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Performance data from four manufacturers of fan-powered terminal units was 

analyzed and simple models of the fan/motor power use developed.  These data included 

two fan motors:  permanent split capacitor motors with silicon controlled rectifier control 

and electronically commutated motors.  Fan sizes ranged from approximately 250 to 

3500 ft
3
/min (0.118 to 1.65 m

3
/s) and motor sizes ranged from one-third to one hp (248.6 

to 745.7 W).  A mass and energy balance component approach was used to estimate the 

annual heating, cooling, and fan energy use of a five zone small office building that 

utilized a variable air volume system with fan powered terminal units.  Results were then 

compared to published results that used a systems approach to model fan powered 

terminal units.  Comparisons were made for five cities (Houston, New York, San 

Francisco, Chicago, and Phoenix).  The two modeling approaches produced results that 

were within six percent of each other.
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CHAPTER ONE 

 

Introduction 

 

 

In 2012, 10% of the energy use in the United States was consumed in commercial 

and residential buildings (EIA 2012).  Commercial buildings include structures such as 

office buildings, schools, and hospitals.  The heating, ventilating, and air-conditioning 

(HVAC) system varies by the type of building.  Small to mid-size buildings tend to use 

packaged cooling and heating systems.  Packaged systems contain everything (fans, 

compressors, heat exchangers, etc.) needed to heat and cool the building.  In contrast, 

many larger office buildings  use a centralized cooling and heating system with  a central 

cooling/heating plant with separate chiller, pumps, fans, etc. that  produces the 

cooling/heating for the  buildings (ASHRAE 2012).  In either type of building, the 

cooling/heating can be distributed throughout the buildings.  A common heating/cooling 

system is the single-duct variable air volume (VAV) system. 

  A VAV system varies the amount of air delivered to a conditioned zone to ensure 

the desired comfort level.  A simple VAV schematic of a three zone system is given in 

Figure 1-1.  A zone is a section of the building that is controlled by a single thermostat 

(ASHRAE 2012).  These zones may look different to a casual observer in the building, 

but each is supplied air by a single terminal unit based on the temperature reading of a 

single thermostat.   

Fresh air must be added to the return air to dilute carbon dioxide and other 

contaminants in the conditioned zones.  To balance the fresh air intake into the building, 
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some of the return air must be exhausted.  Both the intake and the exhaust are shown in 

Figure 1-1.  Because the fresh air is unconditioned, the mix of return air and fresh air 

must then be potentially heated or cooled before it can be used in the terminal units.  The 

first step is to heat the mixed air if its temperature is less than the primary air temperature 

setpoint.  Heating is provided by a preheat coil.  There is a large fan that does most of the 

work to “move” the air throughout the system.  This fan called the central air handler unit 

(AHU).  The air is then delivered to the primary cooling coil where it is cooled to a 

prescribed air temperature. 

 

 
 

Figure 1-1   Diagram of VAV System 
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The primary air used in the system (shown in Figure 1-1) is routed to the different 

zones through ducts to the three VAV terminal units.  These terminal units supply the 

required air to each zone to maintain the desired temperature in the zone.  

If a terminal unit includes a fan, it is called a fan-powered terminal unit (FPTU) or 

powered induction unit (PIU).  The more general term, FPTU, is used in this study.  

FPTUs mix the primary air with induced recirculated (secondary) air.  The FPTU may 

provide supplemental heat to the air depending on whether the FPTU is in heating or 

cooling mode.  The supplemental heat is provided with either a hot water coil (heat 

exchanger) or electric resistance.  (ASHRAE 2012)  

FPTUs come in two different configurations: series and parallel.  A series 

configuration has the FPTU fan and the primary air fan in “series”, as shown in Figure 1-

2.  In this configuration, both primary and secondary air passes through the FPTU 

blower, which operates continuously while the system is on.  The secondary air is 

induced into the FPTU by the fan. 

 

 
 

Figure 1-2   Series configuration for FPTU 
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For a parallel configuration, the FPTU fan and the primary air fan are in 

“parallel”, as shown in Figure 1-3.  The fan is used to induce secondary air into the 

FPTU.  For this system, the fan only operates in heating mode.  Primary air can be 

supplied to the zone without the fan being used.  When the fan is off, the back draft 

damper closes to prevent air from escaping through the secondary air inlet.  Another 

damper is used on the primary air inlet to adjust the primary air entering the FPTU.  

When the fan is on, it adds recirculated (secondary) air to help control the temperature of 

the air supplied to the zone.  As with the series configuration, there is an electric or hot 

water heating coil that can be used to provide supplemental heat to the airstream.  

However, unlike the series configuration, this heating coil may be at the supply air exit or 

at the secondary air inlet as shown in Figures 1-3 and 1-4.  The advantage to moving the 

heating coil to the secondary air inlet is that it should reduce the primary fan energy 

because the primary fan has to overcome the pressure drop created by the heating coil in 

the primary air stream.  With the coil in the secondary airstream the pressure drop of the 

heating coil only affects the power of the FPTU fan. 

 

 
 

Figure 1-3   Parallel configuration for FPTU 
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Figure 1-4   Alternate Parallel Configuration for FPTU 

 

 

Two different motors are used in FPTU applications: a permanent-split capacitor 

(PSC) motor, controlled by a silicon controlled rectifier (SCR), and an electronically 

commutated motor (ECM).  A SCR essentially chops the voltage supplied to the PSC 

motor to lower the speed of the motor.  This control technique allows a field engineer to 

match the airflow from the FPTU to the maximum airflow requirements in the zone.  

Once the voltage is set, the FPTU fan should operate at nearly constant airflow rate.  A 

PSC motor operates at maximum efficiency at the design or full load conditions.  The 

efficiency of the motor is significantly reduced when operated below design conditions.  

The speed adjustment is not precise when operating below design conditions because the 

voltage, not the torque, is being controlled (Int-Hout 2015). 

An ECM converts AC to direct current (DC) to operate the motor.  An ECM 

provides direct control over the voltage which allows for more precise speed control.  It 

also has much lower losses compared to the SCR controlled PSC motor.  Due to these 

lower losses it should operate at a higher efficiency than the SCR controlled PSC motor 

at design conditions (Int-Hout 2015).  ECMs provide the added advantage over SCR 

PSCs in that they can be tied into an energy management control system (EMCS) so that 
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the airflow output of the FPTU can be raised or lowered to meet the airflow requirements 

of the zone. 

