857 65.773 1.084 67.72 65.59 2.13 

1/24/2016 67.372 66.372 1 67.91 66.09 1.82 

1/24/2016 68.013 66.5 1.513 68.66 66.34 2.32 

1/24/2016 67.842 66.63 1.212 68.09 66.47 1.62 
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1/24/2016 68.356 66.543 1.813 67.53 66.34 1.19 

1/24/2016 68.571 66.372 2.199 67.31 66.47 0.84 

1/24/2016 68.785 66.372 2.413 67.31 66.34 0.97 

1/24/2016 67.028 66.158 0.87 67.44 66.09 1.35 

1/24/2016 66.686 65.987 0.699 67.31 65.75 1.56 

1/24/2016 66.943 65.816 1.127 67.44 65.72 1.72 

1/24/2016 66.9 65.602 1.298 67.75 65.59 2.16 

1/24/2016 67.158 65.559 1.599 67 65.59 1.41 

1/24/2016 67.798 65.602 2.196 66.59 65.47 1.12 

1/24/2016 66.814 65.602 1.212 67.06 65.47 1.59 

1/24/2016 66.857 65.645 1.212 66.84 65.47 1.37 

1/24/2016 66.943 65.517 1.426 67.16 65.47 1.69 

1/24/2016 68.185 65.559 2.626 66.81 65.47 1.34 

1/24/2016 67.5 65.559 1.941 67.59 65.63 1.96 

1/24/2016 67.714 65.602 2.112 67.22 65.59 1.63 

1/24/2016 67.928 65.645 2.283 67.47 65.59 1.88 

1/24/2016 66.857 65.559 1.298 67.06 65.59 1.47 

1/24/2016 66.772 65.688 1.084 67.31 65.47 1.84 

1/24/2016 67.671 65.431 2.24 66.5 65.34 1.16 

1/24/2016 66.772 65.345 1.427 67.16 65.22 1.94 

1/24/2016 66.9 65.26 1.64 67.72 65.34 2.38 

1/24/2016 67.158 65.174 1.984 66.72 65.22 1.5 

1/24/2016 66.472 65.046 1.426 66.69 64.97 1.72 

1/24/2016 66.857 64.875 1.982 66.25 64.84 1.41 

1/24/2016 66.385 64.832 1.553 65.91 64.84 1.07 

1/24/2016 66.686 64.704 1.982 66.44 64.72 1.72 

1/24/2016 65.829 64.617 1.212 65.84 64.59 1.25 

1/24/2016 66.472 64.617 1.855 66.16 64.59 1.57 

1/24/2016 65.444 64.49 0.954 66.13 64.47 1.66 

1/24/2016 65.829 64.446 1.383 65.38 64.47 0.91 

1/24/2016 65.403 64.49 0.913 65.56 64.34 1.22 

1/24/2016 65.658 64.574 1.084 65.47 64.47 1 

1/25/2016 65.701 65.089 0.612 65.53 64.97 0.56 
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1/25/2016 65.745 65.132 0.613 65.53 65.09 0.44 

1/25/2016 65.444 65.089 0.355 65.5 65.09 0.41 

1/25/2016 65.403 65.046 0.357 65.47 64.97 0.5 

1/25/2016 65.403 65.003 0.4 65.47 64.97 0.5 

1/25/2016 65.403 65.003 0.4 65.31 64.97 0.34 

1/25/2016 65.359 64.959 0.4 65.28 64.84 0.44 

1/25/2016 65.487 64.959 0.528 65.28 64.84 0.44 

1/25/2016 65.403 65.003 0.4 65.38 64.84 0.54 

1/25/2016 65.316 64.959 0.357 65.41 64.84 0.57 

1/25/2016 65.316 64.918 0.398 65.28 64.84 0.44 

1/25/2016 65.188 64.832 0.356 65.16 64.84 0.32 

1/25/2016 65.359 64.832 0.527 65.19 64.72 0.47 

1/25/2016 65.316 64.832 0.484 65.16 64.72 0.44 

1/25/2016 65.273 64.788 0.485 65.16 64.72 0.44 

1/25/2016 65.23 64.875 0.355 65.25 64.72 0.53 

1/25/2016 65.359 65.003 0.356 65.41 64.84 0.57 

1/25/2016 66.643 66.074 0.569 67.97 65.09 2.88 

1/25/2016 67.372 66.074 1.298 68.47 65.88 2.59 

1/25/2016 68.698 66.201 2.497 67.44 66.13 1.31 

1/25/2016 67.928 66.372 1.556 67.16 66.25 0.91 

1/25/2016 67.714 66.201 1.513 67.56 66.25 1.31 

1/25/2016 67.543 66.158 1.385 67.03 66 1.03 

1/25/2016 68.443 66.074 2.369 67.09 66 1.09 

1/25/2016 66.814 65.987 0.827 67.75 66 1.75 

1/25/2016 67.928 65.987 1.941 67.84 66 1.84 

1/25/2016 67.798 65.987 1.811 67.72 66 1.72 

1/25/2016 67.329 65.944 1.385 66.84 65.88 0.96 

1/25/2016 66.857 65.645 1.212 67.53 65.75 1.78 

1/25/2016 66.515 65.431 1.084 67.19 65.38 1.81 

1/25/2016 66.6 65.217 1.383 66.75 65.25 1.5 

1/25/2016 66.472 65.174 1.298 66.25 65.13 1.12 

1/25/2016 66.814 64.959 1.855 66.28 64.88 1.4 

1/25/2016 65.829 65.046 0.783 65.91 64.88 1.03 
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1/25/2016 66.258 65.217 1.041 66.13 65 1.13 

1/25/2016 67.158 65.517 1.641 66.53 65.25 1.28 

1/25/2016 67.199 66.03 1.169 67.69 65.75 1.94 

1/25/2016 68.227 66.543 1.684 68.31 66.25 2.06 

1/25/2016 68.484 67.186 1.298 69.53 66.88 2.65 

1/25/2016 69.343 67.829 1.514 70 67.5 2.5 

1/25/2016 70.93 68.513 2.417 69.97 68.13 1.84 

1/25/2016 71.791 69.157 2.634 70.88 68.88 2 

1/25/2016 71.964 69.585 2.379 71.59 69.38 2.21 

1/25/2016 72.523 70.1 2.423 71.91 69.88 2.03 

1/25/2016 72.696 70.442 2.254 73.09 70.25 2.84 

1/25/2016 73.256 70.658 2.598 72.84 70.5 2.34 

1/25/2016 72.307 70.615 1.692 73.16 70.63 2.53 

1/25/2016 72.61 70.701 1.909 72.66 70.5 2.16 

1/25/2016 72.523 70.786 1.737 73.56 70.63 2.93 

1/25/2016 72.739 70.658 2.081 72.69 70.5 2.19 

1/25/2016 72.739 70.485 2.254 72.5 70.5 2 

1/25/2016 72.351 70.572 1.779 72.69 70.5 2.19 

1/25/2016 72.696 70.572 2.124 72.47 70.5 1.97 

1/25/2016 72.437 70.529 1.908 72.88 70.5 2.38 

1/25/2016 72.307 70.485 1.822 72.97 70.5 2.47 

1/25/2016 72.826 70.829 1.997 73.47 70.63 2.84 

1/25/2016 73.299 71.087 2.212 73.16 70.88 2.28 

1/25/2016 73.645 71.517 2.128 73.69 71.25 2.44 

1/25/2016 74.206 71.69 2.516 74.28 71.5 2.78 

1/25/2016 74.813 72.033 2.78 74.53 71.88 2.65 

1/25/2016 75.247 72.248 2.999 74.97 72.16 2.81 

1/25/2016 75.074 72.55 2.524 75.63 72.53 3.1 

1/25/2016 75.81 72.807 3.003 75.53 72.66 2.87 

1/25/2016 75.463 72.894 2.569 75.88 72.78 3.1 

1/25/2016 75.42 72.807 2.613 75.44 72.78 2.66 

1/25/2016 75.376 72.678 2.698 75.53 72.66 2.87 

1/25/2016 75.16 72.593 2.567 75.69 72.66 3.03 
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1/25/2016 74.813 72.291 2.522 75.31 72.41 2.9 