With the interest in improving energy efficiency in buildings in the 1970s, 

building energy simulation models were developed by several U.S. federal agencies.  

These included BLAST by the Army Corps of Engineers and DOE-2 by the Department 

of Energy to simulate the energy consumption for residential and commercial buildings 

(EnergyPlus 2013).  The HVAC system represents one part of the building’s total energy 

consumption.  Multiple models have been developed to simulate the energy consumption 

of the HVAC systems in buildings.  One approach was to perform mass and energy 

balances on each component in the HVAC system to provide the necessary equations to 

model the system. 

This modeling approach viewed the FPTU by its major components; primary 

damper, mixer, combined fan and motor, and heating coil.  A mass and energy balance is 

applied to these components; Figure 1-5 shows a control volume around the FPTU.  

Analysis can be performed on each component to estimate overall performance of the 

FPTU.  The large dashed box is the overall control volume for the FPTU, and then each 

component is itself a small control volume with mass and energy inputs and outputs.  

This approach was used in this project to match how EnergyPlus models its HVAC 

components. 
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Figure 1-5   Example Mass and Energy Model 

 

 

A different approach to modeling energy use of FPTUs models the FPTU as a 

“black box” with pressure and performance data (Davis 2009).  The data needed for this 

approach is often not provided by manufacturers or in many cases is not known by the 

typical user of a building energy model.  Without these data, the accuracy of the model is 

limited because the user must essentially guess numbers for these key variables.   

The primary goals of this project are:  

1. Develop mass and energy balance models of series and parallel FPTUs that 

can be used in EnergyPlus. 

2. Simulate FPTU performance in a five zone building. 

3. Compare to prior work of Davis (2010). 

To meet these goals, a component approach was taken using mass and energy balances.  

A benefit of using a component approach is that equations can be derived to describe the 

behavior of each component to simulate the full system.  This fundamental approach 

should allow for a more robust solution that can be modified and updated to fit newer 

equipment. 
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Chapter Two provides a summary of previous work, a description of EnergyPlus 

and Engineering Equation Solver software packages, and an explanation of the system 

model approach used by Davis (2010).  In Chapter Three the mass and energy balance 

model was derived for a series FPTU.  Chapter Four shows the detailed derivation of the 

mass and energy balance model for a parallel FPTU.  Chapter Five provides a summary 

of the data from this project and the comparison to the work of Davis (2010).  Chapter 

Six provides conclusions from the project and recommends future work to be done.  
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CHAPTER TWO 

 

Background 

 

 

Previous Work 

The modified bin approach “bins” hourly weather data into temperature bins and 

provides a simple way to model the energy use in a building compared to the hourly 

approach used in programs such as DOE-2 and EnergyPlus.  The approach was presented 

by Knebel (1983) and named “A Simplified Energy Analysis Method, ASEAM” (Knebel 

1983).  Knebel’s documentation provided details on some basic models of VAV systems 

that could be used in this approach.  ASEAM required that the following values be 

known: zone latent and sensible loads, return heat gain, zone dry bulb temperature, 

design zone supply air volume, supply air dry bulb temperature, cooling coil leaving air 

humidity ratio, total air volume, fan total pressure, fan efficiency, and fan control type.  

The general solution approach included computing: 

1. Volume flow rates, 

2. Temperatures throughout the system, 

3. Primary coil loads, 

4. Humidity ratios, then 

5. Zone loads. 

It should be noted steps one through three of the procedure are similar to the mass and 

energy balance approach used in this thesis. 



  10 
 

Knebel used a third degree polynomial to relate the power use of a variable 

airflow fan to the airflow delivered by the fan (1983). 

𝐹𝐹𝐿𝑃 = 𝑎 + 𝑏 ∗ 𝑃𝐿𝑅 + 𝑐 ∗ 𝑃𝐿𝑅2 + 𝑑 ∗ 𝑃𝐿𝑅3 (2-1) 

FFLP is the fraction of full load power, which is amount of power in use divided by the 

power when operating at the maximum setting.  PLR is the part load ratio, which is the 

amount of air delivered divided by the amount of air delivered at the maximum setting.  

The constants were a = 0.00153, b = 0.005208, c = 1.1086, and d = -0.11635563.  The 

model in Equation 2-1 was developed by Janisse (1969).  However, Janisse provided no 

supporting data for this model.  This part load model was developed for larger fans and 

may not capture the integrated fan/motor combination found in FPTUs. 

Furr et al. (2008a and 2008b) developed empirical models for both series and 

parallel FPTUs.  These FPTUs used PSC motors with SCR controllers to power the fan.  

They collected data for both 8 inch (203 mm) and 12 inch (304 mm) FPTUs provided by 

three manufacturers.  The units consisted of six 8 inch (203 mm) and six 12 inch (304 

mm) units with half of them series and half of them parallel.  They also identified and 

measured the leakage for the parallel FPTUs.  Because parallel FPTUs operate under 

positive pressure, leakage can occur through seams and penetrations in the cabinet and 

the backdraft damper.  The models included upstream primary pressure and fixed 

downstream static pressure at 0.25 in. w.g. (62.3 Pa).  They developed models to 

characterize airflow output, power consumption, primary airflow, and in the case of 

parallel FPTUs, leakage (2008a and 2008b). 

Furr et al. (2008a and 2008b) developed a model of the power use of the 

PSC/SCR fan/motor combinations that was quadratic with respect to airflow, Vflow, and 
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linear with respect to the inlet air velocity pressure, Piav.  The value of Piav was measured 

at the primary air inlet of the FPTU and should be proportional to the primary airflow. 

𝑃𝑜𝑤𝑓𝑎𝑛 = 𝐶1 + 𝐶2 ∗ 𝑉𝑓𝑙𝑜𝑤
2 + 𝐶3 ∗ 𝑉𝑚𝑜𝑡𝑜𝑟 + 𝐶4 ∗ 𝑃𝑖𝑎𝑣 (2-2) 

Where C1…C4 were coefficients determined from regression fits to the data.  Vmotor was 

the AC voltage of the SCR, which ranged from approximately 150 to 277 V, and Piav was 

the inlet air velocity pressure.  

They also developed a model for the leakage in parallel units that was a function 

of downstream pressure, Pdwn and Piav. 

𝑄𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = 𝐴1 + 𝐴2 ∗ 𝑃𝑑𝑤𝑛 + 𝐴3 ∗ 𝑃𝑖𝑎𝑣 (2-3) 

Where A1…A3 were coefficients determined from regression fits to the data.  An issue with 

this model was that Pdwn may vary during FPTU operations.  If that is the case, then a 

fixed value for downstream pressure would not capture the true leakage behavior because 

the pressure differential driving leakage would vary.  An issue with both Equation 2-2 

and 2-3 was that Piav could only be found through measurements during operation of the 

FPTU and was typically not provided by the manufacturer.  Thus, this model had limited 

applicability for a user of an energy modeling program. 

Davis et al. (2009 and 2010) developed a model for single-duct variable air 

volume systems.  They started by modeling a three zone system but this was later 

expanded to five zones.  This model used a combined energy balance and pressure 

approach to capture the performance of the FPTU in a system.  An energy balance was 

used to calculate temperatures and energy use while pressures were used to calculate 

airflows throughout the system.  This model was a more realistic approach to what 

actually occurs inside an FPTU.  This model was verified using a laboratory experimental 
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set up.  It utilized the models developed by Furr et al. (2008a and 2008b) and 

optimizations made using computational fluid dynamics software. 

Edmondson et al. (2011a and 2011b) developed semi-empirical models for series 

and parallel FPTUs with ECM motors.  They also used 8 inch (203 mm) and 12 inch (304 

mm) FPTUs provided by three manufacturers, one of the manufacturers provided FPTU 

fan motors from two manufacturers.  The units consisted of eight 8 inch (203 mm) and 

eight 12 inch (304 mm) units with half of them series and half of them parallel.  They 

were able to fit these experimental data using the same power and leakage models as Furr 

et al. (Equations 2-2 and 2-3), but with different correlation coefficients.  The voltages 

use in their correlations were the DC voltage of the ECM controller which ranged from 0 

– 10 V. 

Davis et al. (2010, 2012a, and 2012b) utilized the FPTU models from Furr et al. 

(2008a and 2008b) and Edmondson et al. (2011a and 2011b)   to develop a VAV system 

simulation.  The simulation used a generalized five zone office building that was 

subjected to the weather of five U.S. cities: Houston, Phoenix, Chicago, New York, and 

San Francisco.  The key outputs were total plant energy, total cooling plant energy, 

primary fan energy, terminal unit fan energy, and heat energy added.  They showed that 

parallel units with 20% leakage used 6% more energy annually than a series ECM unit 

(2010).  They also showed that among parallel units, there was no significant difference 

in energy use between SCR and ECM units (2012b).  In a separate paper, they showed 

that for series units using an ECM FPTU set to a fixed airflow saved 5.9 % to 8.4 % 

annual energy over a SCR FPTU (2012a). 

 

 



  13 
 

EnergyPlus 

Building energy modeling (BEM) started in the 1960s on mainframe computers.  

The oil embargo of 1973 increased interest in development of BEM software.  In 1974, 

under the direction of the Department of Defense, the United States Army Construction 

Engineering Research Laboratory developed a program called Building Loads Analysis 

and System Thermodynamics (BLAST) which was able to model simple buildings.  In 

1977, the Energy Research and Development Administration (ERDA) and the California 

Energy Commission (CEC) adopted a BEM program developed by NASA and renamed it 

CAL-ERDA.  The following year ERDA became the Department of Energy and CAL-

ERDA was once again renamed to become DOE-1 (BEM Book 2015). 

In the 1980s, many improvements were made to existing BEM software.  DOE-1 

eventually evolved to DOE-2.1a and BLAST became BLAST 2.0.  In the early 1990s, the 

Department of Energy changed focus to developing a new program called EnergyPlus.  

This program drew upon the best features from both of the latest iterations of DOE-2 and 

BLAST.  The Department of Defense cut funding for BLAST in 1995, and the following 

year EnergyPlus was announced and funded by the Department of Energy (BEM Book 

2015). 

EnergyPlus allows design engineers to size heating, ventilating, and air-

conditioning (HVAC) equipment and study energy use in commercial buildings.  It 

utilized energy and thermal loads simulations to estimate thermal loads in the building 

and HVAC systems energy use, the same methodology used in DOE-2 and BLAST.  The 

program calculated the thermal loads for the building based on building design and 
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weather conditions.  These data were then used in mass and energy balance calculations 

to simulate and estimate the energy use of the HVAC equipment.  (EnergyPlus 2013) 

The user provided EnergyPlus with a description of the building, including 

building materials, orientation, occupancy, etc. to calculate the heating and cooling loads.  

It used fundamental mass and energy balance equations to allow it to solve a large range 

of simulations.  It was also able to import and export data to and from other programs.  

(EnergyPlus 2013) 

A primary purpose of developing EnergyPlus was to move building energy 

modeling from mainframes to personal computers.  It used more up-to-date and efficient 

coding than its predecessors.  The latest version was written in C++ while older versions 

were in languages such as FORTRAN.  It was also more modular and open source.  This 

allowed EnergyPlus to be modified so it can keep up with changing technologies in the 

HVAC industry.  (EnergyPlus 2013) 

An important component in a FPTU is the fan/motor combination.  EnergyPlus 

estimates the power use of the fan/motor operating at fixed airflow from the mass 

flow, �̇�𝑓𝑎𝑛, pressure differential across the fan, ΔPfan, fan/motor efficiency, etot, and 

density of the air, ρair. 

𝑃𝑜𝑤𝑓𝑎𝑛 =
�̇�𝑓𝑎𝑛∗∆𝑃𝑓𝑎𝑛

𝑒𝑡𝑜𝑡∗𝜌𝑎𝑖𝑟
 (2-4) 

The total efficiency is a product of the fan efficiency and motor efficiency.  There are a 

few issues with this model.  First, ΔPfan is usually not known because the fan is inside the 

FPTU housing and the internal pressure of the FPTU is not measured.  Only recently has 

any data begun to be reported on the internal pressure of a FPTU (Bryant 2015).  Thus, 

someone modeling a FPTU in EnergyPlus will typically not know the ΔPfan.  The second 
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issue is the fan efficiency is not reported by the manufacturers.  This means the user does 

not know the fan efficiency and furthermore the total efficiency of the fan/motor 

combination.  A final issue is that the fan/motor efficiency for both SCR and ECM has 

recently shown to be dependent on ΔPfan (O’Neal et al. 2015a and 2015b).  In addition, 

recent data show that the fan/motor efficiency of an ECM was dependent on �̇�𝑓𝑎𝑛.  

(O’Neal et al. 2015b).  Equation 2-4 shows these are independent variables when, in fact, 

there is significant interdependence among the variables. 