1/25/2016 74.12 72.077 2.043 75.25 72.16 3.09 

1/25/2016 74.163 71.69 2.473 74.56 71.78 2.78 

1/25/2016 73.386 71.173 2.213 74.31 71.38 2.93 

1/25/2016 72.826 70.701 2.125 73.13 70.81 2.32 

1/25/2016 72.394 70.185 2.209 72.19 70.38 1.81 

1/25/2016 70.716 69.629 1.087 71.41 69.75 1.66 

1/25/2016 70.887 68.813 2.074 69.91 69.13 0.78 

1/25/2016 69.557 68.428 1.129 69.72 68.63 1.09 

1/25/2016 70.115 67.913 2.202 69.09 68 1.09 

1/25/2016 69.085 67.4 1.685 68.69 67.63 1.06 

1/25/2016 68.443 66.714 1.729 67.88 66.88 1 

1/25/2016 68.185 66.416 1.769 67.34 66.5 0.84 

1/25/2016 67.671 66.115 1.556 67.16 66.25 0.91 

1/25/2016 67.158 65.987 1.171 67.16 66 1.16 

1/25/2016 66.344 65.645 0.699 66.88 65.75 1.13 

1/25/2016 66.985 65.217 1.768 65.97 65.38 0.59 

1/25/2016 65.829 65.003 0.826 66.47 65.13 1.34 

1/25/2016 65.701 64.875 0.826 65.69 65 0.69 

1/25/2016 65.059 64.189 0.87 65.06 64.38 0.68 

1/25/2016 64.418 63.334 1.084 64.41 63.63 0.78 

1/25/2016 63.561 62.733 0.828 63.91 63 0.91 

1/25/2016 63.262 62.348 0.914 63.16 62.5 0.66 

1/25/2016 63.219 62.261 0.958 62.84 62.25 0.59 

1/25/2016 63.048 62.133 0.915 62.88 62.25 0.63 

1/25/2016 62.919 62.304 0.615 62.94 62.25 0.69 

1/25/2016 63.304 62.605 0.699 63.06 62.5 0.56 

1/25/2016 63.518 62.947 0.571 63.44 62.75 0.69 

1/25/2016 63.648 63.204 0.444 63.78 63.13 0.65 

1/26/2016 64.204 63.462 0.742 63.88 63.38 0.5 

1/26/2016 64.247 63.762 0.485 64.16 63.63 0.53 

1/26/2016 64.247 64.018 0.229 64.5 63.88 0.62 

1/26/2016 64.888 64.617 0.271 64.63 64.38 0.25 
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1/26/2016 65.701 65.388 0.313 65.47 65.16 0.31 

1/26/2016 67.114 66.074 1.04 66 65.81 0.19 

1/26/2016 66.814 66.758 0.056 67.47 66.56 0.91 

1/26/2016 66.985 66.972 0.013 67.5 66.97 0.53 

1/26/2016 66.643 66.245 0.398 66.25 66.34 -0.09 

1/26/2016 66.13 65.517 0.613 66.03 65.81 0.22 

1/26/2016 65.487 64.959 0.528 65.41 65.06 0.35 

1/26/2016 64.888 64.446 0.442 65.06 64.56 0.5 

1/26/2016 64.632 64.061 0.571 64.41 64.19 0.22 

1/26/2016 64.418 63.847 0.571 64.28 63.94 0.34 

1/26/2016 64.161 63.676 0.485 64.13 63.69 0.44 

1/26/2016 64.074 63.59 0.484 64 63.56 0.44 

1/26/2016 64.288 63.933 0.355 64 63.56 0.44 

1/26/2016 67.413 66.5 0.913 67.47 65.13 2.34 

1/26/2016 69.343 68.513 0.83 69.66 67.59 2.07 

1/26/2016 69.942 68.342 1.6 70.13 68.34 1.79 

1/26/2016 69.557 67.272 2.285 68.78 67.44 1.34 

1/26/2016 67.885 66.288 1.597 67.84 66.44 1.4 

1/26/2016 66.301 65.174 1.127 66.69 65.41 1.28 

1/26/2016 65.916 64.446 1.47 66.25 64.53 1.72 

1/26/2016 65.017 63.89 1.127 66.09 64.03 2.06 

1/26/2016 64.888 63.505 1.383 65.5 63.66 1.84 

1/26/2016 66.301 63.419 2.882 64.28 63.56 0.72 

1/26/2016 66.258 63.548 2.71 64.38 63.47 0.91 

1/26/2016 65.574 63.933 1.641 65.03 63.84 1.19 

1/26/2016 66.258 64.362 1.896 65.13 64.22 0.91 

1/26/2016 65.53 64.661 0.869 66.69 64.47 2.22 

1/26/2016 66.643 65.003 1.64 65.88 64.88 1 

1/26/2016 66.814 65.388 1.426 65.94 65.16 0.78 

1/26/2016 66.943 65.517 1.426 66.22 65.31 0.91 

1/26/2016 67.5 65.688 1.812 66.94 65.56 1.38 

1/26/2016 66.472 65.645 0.827 67.97 65.59 2.38 

1/26/2016 66.472 65.602 0.87 67.34 65.5 1.84 
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1/26/2016 66.857 65.645 1.212 67 65.38 1.62 

1/26/2016 66.814 65.773 1.041 67.34 65.5 1.84 

1/26/2016 67.242 65.859 1.383 67.34 65.63 1.71 

1/26/2016 67.285 65.859 1.426 67.56 65.59 1.97 

1/26/2016 68.27 65.816 2.454 67.38 65.72 1.66 

1/26/2016 68.657 66.074 2.583 68 65.97 2.03 

1/26/2016 68.142 66.245 1.897 68.41 66.09 2.32 

1/26/2016 68.313 65.944 2.369 67.28 65.84 1.44 

1/26/2016 68.099 65.688 2.411 67.47 65.56 1.91 

1/26/2016 67.757 65.388 2.369 67.38 65.44 1.94 

1/26/2016 66.857 64.875 1.982 67.38 65.06 2.32 

1/26/2016 66.985 65.046 1.939 67.56 65.06 2.5 

1/26/2016 67.456 64.875 2.581 67.06 64.94 2.12 

1/26/2016 67.158 64.533 2.625 66.75 64.66 2.09 

1/26/2016 66.214 64.617 1.597 67.28 64.5 2.78 

1/26/2016 66.173 64.617 1.556 66.97 64.59 2.38 

1/26/2016 66.258 64.747 1.511 66.25 64.59 1.66 

1/26/2016 66.515 64.788 1.727 67.28 64.59 2.69 

1/26/2016 67.158 64.959 2.199 66.44 64.88 1.56 

1/26/2016 66.686 64.832 1.854 66.97 64.88 2.09 

1/26/2016 66.985 64.661 2.324 66.41 64.75 1.66 

1/26/2016 65.444 64.574 0.87 66.69 64.5 2.19 

1/26/2016 66.515 64.446 2.069 65.72 64.38 1.34 

1/26/2016 66.729 64.574 2.155 66.25 64.5 1.75 

1/26/2016 66.9 64.661 2.239 66.44 64.63 1.81 

1/26/2016 66.214 64.747 1.467 66.91 64.78 2.13 

1/26/2016 65.788 65.089 0.699 66.09 64.78 1.31 

1/26/2016 65.959 65.089 0.87 66.03 64.91 1.12 

1/26/2016 65.829 65.003 0.826 66.38 64.91 1.47 

1/26/2016 66.087 64.918 1.169 66.97 64.91 2.06 

1/26/2016 66.472 64.918 1.554 66.03 64.78 1.25 

1/26/2016 66 64.875 1.125 66.88 64.91 1.97 

1/26/2016 66.301 64.918 1.383 66.16 64.91 1.25 
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1/26/2016 65.829 64.875 0.954 65.84 64.78 1.06 

1/26/2016 65.788 64.788 1 65.72 64.66 1.06 

1/26/2016 65.444 64.747 0.697 65.66 64.66 1 

1/26/2016 65.487 64.747 0.74 65.34 64.53 0.81 

1/26/2016 65.658 64.574 1.084 66.53 64.53 2 

1/26/2016 65.359 64.704 0.655 66.25 64.66 1.59 

1/26/2016 65.745 64.747 0.998 65.81 64.66 1.15 

1/26/2016 65.53 64.788 0.742 65.78 64.66 1.12 

1/26/2016 65.487 64.661 0.826 65.75 64.66 1.09 

1/26/2016 65.188 64.661 0.527 66.03 64.53 1.5 

1/26/2016 65.316 64.533 0.783 65.22 64.53 0.69 

1/26/2016 65.017 64.49 0.527 66.25 64.41 1.84 

1/26/2016 66.772 65.345 1.427 65.31 64.91 0.4 

1/26/2016 67.329 66.416 0.913 66.47 65.94 0.53 

1/26/2016 67.842 67.186 0.656 67.44 66.81 0.63 

1/26/2016 66.857 66.543 0.314 68.25 66.69 1.56 

1/26/2016 66.729 65.431 1.298 65.94 65.69 0.25 

1/26/2016 65.444 64.617 0.827 65.41 64.78 0.63 

1/26/2016 64.632 64.061 0.571 64.75 64.03 0.72 

1/26/2016 64.247 63.548 0.699 64.25 63.66 0.59 

1/26/2016 63.862 63.204 0.658 63.88 63.28 0.6 

1/26/2016 63.99 63.633 0.357 63.72 63.28 0.44 

1/26/2016 64.845 64.49 0.355 64.63 64.16 0.47 

1/26/2016 65.745 65.303 0.442 65.41 65.03 0.38 

1/26/2016 66.087 65.73 0.357 65.97 65.56 0.41 

1/26/2016 66 65.859 0.141 66.13 65.69 0.44 

1/27/2016 66.6 66.074 0.526 66.25 65.94 0.31 

1/27/2016 66.472 66.288 0.184 66.41 66.06 0.35 

1/27/2016 67.114 66.329 0.785 66.47 66.19 0.28 

1/27/2016 66.214 65.602 0.612 66.19 65.81 0.38 

1/27/2016 64.974 64.49 0.484 65.13 64.69 0.44 

1/27/2016 63.99 63.548 0.442 64.09 63.81 0.28 

1/27/2016 63.219 62.819 0.4 63.28 62.91 0.37 
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1/27/2016 63.604 63.59 0.014 63.47 63.31 0.16 