 EnergyPlus only allows a fixed airflow for FPTU fans.  However, for larger fans 

such as those found in a central air handler, it allows using a variable airflow fan and 

allows the user to fit a fourth degree polynomial to performance data.  This polynomial 

can then be used in EnergyPlus to calculate the part load power.  This model is currently 

only used for large fans in EnergyPlus and cannot be used to model an ECM fan in a 

FPTU (EnergyPlus 2013). 

𝑓𝑝𝑙 = 𝑐1 + 𝑐2 ∗ 𝑓𝑓𝑙𝑜𝑤 + 𝑐3 ∗ 𝑓𝑓𝑙𝑜𝑤
2 + 𝑐4 ∗ 𝑓𝑓𝑙𝑜𝑤

3 + 𝑐5 ∗ 𝑓𝑓𝑙𝑜𝑤
4  (2-5) 

Where, fflow is defined as, 

𝑓𝑓𝑙𝑜𝑤 = �̇�𝑓𝑎𝑛/�̇�𝑑𝑒𝑠𝑖𝑔𝑛 (2-6) 

The part load power is then used in an energy equation to solve for the total energy use. 

�̇�𝑡𝑜𝑡 = 𝑓𝑝𝑙 ∗ �̇�𝑑𝑒𝑠𝑖𝑔𝑛 ∗ ∆𝑃𝑓𝑎𝑛/(𝑒𝑡𝑜𝑡 ∗ 𝜌𝑎𝑖𝑟) (2-7) 

Not only does this model have issues handling smaller data sets due to the fourth degree 

polynomial (O’Neal et al. 2015b), it also relies on ΔPfan and total efficiency which are not 

known. 
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Engineering Equation Solver 

A program called Engineering Equation Solver (EES) was used in this project to 

develop “prototype” software models to estimate the energy use of different FPTUs.  The 

models developed on this project were incorporated in a code that simulated equipment 

control behavior to provide preliminary and final results. 

EES is a numerical equation solving program.  The user enters a series of 

equations and the program solves them simultaneously.  It can also use tabular input and 

provide results in the same table.  EES is different from most other numerical solvers 

because it includes many built-in mathematical and thermo-physical property functions 

used by engineers.  However, it is not limited to these built-in functions.  EES allows the 

user to write their own functions and add data to the library.  (F-Chart Software 2014) 

 

 

System Model Approach 

There are two approaches used to model FPTUs.  The first is the mass and energy 

balance (MEB) model that has been used by EnergyPlus and used in this project 

(EnergyPlus 2013).  The second is a system model approach developed in a previous 

project by Davis et al. (Davis 2009). 

The system model approach essentially treats the FPTU as a “black box”.  The 

FPTU is treated as a control volume but the contents of it are not considered individually.  

Figure 2-1 shows a diagram of the system approach applied to a series FPTU. 
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PPri  
 

Figure 2-1   System Model Approach Diagram (Series) 

 

 

This approach uses the inputs and outputs of the FPTU control volume.  It uses the 

temperature, pressure, and airflow at the primary inlet and at the FPTU discharge.  It also 

uses temperature, pressure, and airflow at the secondary inlet.  The solution relies on 

empirical or semi-empirical correlations, such as those developed by Furr et al. (2008a 

and 2008b) and Edmondson et al. (2011a and 2011b), which use the pressure changes 

across the FPTU.  The approach is described in detail in Davis 2010. 

When applying the system model approach to a parallel unit, the diagram looks 

almost the same as the series diagram shown in Figure 2-1.  The only difference is the 

parallel model includes leakage airflow from the FPTU into the secondary air (see Figure 

2-2).  The reason for this similarity is while the components are in a different 

configuration; the system model approach only views the FPTU as a “black box”. 
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Figure 2-2   System Model Approach Diagram (Parallel) 
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The performance differences between the series and parallel units are shown in 

the pressure values in the system model approach.  The pressure drops between the 

primary and secondary airflow across the FPTU are different due to the fan being moved 

from the outlet of the unit to the inlet of the secondary airstream. 

A benefit to using the system model approach compared to the MEB model is the 

system model approach captures the pressure changes in the system.  The effect of these 

pressure changes on the performance of the FPTU and other equipment can be studied.  

The MEB model does not include pressures; therefore any pressure effects are not 

evaluated. 
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CHAPTER THREE 

 

Development of Series FPTU Model 

 

 

Mass and Energy Balance Approach applied to a Series FPTU 

While the FPTU is treated as a control volume in both approaches, the MEB 

considers the contents within the FPTU separately.  The MEB approach cannot directly 

account for how pressure changes affect the fan performance which is included in the 

system approach.  The schematic for the series model using the MEB approach is given 

in Figure 3-1. 

 

 
 

Figure 3-1: Schematic for Mass and Energy Balance Analysis of a Series FPTU 

 

 

The FPTU consists of three components: mixer, fan, and heating coil.  The primary and 

secondary airstreams carry both mass and energy into the FPTU (Figure 3-1).  Energy is 

input to the FPTU via power to the fan and heat energy to the heating coil.  The only 

mass and energy leaving the FPTU is with the airstream at the discharge of the FPTU.  

Up to this point the MEB and system approaches seem similar but the difference is that 
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the MEB approach considers each component inside the FPTU individually.  A mass and 

energy balance is performed on each of the components making use of the intermediate 

states between them.  The approach uses semi-empirical models for the FPTU fan/motor 

to calculate the fan power.  This process is discussed in greater detail below. 

 

 

Five Zone System Overview 

The FPTU is just one part of the overall VAV system.  Both the MEB and system 

approaches use the same method to analyze the overall VAV system.  Figure 3-2 shows a 

simplified schematic of the five zone VAV system used for this analysis.  The full 

analysis of the system shown in Figure 3-2 is provided later, so only a basic description is 

given here.  As shown at the top of the figure, there is exhaust/intake of air that occurs in 

this loop as well as heating and cooling of the air.  Outside air is mixed with return air 

from the system at the upper right in the schematic.  Heat energy is added by a preheat 

coil when the return air mixed with outdoor air is below the primary cooling coil 

temperature.  The primary fan is used to move air through and pressurize the whole air 

distribution system.  The primary cooling coil performs both sensible and latent cooling 

to reach the specified primary delivery conditions. 

The input data for the system include: the hourly weather data for a year, the 

sensible and latent loads for every hour of the year, operating schedule, characteristics of 

the primary and FPTU fans, design loads for each zone, and the zone set point 

temperature.  For these simulations, weather and load data for the following five cities 

was used: Houston TX, Phoenix AZ, Chicago IL, New York NY, and San Francisco CA.  