1/27/2016 65.403 65.089 0.314 65.16 64.94 0.22 

1/27/2016 65.701 65.303 0.398 65.53 65.31 0.22 

1/27/2016 65.788 65.602 0.186 65.91 65.44 0.47 

1/27/2016 66.043 65.903 0.14 65.78 65.69 0.09 

1/27/2016 67.885 67.272 0.613 68.88 66.34 2.54 

1/27/2016 69.085 67.872 1.213 68.56 67.72 0.84 

1/27/2016 67.329 66.201 1.128 67.13 66.56 0.57 

1/27/2016 66 64.918 1.082 65.94 65.09 0.85 

1/27/2016 64.803 63.933 0.87 64.69 63.94 0.75 

1/27/2016 63.99 63.204 0.786 64.31 63.28 1.03 

1/27/2016 63.819 62.862 0.957 63.97 63.03 0.94 

1/27/2016 64.459 63.633 0.826 64.34 63.28 1.06 

1/27/2016 66.558 64.747 1.811 65.28 64.63 0.65 

1/27/2016 67.242 65.944 1.298 66.06 65.53 0.53 

1/27/2016 68.056 66.587 1.469 67.06 66.28 0.78 

1/27/2016 69.256 67.571 1.685 68.06 67.25 0.81 

1/27/2016 67.285 66.63 0.655 67.44 66.81 0.63 

1/27/2016 66.173 65.089 1.084 66.41 65.38 1.03 

1/27/2016 64.931 63.933 0.998 64.78 64.09 0.69 

1/27/2016 63.903 63.161 0.742 64.16 63.22 0.94 

1/27/2016 63.648 62.691 0.957 63.56 62.84 0.72 

1/27/2016 64.674 63.719 0.955 64.25 63.34 0.91 

1/27/2016 65.959 65.132 0.827 66.13 64.84 1.29 

1/27/2016 66.772 66.158 0.614 66.47 65.72 0.75 

1/27/2016 67.586 67.314 0.272 67.5 66.72 0.78 

1/27/2016 68.698 68.127 0.571 69.19 67.69 1.5 

1/27/2016 68.614 66.63 1.984 68.16 66.84 1.32 

1/27/2016 66.729 65.431 1.298 67 65.72 1.28 

1/27/2016 66.214 64.446 1.768 66.09 64.72 1.37 

1/27/2016 65.359 64.018 1.341 65.5 64.22 1.28 

1/27/2016 65.23 63.804 1.426 65.5 63.84 1.66 

1/27/2016 65.102 63.933 1.169 66.16 63.84 2.32 
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1/27/2016 66.385 64.319 2.066 65.09 64.09 1 

1/27/2016 66.9 64.747 2.153 65.72 64.63 1.09 

1/27/2016 67.627 65.345 2.282 66.28 65.13 1.15 

1/27/2016 67.071 65.688 1.383 68.06 65.5 2.56 

1/27/2016 67.627 66.201 1.426 67.22 65.88 1.34 

1/27/2016 67.842 66.329 1.513 67.47 66.13 1.34 

1/27/2016 68.142 66.329 1.813 67.03 66.13 0.9 

1/27/2016 68.013 65.987 2.026 67.97 66 1.97 

1/27/2016 66.729 65.73 0.999 67.69 65.75 1.94 

1/27/2016 68.013 65.474 2.539 66.44 65.41 1.03 

1/27/2016 66.943 65.089 1.854 67.78 65.22 2.56 

1/27/2016 66.429 64.959 1.47 66.56 64.94 1.62 

1/27/2016 67.456 64.918 2.538 66.78 64.94 1.84 

1/27/2016 66.6 64.832 1.768 66.97 64.81 2.16 

1/27/2016 66.472 64.788 1.684 67.31 64.94 2.37 

1/27/2016 66.9 65.046 1.854 67.59 64.94 2.65 

1/27/2016 67.071 65.132 1.939 67.72 65.19 2.53 

1/27/2016 67.842 65.26 2.582 67.09 65.19 1.9 

1/27/2016 67.199 65.345 1.854 67.31 65.19 2.12 

1/27/2016 66.772 65.132 1.64 67.75 65.19 2.56 

1/27/2016 66.943 65.217 1.726 67.19 65.06 2.13 

1/27/2016 67.586 65.174 2.412 66.88 65.06 1.82 

1/27/2016 67.456 65.217 2.239 67.38 65.06 2.32 

1/27/2016 66.472 65.046 1.426 67.16 65.06 2.1 

1/27/2016 66.173 64.832 1.341 66.69 64.69 2 

1/27/2016 66.173 64.617 1.556 65.94 64.56 1.38 

1/27/2016 66.515 64.403 2.112 65.88 64.31 1.57 

1/27/2016 65.53 64.189 1.341 65.78 64.19 1.59 

1/27/2016 65.188 63.975 1.213 65.09 63.94 1.15 

1/27/2016 64.459 63.804 0.655 64.94 63.69 1.25 

1/27/2016 64.674 63.59 1.084 64.91 63.69 1.22 

1/27/2016 64.717 63.719 0.998 64.69 63.69 1 

1/27/2016 65.188 64.319 0.869 64.88 63.94 0.94 
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1/27/2016 65.658 65.345 0.313 66.25 64.94 1.31 

1/27/2016 67.5 66.03 1.47 66.72 65.81 0.91 

1/27/2016 67.199 66.63 0.569 67.13 66.47 0.66 

1/27/2016 68.871 67.272 1.599 68.09 66.91 1.18 

1/27/2016 66.429 65.903 0.526 67 66.16 0.84 

1/27/2016 65.615 64.788 0.827 65.38 65 0.38 

1/27/2016 65.059 63.933 1.126 64.81 64.13 0.68 

1/27/2016 64.161 63.291 0.87 64.19 63.5 0.69 

1/27/2016 63.732 62.906 0.826 63.81 63.13 0.68 

1/27/2016 64.247 63.633 0.614 63.97 63.38 0.59 

1/27/2016 65.574 65.003 0.571 65.09 64.63 0.46 

1/27/2016 66.301 65.73 0.571 66.28 65.5 0.78 

1/27/2016 66.344 66.115 0.229 67 65.88 1.12 

1/27/2016 66.772 66.5 0.272 66.94 66.38 0.56 

1/27/2016 67.028 67.015 0.013 67.22 66.75 0.47 

1/27/2016 66.429 65.903 0.526 66.63 66.13 0.5 

1/27/2016 65.059 64.403 0.656 65.22 64.81 0.41 

1/27/2016 63.819 63.291 0.528 64.06 63.56 0.5 

1/28/2016 63.005 62.348 0.657 63 62.69 0.31 

1/28/2016 62.704 63.804 -1.1 63.5 63.06 0.44 

1/28/2016 65.403 64.918 0.485 65.94 65.31 0.63 

1/28/2016 65.487 64.832 0.655 65.44 65.06 0.38 

1/28/2016 65.359 65.174 0.185 65.44 65.19 0.25 

1/28/2016 65.574 65.303 0.271 65.41 65.19 0.22 

1/28/2016 66.043 65.773 0.27 65.91 65.56 0.35 

1/28/2016 66.344 66.158 0.186 66.28 65.94 0.34 

1/28/2016 66.643 66.587 0.056 67.06 66.31 0.75 

1/28/2016 68.484 67.956 0.528 69.44 66.81 2.63 

1/28/2016 66.857 65.773 1.084 67.31 66.16 1.15 

1/28/2016 65.23 64.148 1.082 65.41 64.5 0.91 

1/28/2016 63.819 63.033 0.786 64.28 63.25 1.03 

1/28/2016 63.347 62.434 0.913 63.5 62.63 0.87 

1/28/2016 64.546 64.018 0.528 64.13 63.25 0.88 
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1/28/2016 65.829 65.089 0.74 65.59 64.91 0.68 

1/28/2016 66.214 65.517 0.697 66.59 65.53 1.06 

1/28/2016 67.158 66.714 0.444 67.72 66.31 1.41 

1/28/2016 68.956 67.571 1.385 67.84 67.34 0.5 

1/28/2016 68.356 66.673 1.683 67.63 66.94 0.69 

1/28/2016 65.788 64.875 0.913 66.09 65.34 0.75 

1/28/2016 64.589 63.505 1.084 64.66 63.84 0.82 

1/28/2016 63.475 62.648 0.827 63.59 62.84 0.75 

1/28/2016 63.304 62.819 0.485 63.34 62.47 0.87 

1/28/2016 64.974 64.275 0.699 64.75 64.06 0.69 

1/28/2016 65.788 65.046 0.742 66.16 65.22 0.94 

1/28/2016 66.643 65.73 0.913 66.25 65.56 0.69 

1/28/2016 67.285 67.058 0.227 67.94 66.56 1.38 

1/28/2016 68.742 68.127 0.615 68.91 67.59 1.32 

1/28/2016 68.099 67.058 1.041 68.19 67.09 1.1 

1/28/2016 67.543 65.859 1.684 68.28 66.09 2.19 

1/28/2016 66.857 65.132 1.725 66.66 65.34 1.32 

1/28/2016 65.959 64.661 1.298 67.09 64.84 2.25 

1/28/2016 65.872 64.533 1.339 66.47 64.59 1.88 

1/28/2016 67.242 64.747 2.495 65.66 64.59 1.07 

1/28/2016 67.285 64.959 2.326 65.84 64.72 1.12 

1/28/2016 66.643 65.174 1.469 66.94 64.97 1.97 

1/28/2016 67.714 65.388 2.326 66.53 65.22 1.31 

1/28/2016 67.413 65.688 1.725 68 65.47 2.53 

1/28/2016 67.372 65.859 1.513 67.94 65.97 1.97 

1/28/2016 68.227 66.201 2.026 67.63 65.97 1.66 

1/28/2016 67.971 66.245 1.726 68.19 66.06 2.13 

1/28/2016 67.798 66.115 1.683 67.88 66.06 1.82 

1/28/2016 67.798 65.903 1.895 68.03 65.94 2.09 

1/28/2016 67.586 65.859 1.727 67.78 65.81 1.97 

1/28/2016 68.142 65.688 2.454 67.16 65.66 1.5 

1/28/2016 68.013 65.73 2.283 66.72 65.53 1.19 

1/28/2016 68.013 65.73 2.283 67.31 65.53 1.78 
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1/28/2016 67.885 65.602 2.283 67.53 65.53 2 

1/28/2016 67.757 65.517 2.24 68.09 65.66 2.43 

1/28/2016 67.372 65.602 1.77 68.13 65.53 2.6 

1/28/2016 68.871 65.816 3.055 67.34 65.66 1.68 

1/28/2016 68.27 65.645 2.625 68.13 65.66 2.47 

1/28/2016 68.185 65.688 2.497 68.16 65.63 2.53 

1/28/2016 67.798 65.645 2.153 68.16 65.63 2.53 

1/28/2016 67.842 65.388 2.454 68.13 65.5 2.63 

1/28/2016 68.142 65.388 2.754 67.5 65.38 2.12 

1/28/2016 67.928 65.089 2.839 67.94 65.28 2.66 

1/28/2016 67.5 65.003 2.497 67.44 65.09 2.35 

1/28/2016 67.714 64.875 2.839 67.5 64.97 2.53 

1/28/2016 66.814 64.661 2.153 67.97 64.84 3.13 

1/28/2016 66.985 64.661 2.324 66.97 64.72 2.25 

1/28/2016 66.344 64.148 2.196 65.97 64.34 1.63 

1/28/2016 65.23 63.59 1.64 66.03 63.84 2.19 

1/28/2016 64.332 63.161 1.171 65.31 63.31 2 

1/28/2016 64.418 62.906 1.512 64.34 63.06 1.28 

1/28/2016 64.204 62.776 1.428 63.97 62.94 1.03 

1/28/2016 64.033 62.776 1.257 64.13 62.81 1.32 

1/28/2016 64.632 62.906 1.726 63.81 62.94 0.87 

1/28/2016 64.161 63.12 1.041 63.97 63.06 0.91 

1/28/2016 64.117 63.204 0.913 64.38 63.19 1.19 

1/28/2016 64.888 63.462 1.426 64.53 63.44 1.09 

1/28/2016 64.717 63.804 0.913 64.66 63.69 0.97 

1/28/2016 64.888 64.061 0.827 64.78 63.94 0.84 

1/28/2016 65.487 65.003 0.484 65.88 64.56 1.32 

1/28/2016 66.472 65.816 0.656 66.28 65.44 0.84 

1/28/2016 66.814 66.587 0.227 68.06 66.22 1.84 

1/28/2016 67.543 67.1 0.443 67.25 66.84 0.41 

1/28/2016 66.857 66.372 0.485 68.22 66.44 1.78 

1/28/2016 66.043 65.517 0.526 66.66 65.66 1 

1/28/2016 65.316 64.704 0.612 65.69 65 0.69 
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1/28/2016 64.888 64.018 0.87 65.03 64.25 0.78 

1/28/2016 64.204 63.633 0.571 64.41 63.75 0.66 

1/28/2016 63.946 63.291 0.655 63.91 63.38 0.53 

1/28/2016 63.732 63.077 0.655 63.66 63.13 0.53 

1/28/2016 64.674 63.89 0.784 64.16 63.66 0.5 

1/28/2016 65.359 65.046 0.313 65.38 64.81 0.57 

1/28/2016 66.087 65.559 0.528 65.94 65.5 0.44 

1/29/2016 66.301 65.987 0.314 66.47 65.78 0.69 

1/29/2016 67.199 66.372 0.827 66.41 66.16 0.25 

1/29/2016 66.772 66.714 0.058 67.34 66.53 0.81 

1/29/2016 66.6 66.245 0.355 67.19 66.53 0.66 

1/29/2016 65.745 65.303 0.442 65.88 65.53 0.35 

1/29/2016 64.931 64.403 0.528 64.97 64.5 0.47 

1/29/2016 64.204 63.676 0.528 64.06 63.75 0.31 

1/29/2016 63.561 63.12 0.441 63.56 63.22 0.34 

1/29/2016 63.433 63.161 0.272 63.31 62.97 0.34 

1/29/2016 64.332 64.232 0.1 64.25 63.88 0.37 

1/29/2016 65.658 64.875 0.783 65.38 65.03 0.35 

1/29/2016 65.829 65.431 0.398 65.88 65.28 0.6 

1/29/2016 65.872 65.903 -0.031 66.69 65.69 1 

1/29/2016 66.515 66.288 0.227 66.31 66.06 0.25 

1/29/2016 67.028 66.714 0.314 66.47 66.47 0 

1/29/2016 66.9 66.844 0.056 67.28 66.72 0.56 

1/29/2016 67.158 66.416 0.742 68.75 65.84 2.91 

1/29/2016 65.959 65.345 0.614 66.78 65.56 1.22 

1/29/2016 65.359 64.574 0.785 66.72 64.78 1.94 

1/29/2016 64.76 63.975 0.785 66.31 64.16 2.15 

1/29/2016 64.931 63.59 1.341 64.91 63.78 1.13 

1/29/2016 64.546 63.462 1.084 64.97 63.53 1.44 

1/29/2016 64.845 63.505 1.34 64.31 63.41 0.9 

1/29/2016 66.344 64.959 1.385 65.44 64.53 0.91 

1/29/2016 66.985 66.5 0.485 67.75 65.84 1.91 

1/29/2016 68.185 67.4 0.785 67.63 66.88 0.75 
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1/29/2016 68.571 66.972 1.599 68.31 67.25 1.06 

1/29/2016 67.798 65.859 1.939 66.91 66.09 0.82 

1/29/2016 66.6 64.704 1.896 65.81 65 0.81 

1/29/2016 65.145 64.018 1.127 64.94 64.09 0.85 

1/29/2016 64.888 63.548 1.34 64.56 63.72 0.84 

1/29/2016 64.332 63.419 0.913 64.69 63.47 1.22 

1/29/2016 64.589 63.59 0.999 64.72 63.59 1.13 

1/29/2016 65.102 64.49 0.612 66.22 64.09 2.13 

1/29/2016 66.686 66.03 0.656 67.53 65.63 1.9 

1/29/2016 68.27 67.571 0.699 68.53 66.88 1.65 

1/29/2016 69.386 68 1.386 69.53 67.94 1.59 

1/29/2016 69.256 67.571 1.685 68.97 67.44 1.53 

1/29/2016 68.956 67.272 1.684 69 67.19 1.81 

1/29/2016 69.17 66.929 2.241 68.75 66.91 1.84 

1/29/2016 68.527 66.63 1.897 68.84 66.66 2.18 

1/29/2016 68.657 66.5 2.157 69.16 66.53 2.63 

1/29/2016 68.484 66.329 2.155 68.59 66.28 2.31 

1/29/2016 69.256 66.329 2.927 68.13 66.28 1.85 

1/29/2016 68.742 66.245 2.497 69.13 66.28 2.85 

1/29/2016 68.871 66.329 2.542 69.09 66.28 2.81 

1/29/2016 68.956 66.288 2.668 68.63 66.28 2.35 

1/29/2016 67.671 66.074 1.597 69.44 66.16 3.28 

1/29/2016 68.356 66.158 2.198 68.44 66 2.44 

1/29/2016 68.871 65.903 2.968 67.91 65.88 2.03 

1/29/2016 68.185 65.688 2.497 68.13 65.63 2.5 

1/29/2016 67.5 65.388 2.112 68.25 65.5 2.75 

1/29/2016 67.798 65.303 2.495 68.09 65.38 2.71 

1/29/2016 68.013 65.217 2.796 67.59 65.22 2.37 

1/29/2016 67.757 65.174 2.583 67.47 65.22 2.25 

1/29/2016 67.158 65.089 2.069 68.16 65.09 3.07 

1/29/2016 68.443 65.089 3.354 67.19 65.09 2.1 

1/29/2016 67.757 65.303 2.454 68.22 65.22 3 

1/29/2016 68.227 65.089 3.138 65.09 65.47 -0.38 
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1/29/2016 68.657 65.816 2.841 68.34 65.56 2.78 