These are the same five cities that Davis used in his study (Davis 2010). 
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Figure 3-2   Simple Schematic for a Five Zone VAV System 
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Mass and Energy Balance for Series FPTU 

The mass and energy balance approach is applied to the control volume 

represented by the dashed area in Figure 3-1.  The system is assumed to operate at quasi-

steady state during each hour and has constant air properties.  The mass and energy 

balances for a general control volume at steady state are given by Equations 3-1 and 3-2, 

respectively.  For the control volume shown in Figure 3-3, the mass flow into the control 

volume includes the primary, mpri, and secondary, msec airstreams.  The only mass out of 

the control volume is the total airflow, mtot.  Application of Equation 3-1 to the control 

volume yields the mass balance in equation 3-3.  The energy transfer into the control 

volume includes the energy carried in by the two airstreams, the energy input in the 

heating coil, Qcoil, and the power input to the fan, Powfan.  These can be substituted into 

Equation 3-2 to obtain the general energy balance for the control volume given in 

Equation 3-4.  These two equations are the foundation of the analysis of the FPTU and 

HVAC system.   

The general solution process is to use a mass balance on the FPTU control volume 

and then use energy balances on the components to solve for temperatures and flowrates 

starting from the left at the zone to the right at the air inlets.  The solution process is 

shown in Figure 3-3. 
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Figure 3-3   Series FPTU Solution Approach 

 

 

Mass Balance 

{
𝐴𝑖𝑟𝑓𝑙𝑜𝑤

𝑂𝑢𝑡 𝑜𝑓 𝐹𝑃𝑇𝑈
} =  {

𝐴𝑖𝑟𝑓𝑙𝑜𝑤
𝐼𝑛𝑡𝑜 𝐹𝑃𝑇𝑈

} (3-1) 

 

Energy Balance 

{
𝐸𝑛𝑒𝑟𝑔𝑦

𝑂𝑢𝑡 𝑜𝑓 𝐹𝑃𝑇𝑈
} =  {

𝐸𝑛𝑒𝑟𝑔𝑦
𝐼𝑛𝑡𝑜 𝐹𝑃𝑇𝑈

} (3-2) 

𝑚𝑡𝑜𝑡 =  𝑚𝑝𝑟𝑖 +  𝑚𝑠𝑒𝑐 (3-3) 

𝑚𝑡𝑜𝑡ℎ𝑜𝑢𝑡 = 𝑄𝑐𝑜𝑖𝑙 +  𝑃𝑜𝑤𝑓𝑎𝑛 + 𝑚𝑝𝑟𝑖ℎ𝑝𝑟𝑖 +  𝑚𝑠𝑒𝑐ℎ𝑠𝑒𝑐 (3-4) 

 For the case of a fixed speed fan the term mtot, the total flow when primary and 

secondary are combined, in Equation 3-3 will be a fixed value.  In the case where the fan 

is operating at variable speed, this value must be calculated based on the load in the zone.  

An additional consideration for variable speed is that the airflow cannot drop below a 

certain percentage of the design airflow.  For this project, it was not allowed to go below 

20% of the design airflow to the zone.  This value is the minimum of the recommended 
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operating range on most FPTUs.  Because the value of mtot is known, Equation 3-3 can be 

rearranged as Equation 3-5 to express the secondary flow in terms of mpri and mtot. 

𝑚𝑠𝑒𝑐 =  𝑚𝑡𝑜𝑡 −  𝑚𝑝𝑟𝑖 (3-5) 

The left hand term of Equation 3-4 is the energy leaving the FPTU in the 

airstream.  The energy input into the FPTU includes heat energy input in the heating coil, 

power input to the fan (which is assumed to be converted into heat energy in the 

airstream), and energy being transported into the FPTU by both the primary and 

secondary airstreams.  If the temperature differences between the entering and exiting 

airstreams are small enough, then the air properties (specific heat and density) can be 

assumed to be constant and the enthalpies in Equation 3-4 can be rewritten in terms of the 

specific heat of air, cp, and the air temperature, T, as shown in Equation 3-6.  Because the 

assumption of constant density is used throughout the analysis, all flow rates are 

considered to be mass flows unless otherwise stated. 

𝑚𝑡𝑜𝑡 𝑐𝑝𝑇𝑜𝑢𝑡 =  𝑄𝑐𝑜𝑖𝑙 +  𝑃𝑜𝑤𝑓𝑎𝑛+ 𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐 (3-6) 

The terms for the heating coil, Qcoil, and the fan power, Powfan, can be rewritten to be 

more consistent with the rest of the equation as follows. 

 

Zone Analysis 

To solve for the value of mpri, the value of Tout must be calculated.  This is done at 

the discharge into the zone, see Figure 3-4.  During heating operations this value is not 

allowed to drift above 90°F (32.2°C), the reasoning for this is provided in the heating coil 

analysis.  During cooling operations this value cannot drop below 55°F (12.8°C) which is 

the temperature of the primary air entering the FPTU.  An energy balance is performed 

on the zone to yield Equation 3-7, which is used to determine the temperature of the air at 
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the outlet of the FPTU.  The assumption for constant properties is used throughout the 

system.  The value of cp was taken at the conditions in the zone of 78°F (25.6°C) and 

50% relative humidity. 

 

Zone

Tz

Qzs

Tout, Mtot

 
 

Figure 3-4   Zone 

 

 

𝑄𝑧𝑠 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑧 −  𝑇𝑜𝑢𝑡) (3-7) 

 Because the zone load, total flow rate, specific heat, and zone set point 

temperature are known, Equation 3-7 can be solved for the outlet temperature which 

yields Equation 3-8. 

𝑇𝑜𝑢𝑡 =  
𝑄𝑧𝑠

𝑚𝑡𝑜𝑡𝑐𝑝
 +   𝑇𝑧   (3-8) 

 

Heating Coil Analysis 

 The heating coil, shown in Figure 3-4, was analyzed using a mass and energy 

balance (see Equation 3-2).  The energy entering the coil is the energy input, Qcoil, either 

from electric resistance or hot water and the energy from the air entering the coil after the 

FPTU fan.  The energy exiting the coil is carried by air leaving the coil and supplied to 

the zone.  It is assumed that no air leaks out of the coil and the system is operating at 
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steady state, therefore the mass flow of air entering the coil is equal to the mass flow of 

air exiting the coil.  The variable of interest is the heating energy input, so solving for this 

yields Equation 3-10. 