1/29/2016 68.27 65.645 2.625 68.44 65.66 2.78 

1/29/2016 68.657 65.688 2.969 68.13 65.66 2.47 

1/29/2016 68.185 65.645 2.54 68.56 65.66 2.9 

1/29/2016 68.4 65.559 2.841 67.78 65.53 2.25 

1/29/2016 68.356 65.517 2.839 68.75 65.53 3.22 

1/29/2016 67.757 65.645 2.112 68.72 65.66 3.06 

1/29/2016 68.142 65.602 2.54 68 65.53 2.47 

1/29/2016 68.913 65.688 3.225 67.53 65.53 2 

1/29/2016 68.099 65.559 2.54 68.72 65.53 3.19 

1/29/2016 67.798 65.688 2.11 68.47 65.66 2.81 

1/29/2016 67.5 65.345 2.155 66.91 65.41 1.5 

1/29/2016 66.344 64.661 1.683 67.06 64.78 2.28 

1/29/2016 65.102 64.061 1.041 65.06 64.13 0.93 

1/29/2016 64.117 63.419 0.698 65 63.63 1.37 

1/29/2016 64.418 63.033 1.385 64.53 63.22 1.31 

1/29/2016 64.204 62.862 1.342 63.59 62.97 0.62 

1/29/2016 63.819 62.691 1.128 63.41 62.72 0.69 

1/29/2016 63.518 62.906 0.612 63.94 62.84 1.1 

1/29/2016 64.204 62.947 1.257 64.16 63 1.16 

1/29/2016 63.819 63.161 0.658 63.75 63.13 0.62 

1/29/2016 64.033 63.248 0.785 64.22 63.25 0.97 

1/29/2016 64.418 63.505 0.913 64.19 63.38 0.81 

1/29/2016 64.589 63.676 0.913 64.22 63.59 0.63 

1/29/2016 64.459 63.847 0.612 64.59 63.78 0.81 

1/29/2016 64.632 63.933 0.699 64.72 63.91 0.81 

1/29/2016 64.76 64.104 0.656 64.69 63.91 0.78 

1/29/2016 65.017 64.275 0.742 64.81 64.16 0.65 

1/29/2016 65.102 64.403 0.699 64.94 64.28 0.66 

1/29/2016 65.316 64.49 0.826 64.94 64.41 0.53 

1/29/2016 65.273 64.617 0.656 65.16 64.56 0.6 

1/29/2016 65.316 64.788 0.528 65.31 64.69 0.62 

1/29/2016 65.403 64.832 0.571 65.19 64.81 0.38 
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1/29/2016 65.444 64.918 0.526 65.31 64.81 0.5 

1/29/2016 65.487 65.003 0.484 65.44 64.81 0.63 

1/29/2016 65.872 65.688 0.184 65.94 65.47 0.47 

1/30/2016 66.515 66.288 0.227 66.16 65.97 0.19 

1/30/2016 66.9 66.801 0.099 66.53 66.47 0.06 

1/30/2016 66.6 66.543 0.057 67.16 66.59 0.57 

1/30/2016 66.472 66.074 0.398 66.44 66.09 0.35 

1/30/2016 66.173 65.773 0.4 66.19 65.84 0.35 

1/30/2016 65.788 65.431 0.357 65.84 65.47 0.37 

1/30/2016 65.403 65.003 0.4 65.44 65.09 0.35 

1/30/2016 65.145 64.788 0.357 65.06 64.72 0.34 

1/30/2016 64.845 64.617 0.228 64.94 64.59 0.35 

1/30/2016 64.717 64.617 0.1 64.94 64.47 0.47 

1/30/2016 65.017 64.533 0.484 64.81 64.47 0.34 

1/30/2016 64.931 64.574 0.357 64.88 64.47 0.41 

1/30/2016 65.017 64.661 0.356 64.88 64.47 0.41 

1/30/2016 65.059 64.747 0.312 65.03 64.59 0.44 

1/30/2016 65.188 64.832 0.356 65.03 64.72 0.31 

1/30/2016 65.359 64.959 0.4 65.28 64.84 0.44 

1/30/2016 65.444 65.046 0.398 65.28 64.97 0.31 

1/30/2016 67.757 66.459 1.298 68.72 65.47 3.25 

1/30/2016 68.571 66.972 1.599 69.22 67.03 2.19 

1/30/2016 68.828 67.528 1.3 68.56 67.31 1.25 

1/30/2016 68.614 67.229 1.385 68.41 67.31 1.1 

1/30/2016 68.142 66.885 1.257 68 66.91 1.09 

1/30/2016 67.798 66.459 1.339 68.47 66.41 2.06 

1/30/2016 67.714 65.816 1.898 67.09 66.03 1.06 

1/30/2016 67.586 65.431 2.155 66.34 65.53 0.81 

1/30/2016 66.13 65.217 0.913 66 65.13 0.87 

1/30/2016 66.6 64.832 1.768 66.09 64.75 1.34 

1/30/2016 65.959 64.446 1.513 65.63 64.63 1 

1/30/2016 65.788 64.403 1.385 65.25 64.38 0.87 

1/30/2016 65.359 64.275 1.084 65.56 64.25 1.31 
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1/30/2016 65.403 64.275 1.128 65.28 64.25 1.03 

1/30/2016 65.273 64.362 0.911 65.75 64.25 1.5 

1/30/2016 65.53 64.574 0.956 66.19 64.38 1.81 

1/30/2016 66.301 64.875 1.426 65.53 64.75 0.78 

1/30/2016 67.543 65.26 2.283 65.94 65.13 0.81 

1/30/2016 67.586 65.688 1.898 66.81 65.5 1.31 

1/30/2016 67.329 66.245 1.084 67.09 65.88 1.21 

1/30/2016 67.842 66.63 1.212 67.97 66.25 1.72 

1/30/2016 67.971 66.801 1.17 68.56 66.5 2.06 

1/30/2016 68.571 66.673 1.898 68.84 66.59 2.25 

1/30/2016 68.484 66.758 1.726 68.34 66.59 1.75 

1/30/2016 68.356 66.673 1.683 68.31 66.47 1.84 

1/30/2016 68.4 66.63 1.77 68.53 66.47 2.06 

1/30/2016 68.999 66.416 2.583 67.84 66.47 1.37 

1/30/2016 68.698 66.158 2.54 68.34 66.22 2.12 

1/30/2016 67.456 66.329 1.127 68.97 66.22 2.75 

1/30/2016 68.227 66.158 2.069 67.94 66.22 1.72 

1/30/2016 68.614 66.288 2.326 67.72 66.09 1.63 

1/30/2016 68.443 66.416 2.027 68.31 66.34 1.97 

1/30/2016 68.313 66.5 1.813 68.44 66.34 2.1 

1/30/2016 68.571 66.587 1.984 68.41 66.47 1.94 

1/30/2016 69.129 66.63 2.499 68.22 66.47 1.75 

1/30/2016 68.999 66.801 2.198 68.22 66.75 1.47 

1/30/2016 69.17 66.972 2.198 68.94 66.75 2.19 

1/30/2016 69.514 67.015 2.499 68.66 66.88 1.78 

1/30/2016 69.343 67.1 2.243 69.19 67 2.19 

1/30/2016 69.728 67.143 2.585 68.75 67 1.75 

1/30/2016 69.343 66.929 2.414 69.09 67.13 1.96 

1/30/2016 68.913 66.63 2.283 68.97 66.75 2.22 

1/30/2016 69.085 66.63 2.455 68.19 66.63 1.56 

1/30/2016 69.3 66.63 2.67 68.69 66.63 2.06 

1/30/2016 69.042 66.673 2.369 69 66.63 2.37 

1/30/2016 68.871 66.673 2.198 69.13 66.75 2.38 
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1/30/2016 69.643 66.714 2.929 68.88 66.63 2.25 

1/30/2016 69.256 66.673 2.583 68.84 66.63 2.21 

1/30/2016 69.129 66.714 2.415 68.63 66.63 2 

1/30/2016 69.256 66.543 2.713 68.69 66.66 2.03 

1/30/2016 68.913 66.459 2.454 68.78 66.53 2.25 

1/30/2016 69.085 66.587 2.498 68.78 66.53 2.25 

1/30/2016 69.085 66.459 2.626 68.25 66.53 1.72 

1/30/2016 68.956 66.543 2.413 68.94 66.5 2.44 

1/30/2016 68.657 66.673 1.984 68.56 66.75 1.81 

1/30/2016 68.871 66.844 2.027 68.91 66.88 2.03 

1/30/2016 68.4 66.885 1.515 67.72 66.88 0.84 

1/30/2016 67.329 66.587 0.742 68.69 66.63 2.06 

1/30/2016 67.199 66.245 0.954 68.09 66.38 1.71 

1/30/2016 66.943 65.903 1.04 67.47 66 1.47 

1/30/2016 66.643 65.903 0.74 67.13 65.88 1.25 

1/30/2016 66.558 65.987 0.571 67.75 65.88 1.87 

1/30/2016 66.814 65.944 0.87 66.5 65.88 0.62 

1/30/2016 66.985 65.903 1.082 66.41 65.88 0.53 

1/30/2016 66.729 65.987 0.742 66.63 66 0.63 

1/30/2016 67.586 66.074 1.512 66.31 66 0.31 

1/30/2016 66.9 66.115 0.785 67.06 66 1.06 

1/30/2016 66.6 66.201 0.399 67.28 66.13 1.15 

1/30/2016 67.242 66.329 0.913 66.84 66.25 0.59 

1/30/2016 66.943 66.543 0.4 67.41 66.38 1.03 

1/30/2016 67.028 66.673 0.355 67.91 66.63 1.28 

1/30/2016 67.158 66.673 0.485 68.25 66.63 1.62 

1/30/2016 68.185 66.758 1.427 67.03 66.63 0.4 

1/30/2016 67.798 66.714 1.084 66.88 66.63 0.25 

1/30/2016 67.199 66.63 0.569 67.22 66.63 0.59 

1/30/2016 67.586 66.587 0.999 66.75 66.5 0.25 

1/30/2016 66.814 66.459 0.355 67.84 66.5 1.34 

1/30/2016 66.6 66.416 0.184 67.56 66.38 1.18 

1/30/2016 67.413 66.201 1.212 66.41 66.25 0.16 
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1/31/2016 66.301 66.03 0.271 66.44 66.13 0.31 

1/31/2016 66.385 66.115 0.27 66.38 66 0.38 

1/31/2016 66.472 66.074 0.398 66.34 66 0.34 

1/31/2016 66.857 66.158 0.699 66.34 66.13 0.21 

1/31/2016 66.385 66.158 0.227 66.69 66.13 0.56 

1/31/2016 67.413 66.245 1.168 66.44 66.13 0.31 

1/31/2016 66.429 66.288 0.141 66.94 66.25 0.69 

1/31/2016 67.158 66.329 0.829 66.31 66.25 0.06 

1/31/2016 66.686 66.5 0.186 66.59 66.38 0.21 

1/31/2016 67.158 66.587 0.571 67 66.5 0.5 

1/31/2016 66.729 66.63 0.099 67.31 66.5 0.81 

1/31/2016 66.814 66.714 0.1 67.41 66.63 0.78 

1/31/2016 67.586 66.885 0.701 66.94 66.75 0.19 

1/31/2016 67.413 67.015 0.398 67.13 66.88 0.25 

1/31/2016 67.372 67.143 0.229 66.97 67 -0.03 

1/31/2016 67.456 67.272 0.184 67.47 67.13 0.34 

1/31/2016 68.27 67.4 0.87 67.38 67.25 0.13 

1/31/2016 69.471 68.127 1.344 71.31 67.38 3.93 

1/31/2016 70.329 68.471 1.858 70.09 68.44 1.65 

1/31/2016 70.974 68.813 2.161 70.28 68.81 1.47 

1/31/2016 70.543 69.242 1.301 70.59 68.94 1.65 

1/31/2016 70.372 69.371 1.001 71.13 69.19 1.94 

1/31/2016 70.759 69.499 1.26 71.34 69.31 2.03 

1/31/2016 71.103 69.542 1.561 71.28 69.44 1.84 

1/31/2016 71.704 69.456 2.248 70.75 69.44 1.31 

1/31/2016 71.317 69.542 1.775 70.63 69.44 1.19 

1/31/2016 71.231 69.585 1.646 70.91 69.59 1.32 

1/31/2016 71.231 69.542 1.689 71.25 69.47 1.78 

1/31/2016 71.231 69.456 1.775 70.81 69.47 1.34 

1/31/2016 70.543 69.456 1.087 70.94 69.34 1.6 

1/31/2016 71.06 69.499 1.561 71.06 69.34 1.72 

1/31/2016 71.447 69.456 1.991 70.97 69.47 1.5 

1/31/2016 71.661 69.499 2.162 70.88 69.47 1.41 
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1/31/2016 71.231 69.629 1.602 70.97 69.47 1.5 

1/31/2016 70.759 69.629 1.13 71.66 69.59 2.07 

1/31/2016 71.317 69.713 1.604 71.44 69.72 1.72 

1/31/2016 70.846 69.843 1.003 71.72 69.72 2 

1/31/2016 71.533 69.8 1.733 71.47 69.84 1.63 

1/31/2016 71.791 69.886 1.905 71.53 69.84 1.69 

1/31/2016 71.92 69.971 1.949 71.19 69.97 1.22 

1/31/2016 71.92 70.1 1.82 71.22 69.97 1.25 

1/31/2016 71.661 70.185 1.476 71.78 70.09 1.69 

1/31/2016 71.361 70.143 1.218 72 70.09 1.91 

1/31/2016 72.093 70.401 1.692 72.69 70.22 2.47 

1/31/2016 72.394 70.658 1.736 73.09 70.59 2.5 

1/31/2016 72.955 70.916 2.039 73.13 70.88 2.25 

1/31/2016 73.342 71.259 2.083 73.28 71.13 2.15 

1/31/2016 73.558 71.646 1.912 73.56 71.38 2.18 

1/31/2016 74.467 71.861 2.606 73.81 71.75 2.06 

1/31/2016 74.206 72.204 2.002 74.91 72.03 2.88 

1/31/2016 74.511 72.678 1.833 74.78 72.41 2.37 

1/31/2016 74.856 72.851 2.005 75.03 72.66 2.37 

1/31/2016 75.117 72.807 2.31 75.53 72.91 2.62 

1/31/2016 75.247 73.239 2.008 75.53 73.03 2.5 

1/31/2016 75.594 73.412 2.182 75.84 73.16 2.68 

1/31/2016 75.81 73.412 2.398 75.84 73.28 2.56 

1/31/2016 75.508 73.326 2.182 76.19 73.28 2.91 

1/31/2016 75.942 73.326 2.616 75.66 73.28 2.38 

1/31/2016 75.594 73.067 2.527 76.19 73.28 2.91 

1/31/2016 75.81 72.937 2.873 75.72 73.16 2.56 

1/31/2016 75.853 73.067 2.786 75.69 73.16 2.53 

1/31/2016 75.81 73.153 2.657 76.31 73.16 3.15 

1/31/2016 76.158 73.497 2.661 76.53 73.53 3 

1/31/2016 76.507 73.713 2.794 77.03 73.78 3.25 

1/31/2016 76.246 73.54 2.706 76.38 73.66 2.72 

1/31/2016 76.899 73.583 3.316 76.28 73.53 2.75 
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1/31/2016 76.464 73.153 3.311 75.84 73.25 2.59 

1/31/2016 76.55 73.369 3.181 76.25 73.38 2.87 

1/31/2016 75.853 73.239 2.614 76.59 73.38 3.21 

1/31/2016 76.507 73.369 3.138 75.81 73.25 2.56 

1/31/2016 76.332 73.283 3.049 75.91 73.38 2.53 

1/31/2016 75.594 73.023 2.571 75.5 73.13 2.37 

1/31/2016 75.247 72.593 2.654 75.03 72.84 2.19 

1/31/2016 73.083 71.99 1.093 73.69 72.22 1.47 

1/31/2016 72.05 71.13 0.92 72.94 71.41 1.53 

1/31/2016 71.661 70.658 1.003 72.66 70.91 1.75 

1/31/2016 71.964 70.358 1.606 71.47 70.53 0.94 

1/31/2016 71.19 70.185 1.005 71.59 70.41 1.18 

1/31/2016 71.274 70.358 0.916 71.41 70.41 1 
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APPENDIX F 

COOLING TOWER WATER TEMPERATURE AND FLOW MEASUREMENTS 

 

The Figures below show the water temperature and flow measurements for CT1 

and CT2 respectively through the year 2015.  