 

Heating Coil

Tf,out, mtotTout, mtot

Qcoil  
 

Figure 3-5   Series Heating Coil 

 

 

 𝑚𝑡𝑜𝑡𝑐𝑝𝑇𝑜𝑢𝑡 = 𝑄𝑐𝑜𝑖𝑙 + 𝑚𝑡𝑜𝑡𝑐𝑝𝑇𝑓 ,𝑜𝑢𝑡 (3-9) 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑓,𝑜𝑢𝑡) (3-10) 

 It should be noted that ASHRAE standards place restrictions on the maximum 

temperature of air leaving the heating coil (ASHRAE 2013).  For this project this 

maximum was assumed to be 90°F (32.2°C).  This means the air leaving the heating coil 

is allowed to vary up to a value of 90°F (32.2°C) but no higher. 

 

FPTU Fan Analysis 

 The FPTU fan, shown in Figure 3-5, was also analyzed using an energy balance.  

The energy entering is the power input, POWfan, and the energy entering the fan from the 

mixer.  The energy exiting the fan is the air leaving the fan and entering the heating coil.  

It is assumed that all of the power input into the fan is converted into heat energy as an 
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adiabatic process.  This allows for a rough estimation of the temperature increase across 

the fan.  For constant properties the temperature increase of the air due to the fan can be 

evaluated with an energy balance.  Performing an energy balance on the fan and solving 

for the power input yields Equation 3-12. 

 

 
 

Figure 3-6   Series FPTU Fan 

 

 

𝑚𝑡𝑜𝑡𝑐𝑝𝑇𝑓,𝑜𝑢𝑡 = 𝑚𝑡𝑜𝑡𝑐𝑝𝑇𝑚𝑖𝑥 + 𝑃𝑂𝑊𝑓𝑎𝑛 (3-11) 

𝑃𝑜𝑤𝑓𝑎𝑛 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑓,𝑜𝑢𝑡 −  𝑇𝑚𝑖𝑥) (3-12) 

 When Equations 3-10 and 3-12 are substituted back into Equation 3-6, the 

specific heat terms cancel and the equation simplifies to: 

𝑚𝑡𝑜𝑡 𝑇𝑜𝑢𝑡 = 𝑚𝑡𝑜𝑡(𝑇𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥) +  
𝑃𝑂𝑊𝑓𝑎𝑛

𝑐𝑝
+ 𝑚𝑝𝑟𝑖 𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑇𝑠𝑒𝑐 (3-13) 

By substituting Equation 3-5 for msec, the primary airflow, mpri, can be solved for in terms 

of flow rates and temperatures (see Equation 3-14).  For a series FPTU with a variable 

speed ECM, the primary airflow is solved for differently which will be explained in a 

later section titled “Calculation Procedure for Variable Airflow”. 

𝑚𝑝𝑟𝑖 =
𝑚𝑡𝑜𝑡(𝑇𝑚𝑖𝑥−𝑇𝑠𝑒𝑐)+𝑃𝑜𝑤𝑓𝑎𝑛

𝑐𝑝(𝑇𝑝𝑟𝑖−𝑇𝑠𝑒𝑐)
 (3-14) 
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There is a limit on the minimum value of the primary airflow due to fresh air 

requirements (ASHRAE 2001).  A certain minimum percentage of the air that is supplied 

to the zone must be from the primary because it is mixed with outdoor air.  In this project 

the percentage used was 20% of the total airflow.  This value was chosen to be consistent 

with the value used by Davis (2010) who engaged in discussions with manufacturers 

concerning indoor air quality.  The minimum value is used when the FPTU is in heating 

mode or when the cooling load is so low that the calculated amount of primary air would 

be less than this value.  The maximum value of mpri is the design flow for the FPTU.  

This maximum value is used when the cooling load is so high that the calculated amount 

of primary air would exceed this value.  In all other cooling cases, in which the calculated 

primary airflow falls between these two values, the amount of primary equals the 

calculated value.  With mpri and mtot known, the value of msec can be calculated. 

 

Mixer 

The remaining variable to solve for the primary airflow, mpri, is the mixing 

temperature, Tmix.  To solve for the mixing temperature, an energy balance can be 

performed on the mixer, see Figure 3-7.  The energy entering the mixer is from the 

primary and secondary airstreams.  The energy exits the mixer in the total airstream 

leading to the FPTU fan.  The mixer is assumed to perform adiabatic mixing; therefore, 

no heat energy is lost to the surroundings.  This assumption keeps the model simple 

instead of requiring detailed heat transfer calculations.  Performing an energy balance on 

the mixer to solve for energy in the total airstream leaving yields Equation 3-15. 
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Figure 3-7   Series Mixer 

 

 

𝑚𝑡𝑜𝑡 𝑐𝑝𝑇𝑚𝑖𝑥 = 𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐 (3-15) 

 Finally, with Equations 3-14, 3-15, and msec as defined in Equation 3-5, there are 

two equations and two unknowns (mpri and Tmix) which means the two equations can be 

solved.  The solution can then proceed back to the fan, Equation 3-12.  There are multiple 

fan models that allow for direct solution of fan power, described in detail in the next 

section.  With the fan power calculated, Equation 3-12 can be solved for the temperature 

leaving the fan and entering the coil, Tf, out.  The final step is to solve for the energy input 

of the heating coil using Equation 3-10.  All other variables in the equation have been 

calculated so the value of Qcoil can be calculated. 

 

 

Solving for Fan Power Consumption 

 The power use of the fan, Equation 3-12, can be written in an alternate form that 

allows for its direct calculation.  This alternate definition is given in Equation 3-16.  This 

is the way that programs such as EnergyPlus solve for the power use of the fan/motor. 

𝑃𝑜𝑤𝑓𝑎𝑛 =  
𝑚𝑡𝑜𝑡∆𝑃𝑓𝑎𝑛

𝑒𝑡𝑜𝑡 𝜌𝑎𝑖𝑟
 (3-16) 



  30 
 

Alternative models were developed for SCR and ECM motors by O’Neal et al. (2015a 

and 2015b).  When analyzing the data for SCR fan/motors a linear relationship was 

developed to relate fan airflow to fan/motor power consumption, as shown in Figure 3-7 

by O’Neal et al. (2015a). 