 

 
Figure F.1 Water Temperatures and Flowrate of Cooling Tower 1 for year 2015 
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Figure F.2 Water Temperatures and Flowrate of Cooling Tower 2 for year 2015 
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APPENDIX G 

POWER MEASUREMENTS OF COOLING TOWER AND CHILLER 

 

1. Figures of cooling tower and chiller tonnage comparisons for sampled weeks  

 
Figure G.1 Tonnage Comparisons for January (1/19-1/25) 

 

 
Figure G.2 Tonnage Comparisons for February (2/9-2/15) 
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Figure G.3 Tonnage Comparisons for March (3/16-3/22) 

 

 
Figure G.4 Tonnage Comparisons for April (3/30-4/6) 
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Figure G.5 Tonnage Comparisons for May (5/9-5/14) 

 

 
Figure G.6 Tonnage Comparisons for June (6/4-6/10) 

 

 

-60

-40

-20

0

20

40

60

80

100

0

50

100

150

200

250

300

5/9 5/10 5/11 5/12 5/13 5/14

T
o

n
 

Date 

Tons on

CT Side

Tons on

Chiller

Side

EBError

-60

-40

-20

0

20

40

60

80

100

0

50

100

150

200

250

300

6/4 6/6 6/8 6/10

T
o
n

 

Date 

Tons on

CT Side

Tons on

Chiller

Side

EBError

% 

% 



 

181 

 

 
Figure G.7 Tonnage Comparisons for July (7/10-7/16) 

 

 
Figure G. 8 Tonnage Comparisons for August (8/17-8/23) 
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Figure G.9 Tonnage Comparisons for September (9/7-9/13) 

 

 
Figure G.10 Tonnage Comparisons for October (10/17-10/23) 
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Figure G. 11 Tonnage Comparisons for November (11/16-11/22) 

 

 
Figure G. 12 Tonnage Comparisons for December (12/21-12/27) 
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2. Average daily data 

Table G.1 Average Daily Data for Year 2015 

Date Dry-Bulb Temp(ᵒF) Tons on CT Side Tons on Chiller Side 

01/22/2015 46.33 51.92 52.11 

01/23/2015 41.00 53.39 50.17 

01/24/2015 44.75 54.90 53.54 

01/25/2015 53.76 60.60 57.69 

02/12/2015 52.33 74.26 67.93 

02/13/2015 52.54 65.04 65.91 

02/14/2015 60.33 72.86 73.71 

02/15/2015 60.71 68.11 62.13 

03/16/2015 64.67 72.55 76.02 

03/17/2015 69.54 82.59 86.57 

03/18/2015 69.38 81.52 80.02 

03/19/2015 69.83 81.83 80.73 

03/20/2015 65.96 74.03 75.03 

03/21/2015 60.58 63.54 64.05 

03/30/2015 74.40 110.01 106.37 

03/31/2015 71.29 97.14 94.47 

04/01/2015 70.58 97.32 93.68 

04/02/2015 73.50 103.52 98.99 

04/03/2015 73.25 100.25 97.27 

04/04/2015 62.67 68.03 65.82 

04/05/2015 60.33 62.04 63.95 

05/09/2015 79.17 105.20 102.32 

05/10/2015 81.00 123.61 117.51 

05/15/2015 73.33 106.08 106.98 

05/16/2015 78.63 102.64 101.98 
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05/17/2015 74.62 98.12 101.04 

06/04/2015 79.92 150.94 140.70 

06/05/2015 80.54 137.00 128.69 

06/06/2015 82.13 135.51 129.90 

06/07/2015 82.38 136.26 130.19 

06/12/2015 82.92 165.49 152.50 

06/13/2015 81.21 134.31 127.64 

06/14/2015 78.57 131.76 126.07 

07/10/2015 83.33 159.56 153.20 

07/11/2015 83.38 133.33 130.07 

07/12/2015 84.24 144.08 140.19 

07/24/2015 85.29 166.39 158.55 

07/25/2015 85.38 137.59 134.68 

07/26/2015 85.71 148.49 143.78 

08/18/2015 85.67 156.83 156.70 

08/19/2015 83.92 151.88 145.43 

08/20/2015 76.92 123.86 118.64 

08/21/2015 78.88 122.77 118.08 

08/22/2015 85.13 128.67 128.50 

08/23/2015 87.00 146.84 155.90 

09/09/2015 80.13 148.98 140.29 

09/10/2015 79.79 139.88 129.44 

09/11/2015 80.33 133.56 124.49 

09/12/2015 78.54 105.66 102.21 

09/13/2015 75.57 96.06 95.18 

10/17/2015 72.38 76.37 76.73 

10/20/2015 70.58 106.81 101.38 

10/21/2015 76.50 104.76 101.57 
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10/22/2015 77.04 108.46 103.38 

10/23/2015 76.13 104.29 102.30 

10/24/2015 69.17 73.54 74.19 

10/25/2015 62.38 57.59 61.06 

11/18/2015 57.25 40.59 42.87 

11/19/2015 62.17 72.80 67.21 

11/20/2015 62.79 70.61 63.59 

11/21/2015 56.67 56.60 52.54 

11/22/2015 45.10 43.40 44.91 

12/22/2015 63.46 96.54 97.64 

12/23/2015 70.33 91.33 93.61 

12/24/2015 65.46 71.99 75.54 

12/25/2015 69.83 76.05 77.26 

12/26/2015 74.88 94.46 90.78 

12/27/2015 58.90 76.52 80.67 

 



 

187 

 

APPENDIX H 

COOLING TOWER INLET AND OUTLET CONDITION MEASUREMENTS 

 

Table H.1 Cooling Tower Inlet and Outlet Conditions Measurements 

Entering Water 

Temp (ᵒF) 

Exiting Water 

Temp (ᵒF) 

Entering Air Temp 

(ᵒF) 

Exiting Air Temp 

(ᵒF) 

66.30 64.75 46.33 54.88 

66.47 64.88 41.00 51.94 

66.49 64.85 44.75 54.06 

66.63 64.80 53.76 62.82 

67.09 64.86 52.33 63.34 

66.80 64.85 52.54 62.54 

67.68 65.51 60.33 65.61 

68.58 66.57 60.71 66.86 

69.77 67.59 64.67 67.99 

73.95 71.46 69.54 72.76 

74.20 71.75 69.38 72.56 

75.57 73.10 69.83 73.82 

74.33 72.09 65.96 71.56 

68.76 66.84 60.58 66.44 

78.18 74.80 74.40 76.06 

75.91 72.91 71.29 73.60 

77.71 74.70 70.58 74.40 

79.26 76.05 73.50 76.56 

78.24 75.14 73.25 75.63 

67.11 64.99 62.67 65.66 

67.14 65.13 60.33 65.18 

83.24 79.97 79.17 80.86 

84.32 80.47 81.00 82.16 
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82.40 79.00 73.33 78.00 

82.92 79.64 78.63 80.60 

82.18 79.06 74.62 78.50 

84.13 79.34 79.92 81.47 

84.06 79.70 80.54 81.69 

84.00 79.69 82.13 82.21 

84.43 80.11 82.38 82.54 

87.17 81.91 82.92 84.11 

85.66 81.41 81.21 82.86 

85.19 80.99 78.57 81.50 

88.58 83.69 83.33 85.10 

86.98 82.90 83.38 84.35 

87.95 83.54 84.24 85.24 

88.93 83.72 85.29 86.14 

86.63 82.30 85.38 84.89 

87.47 82.82 85.71 85.46 

87.09 82.31 85.67 85.19 

87.53 82.90 83.92 84.94 

83.71 79.96 76.92 80.14 

83.69 79.97 78.88 81.00 

86.35 82.44 85.13 84.72 

87.58 83.11 87.00 85.85 

86.93 82.33 80.13 83.11 

86.37 82.05 79.79 82.78 

85.53 81.41 80.33 82.54 

77.43 74.16 78.54 76.64 

71.71 68.75 75.57 71.59 

68.24 65.87 72.38 68.31 

80.65 77.33 70.58 76.22 

80.81 77.56 76.50 78.89 
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81.73 78.34 77.04 79.79 

83.29 80.04 76.13 80.43 

77.99 75.70 69.17 74.60 

71.36 69.57 62.38 67.64 

65.05 63.83 57.25 62.50 

69.67 67.49 62.17 67.77 

68.56 66.44 62.79 67.15 

66.98 65.29 56.67 63.26 

65.92 64.62 45.10 58.74 

78.21 75.20 63.46 72.22 

76.64 73.82 70.33 74.35 

72.99 70.77 65.46 70.70 

76.92 74.58 69.83 74.36 

82.40 79.49 74.88 79.08 
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APPENDIX I 

DATA FOR CHILLER MODEL  

 

Table I.1 Chiller Model Data 

Date 

Dry-

Bulb 

Temp 

(ᵒF) 

Leaving 

Chilled 

Water 

Temp (ᵒF) 

Entering 

Condenser 

Water 

Temp (ᵒF) 

App-

roach 

Temp 

(ᵒF) 

Chiller 

Flow 

(GPM) 

Chiller 

Input 

Power 

(kW) 

Chiller 

Load 

(tons) 

01/22/15 46.33 42.65 64.75 19.59 395 32.50 42.87 

01/23/15 41.00 42.74 64.88 25.42 395 32.58 40.90 

01/24/15 44.75 42.58 64.85 24.52 395 32.78 44.22 

01/25/15 53.76 42.63 64.80 19.99 402 34.58 47.86 

02/12/15 52.33 42.74 64.86 20.07 401 37.96 57.14 

02/13/15 52.54 42.68 64.85 19.52 381 35.86 53.75 

02/14/15 60.33 42.66 65.51 12.80 415 46.79 73.21 

02/15/15 60.71 42.70 66.57 8.47 422 49.39 71.34 

02/25/15 39.88 42.74 64.92 27.55 439 69.80 93.39 

02/26/15 39.08 42.70 64.99 29.20 435 65.48 78.88 

02/27/15 37.54 42.69 65.00 31.96 423 62.63 74.19 

02/28/15 42.21 42.69 65.20 26.95 416 61.16 69.18 

03/01/15 41.50 41.47 64.97 23.55 393 35.31 55.87 

03/16/15 64.67 42.68 67.59 8.88 401 38.41 62.79 

03/17/15 69.54 42.73 71.46 6.75 390 37.65 51.43 

03/18/15 69.38 42.75 71.75 7.45 398 32.32 39.38 

03/19/15 69.83 42.78 73.10 6.97 397 33.55 44.34 

03/20/15 65.96 42.71 72.09 7.68 391 30.70 36.05 

03/21/15 60.58 42.54 66.84 7.26 400 40.46 52.54 

03/26/15 60.17 41.71 66.92 12.71 402 38.05 55.00 

03/27/15 60.88 41.69 65.38 15.17 370 31.29 42.51 

03/28/15 66.08 41.84 66.29 12.29 411 43.16 63.74 
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03/29/15 68.46 42.76 71.44 10.31 416 52.85 71.54 

03/30/15 74.40 42.80 74.80 8.06 413 55.04 65.07 

03/31/15 71.29 42.81 72.91 7.53 405 49.69 60.90 

04/01/15 70.58 42.79 74.70 7.61 435 61.69 76.93 

04/02/15 73.50 42.79 76.05 7.30 443 65.27 75.12 

04/03/15 73.25 42.72 75.14 8.30 445 70.72 78.88 

04/04/15 62.67 42.61 64.99 10.91 433 68.27 77.86 

04/05/15 60.33 41.69 65.13 8.09 386 42.24 63.92 

04/13/15 73.42 42.80 76.06 7.39 390 41.52 63.90 

04/14/15 63.88 42.74 69.68 8.93 413 48.29 66.67 

04/15/15 66.50 42.70 68.58 8.37 384 30.67 36.89 

04/16/15 70.42 42.77 74.18 7.26 413 51.08 65.50 

04/17/15 70.63 42.74 74.25 7.13 452 71.81 85.95 

04/18/15 70.50 42.66 74.90 7.56 393 42.07 67.06 

04/19/15 69.21 41.67 72.48 9.14 399 57.79 73.55 

05/09/15 79.17 41.58 79.97 5.41 409 79.44 79.73 

05/10/15 81.00 41.60 80.47 5.57 423 86.25 92.99 

05/15/15 73.33 41.56 79.00 6.82 407 79.11 84.49 

05/16/15 78.63 41.62 79.64 5.51 404 77.95 79.82 

05/17/15 74.62 41.50 79.06 6.56 404 77.21 79.09 

06/04/15 79.92 41.52 79.34 6.01 452 94.29 113.89 

06/05/15 80.54 41.51 79.70 6.81 446 90.39 102.99 

06/06/15 82.13 41.49 79.69 6.37 435 90.20 104.25 

06/07/15 82.38 41.62 80.11 6.76 433 91.06 104.30 

06/12/15 82.92 41.53 81.91 5.97 470 105.49 122.51 

06/13/15 81.21 41.53 81.41 6.07 430 91.79 101.54 

06/14/15 78.57 41.62 80.99 6.23 424 92.01 99.90 

06/20/15 79.08 41.52 81.27 6.27 418 87.58 92.51 

06/21/15 82.13 41.46 82.53 5.41 424 93.31 100.37 

07/10/15 83.33 41.52 83.69 6.42 470 108.18 122.44 
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07/11/15 83.38 41.59 82.90 5.69 437 96.07 102.75 

07/12/15 84.24 41.57 83.54 5.28 442 100.49 111.62 

07/24/15 85.29 41.44 83.72 6.77 472 110.12 127.23 

07/25/15 85.38 41.59 82.30 6.00 439 97.42 106.98 

07/26/15 85.71 41.52 82.82 5.56 446 103.20 114.44 

08/18/15 85.67 42.67 82.31 6.81 494 101.22 127.92 

08/19/15 83.92 42.73 82.90 6.65 482 102.29 116.35 

08/20/15 76.92 42.77 79.96 6.92 462 87.09 93.88 

08/21/15 78.88 42.77 79.97 6.47 464 85.10 93.88 

08/22/15 85.13 42.76 82.44 5.57 466 92.75 102.13 

08/23/15 87.00 42.81 83.11 6.02 485 100.08 127.44 

08/28/15 81.42 42.78 82.17 11.55 478 94.50 101.24 

08/29/15 80.50 42.78 78.85 7.56 465 85.05 95.70 

08/30/15 80.42 42.79 79.01 7.38 470 85.53 95.63 

09/09/15 80.13 42.75 82.33 7.04 484 99.93 111.88 

09/10/15 79.79 42.81 82.05 6.59 478 98.59 101.40 

09/11/15 80.33 42.82 81.41 6.20 471 94.45 97.64 

09/12/15 78.54 42.78 74.16 9.66 451 70.31 82.22 

09/13/15 75.57 42.83 68.75 7.89 443 55.91 79.28 

10/13/15 79.50 41.74 69.89 9.26 440 57.93 88.14 

10/15/15 74.58 41.69 68.99 7.87 438 55.26 83.27 

10/16/15 74.58 42.78 66.89 5.48 450 52.89 81.88 

10/17/15 72.38 43.36 66.07 7.91 414 40.47 65.22 

10/18/15 68.29 43.32 65.39 13.55 406 38.71 62.75 

10/20/15 70.58 43.27 77.33 11.92 442 72.77 80.69 

10/21/15 76.50 43.30 77.56 7.06 438 73.61 80.64 

10/22/15 77.04 43.24 78.34 6.22 440 77.48 81.35 

10/23/15 76.13 43.27 80.04 5.83 449 79.82 79.60 

10/24/15 69.17 43.25 75.70 7.61 416 55.22 58.49 

10/25/15 62.38 43.22 69.57 8.24 407 39.40 49.86 
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11/12/15 68.33 43.26 66.76 5.82 431 39.63 61.91 

11/13/15 60.98 43.21 66.89 16.04 406 32.71 46.54 

11/14/15 60.08 43.13 66.07 15.51 399 30.54 41.46 

11/15/15 62.15 43.23 65.39 11.47 402 33.71 44.10 

11/18/15 57.25 43.23 63.83 12.78 386 26.86 35.23 

11/19/15 62.17 43.27 67.49 11.94 423 40.96 55.57 

11/20/15 62.79 43.24 66.44 10.90 420 38.77 52.57 

11/21/15 56.67 43.22 65.29 14.70 403 32.51 43.29 

11/22/15 45.10 43.20 64.62 26.20 398 29.33 36.57 

12/22/15 63.46 41.61 75.20 14.61 400 101.22 68.86 

12/23/15 70.33 41.66 73.82 12.57 396 102.29 64.52 

12/24/15 65.46 41.59 70.77 8.44 382 87.09 50.78 

12/25/15 69.83 41.63 74.58 8.66 383 85.10 53.06 

12/26/15 74.88 41.60 79.49 7.37 392 92.75 64.41 

12/27/15 58.91 41.51 72.25 15.01 383 100.38 52.13 

 

𝑃𝐿𝑅 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑

𝐶ℎ𝑖𝑙𝑙𝑒𝑟′𝑠 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
                                    (I.1) 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐶𝑎𝑝𝐹𝑇𝑒𝑚𝑝 =
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑅𝑎𝑡𝑒𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑎𝑡 𝐷𝑒𝑠𝑖𝑔𝑛 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
 

=
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑡𝑜𝑛)

220 𝑡𝑜𝑛𝑠
                                         (I.2) 

𝐶ℎ𝑖𝑙𝑙𝑒𝑟𝐸𝐼𝑅𝐹𝑇𝑒𝑚𝑝 =
𝐼𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡 𝐶𝑜𝑜𝑙𝑖𝑛𝑔⁄

𝑅𝑎𝑡𝑒𝑑 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 

=
𝐶ℎ𝑖𝑙𝑙𝑒𝑟 𝐼𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟 (𝑘𝑊)/𝐶ℎ𝑖𝑙𝑙𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡(𝑡𝑜𝑛) 

0.7 𝑘𝑊/𝑡𝑜𝑛
       (I.3) 

 

 