 

 
 

Figure 3-8   SCR Linear Fit (O’Neal et al. 2015a) 

 

 

By using the slope of this line, the equation to model the fan/motor power becomes 

(O’Neal et al. 2015a): 

𝑃𝑜𝑤𝑓𝑎𝑛 = 0.372 ∗ 𝑉𝑡𝑜𝑡 (3-17) 

 The analysis of the ECM fan/motor data showed a different relationship.  When 

the ECM was operating at the maximum setting there was a linear relationship between 

fan/motor power and fan airflow (O’Neal et al. 2015b), as shown in Figure 3-9. 
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Figure 3-9   ECM Linear Fit at Maximum Voltage (O’Neal et al. 2015c) 

 

 

By using the slope of this line, the equation to model the fan/motor power at maximum 

voltage becomes (O’Neal et al. 2015b): 

𝑃𝑜𝑤𝑚𝑎𝑥 = 0.38 ∗ 𝑉𝑡𝑜𝑡 (3-18) 

 However, when the ECM is operating below its maximum ECM setting, the 

relationship between fan/motor power and fan airflow was cubic (see Figure 3-10).  The 

part load power fraction, Powpl, was defined as the amount of power being used divided 

by the power use at the maximum setting (see Equation 3-19).   

𝑃𝑜𝑤𝑝𝑙 =
𝑃𝑜𝑤𝑓𝑎𝑛

𝑃𝑜𝑤𝑚𝑎𝑥
 (3-19) 

Similarly, the part load airflow fraction, Vpl, was the airflow divided by the airflow at the 

fan/motor maximum ECM setting (see Equation 3-20). 

𝑉𝑝𝑙 =
𝐴𝑖𝑟𝑓𝑙𝑜𝑤

𝐴𝑖𝑟𝑓𝑙𝑜𝑤 𝑎𝑡 𝑀𝑎𝑥 𝐸𝐶𝑀
 (3-20) 
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Figure 3-10   ECM Curve Fit for Part Load (O’Neal et al. 2015b) 

 

 

The part load data for units from multiple manufacturers were fit with a third degree 

polynomial in the form given below (O’Neal et al. 2015b). 

𝑃𝑜𝑤𝑝𝑙 =  𝑎1 + 𝑎2𝑉𝑝𝑙 +  𝑎3𝑉𝑝𝑙
2 +  𝑎4𝑉𝑝𝑙

3  (3-21) 

The coefficients for Equation 3-21 are given in Table 3-1: 

 

Table 3-1.   Part Load Curve Fit Coefficients (O’Neal et al. 2015b) 

 

Coefficients Value 

a1 0.061715 

a2 0.093022 

a3 -0.11627 

a4 0.961538 

 

 

 These two models can be combined into a single plot, Figure 3-11, that 

summarizes the electrical power demand of the ECM FPTUs (O’Neal 2015b) over a 

range of airflows. 
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Figure 3-11   Full ECM Curve Fit (O’Neal 2015b) 

 

 

 This plot allows someone to evaluate how the size of a FPTU relative to the 

design airflow affects the power at used by the FPTU.  For a given airflow, the power is 

at its maximum for a FPTU just sized to meet the design airflow.  If a larger unit is 

selected then the part load curves (dashed lines) can be used to locate the operating point 

of the oversized unit that will just meet the design airflow.  For example, if the design 

called for 2500 ft
3
/min (1.18 m

3
/s) the power at the maximum airflow line is 

approximately 950 W.  However, an engineer chose a unit whose maximum airflow was 

3500 ft
3
/min (1.65 m

3
/s) and it operated at the 2500 ft

3
/min (1.18 m

3
/s) design airflow, 

then following the part load curve from 3500 ft
3
/min (1.65 m

3
/s) to 2500 ft

3
/min (1.18 

m
3
/s) gives a power use of approximately 500 W.  Thus, with ECM FPTUs the expected 

power use of the FPTU will be very dependent on the size of the FPTU relative to the 

design airflow requirements of the zone. 

 The analytical approach starts by using Equation 3-18 to solve for the power at 

the maximum ECM setting.  The next step is to solve for the part load volumetric flow 
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rate in Equation 3-20, this value is then used in Equation 3-21 to solve for the part load 

power consumption.  The final step is to use the results of Equation 3-18 and 3-21 to 

solve for the power of the fan in Equation 3-19. 

 The use of the data in either Figure 3-8 or 3-11 allows the power to be calculated 

for either a SCR or ECM fan/motor.  Equation 3-12 can be rewritten to solve for the 

temperature change (Tf,out – Tmix) across the fan (see Equation 3-22). 

∆𝑇𝑓𝑎𝑛   =  𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥 =
𝑃𝑜𝑤𝑓𝑎𝑛

𝑚𝑡𝑜𝑡𝑐𝑝
  (3-22) 

 

 

Calculation Procedure for Fixed Airflow 

The flow chart shown in Figure 3-12 shows the basic logic or flow of the 

calculation procedure for estimating the energy use of a fixed airflow series FPTU.  The 

system operates with the zone being maintained at a certain setpoint temperature, TZ, and 

with a sensible heating load, QZS, and latent heating load, QZL.  This data is provided for 

every hour of the year.  The total flow out of the FPTU is maintained at a constant level 

for heating and cooling.  When the system is in heating mode the primary airflow is set to 

the minimum airflow (20% of the design airflow).  Then, the secondary airflow is 

calculated and the solution continues throughout the FPTU.  In cooling mode, the 

primary airflow is calculated to match the sensible load in the zone.  The primary airflow 

is limited by the minimum airflow (20% of the design airflow) and the design airflow.  

The secondary airflow is used in cooling mode to make up the remainder of air needed to 

maintain constant total airflow the FPTU fan is always on.  The solution then proceeds 

throughout the FPTU.  Both cooling and heating modes merge in solving for the return 

air loop of the complete VAV system.  The temperature of the return air mix with 
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outdoor air is used to determine whether or not preheating is required.  If the temperature 

is below the primary air temperature then the preheating coil is used to heat the mixed air 

to the primary air temperature.  The procedure then calculates the power consumption of 

the primary fan and proceeds to calculate the cooling energy required at the primary 

cooling coil.  If there is another hour then the procedure loops back to the start, otherwise 

the procedure is completed. 

When a fixed speed FPTU is installed the total mass flow rate mtot is set at a 

constant value by setting the volumetric flow rate.  The volumetric flow rate is calculated 

using the design load in the zone and the approximate temperature difference across the 

FPTU (see equation 3-23).  Because this project assumed constant density, the mass flow 

was used instead of volumetric flow rate. 

𝑚𝑡𝑜𝑡 =
𝑄𝑑𝑒𝑠𝑖𝑔𝑛

𝑐𝑝∗∆𝑇𝐹𝑃𝑇𝑈
 (3-23) 

The mass flow rate and the volumetric flow rate are related by density, ρair, in the 

following way: 

𝑚𝑡𝑜𝑡 =  𝜌𝑎𝑖𝑟𝑉𝑡𝑜𝑡 (3-24) 

 The logic for the FPTU depends on which mode of operation it is in.  There are 

five distinct modes of operation: off, heating, cooling, cooling with maximum airflow, 

and cooling with minimum airflow.  The logic for each is described in the following list. 

1. System is off 

For this mode the primary and secondary airflows are shut off, the fan is shut off, 

the central air handler is not running, and temperatures throughout the system are set to 

the zone set point.  
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Figure 3-12   Series Fixed Airflow FPTU Controller Routine  
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2. System is on and heating 

a. Calculate the outlet temperature based on the energy balance of the zone 

𝑇𝑜𝑢𝑡 =  
𝑄𝑧𝑠

𝑚𝑡𝑜𝑡𝑐𝑝
 +   𝑇𝑧    (3-25) 

If the temperature is greater than 90°F (32.2°C) then set to 90°F (32.2°C) 

b. Set the primary flow to the minimum ventilation level (20% of design) 

 𝑚𝑝𝑟𝑖 =  𝑚𝑚𝑖𝑛 (3-26) 

c. Calculate secondary flow from the mass balance on the mixer 

𝑚𝑠𝑒𝑐 =  𝑚𝑡𝑜𝑡 −  𝑚𝑝𝑟𝑖 (3-27) 

c. Calculate the temperature of the mixed air from the energy balance on the 

mixer 

𝑇𝑚𝑖𝑥 =
𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖+𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐

𝑚𝑡𝑜𝑡 𝑐𝑝
 (3-28) 

d. Calculate the temperature at the fan outlet from the energy balance on the fan 

𝑇𝑓,𝑜𝑢𝑡  =  
𝑃𝑜𝑤𝑓𝑎𝑛

𝑚𝑡𝑜𝑡𝑐𝑝
 +  𝑇𝑚𝑖𝑥 (3-29) 

e. Calculate the heating input from the coil based on the energy balance on the 

coil 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑓,𝑜𝑢𝑡) (3-30) 

3. System is on and cooling but not maxed 

For this mode, the primary airflow is set to meet the load and the heating coil is 

off (Qcoil = 0).  Also, the secondary airflow is calculated and the fan is running.  The only 

difference from the heating mode is the equation for mpri.  It is calculated by substituting 

msec from Equation 3-5 into Equation 3-6and rearranging to solve for mpri (see Equation 
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3-31).  Note that because the system is in cooling mode the energy use of the heating coil 

is zero. 

𝑚𝑝𝑟𝑖 = 𝑚𝑡𝑜𝑡
𝑇𝑜𝑢𝑡−𝑇𝑠𝑒𝑐

𝑇𝑝𝑟𝑖−𝑇𝑠𝑒𝑐
−

𝑃𝑜𝑤𝑓𝑎𝑛

𝐶𝑝(𝑇𝑝𝑟𝑖−𝑇𝑠𝑒𝑐)
 (3-31) 

4. System is on and cooling using max airflow 

This mode works the same as the non-maxed cooling scenario (scenario 3) except 

now the primary flow is capped at the maximum primary flow rate, mpri = mmax. 

5. System is on and using minimum airflow 

In this mode, the primary airflow is set to the minimum, mpri = mmin, and the 

secondary airflow is calculated using the mass balance across the mixer.  The heating coil 

is used to add supplemental heating to increase the supply temperature to only provide 

the required cooling. 

 

Calculation Procedure for Variable Airflow 

The flow chart shown in Figure 3-13 shows the basic logic or flow of the 

calculation procedure for estimating the energy use of a series variable airflow FPTU.  

For the variable speed ECM, the most significant change is the total flow rate is varied to 

meet the sensible load in the zone.  The flow rate to meet the load, mload, is calculated 

using Equation 3-32.   

𝑚𝑙𝑜𝑎𝑑 =
𝑄𝑧𝑠

𝑐𝑝∗∆𝑇𝐹𝑃𝑇𝑈
 (3-32) 

There are two unknown values in this equation, ΔTFPTU and mload, to eliminate one of the 

unknown values; the temperature difference across the FPTU is always fixed.  In cooling 

mode the temperature difference is the difference between the zone setpoint and the 

primary air temperature.  In heating mode the temperature difference is a fixed 90°F 
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(32.2°C) exiting the heating coil and the primary air temperature.  These assumptions 

allow for a rough estimate of the necessary airflow.  At this point the solution proceeds in 

much the same way as the fixed speed case. 

Again, the logic for the FPTU depends on which mode of operation it is in.  It 

uses the same five distinct modes of operation: off, heating, cooling, cooling with 

maximum airflow, and cooling with minimum airflow.  The logic for each is described in 

the following list. 

1. System is off 

For this mode the primary and secondary airflows are shut off, the fan is shut off, 

the central air handler is not running, and temperatures throughout the system are set to 

the zone set point. 

2. System is on and heating 

a. Check the outlet temperature based on the energy balance of the zone 

𝑇𝑜𝑢𝑡 =  
𝑄𝑧𝑠

𝑚𝑙𝑜𝑎𝑑𝑐𝑝
 +   𝑇𝑧    (3-33) 

If the temperature is greater than 90°F (32.2°C) then set to 90°F (32.2°C) 

b. Set the primary flow to the minimum ventilation level (20% of design) 

 𝑚𝑝𝑟𝑖 =  𝑚𝑚𝑖𝑛 (3-34) 

c. Calculate secondary flow from the mass balance on the mixer 

𝑚𝑠𝑒𝑐 =  𝑚𝑙𝑜𝑎𝑑 − 𝑚𝑝𝑟𝑖 (3-35) 

d. Calculate the temperature of the mixed air from the energy balance on the 

mixer 

𝑇𝑚𝑖𝑥 =
𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖+𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐

𝑚𝑙𝑜𝑎𝑑 𝑐𝑝
 (3-36) 
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Figure 3-13   Series Variable Airflow FPTU Controller Routine  
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e. Calculate the temperature at the fan outlet from the energy balance on the fan 

𝑇𝑓,𝑜𝑢𝑡  =  
𝑃𝑜𝑤𝑓𝑎𝑛

𝑚𝑙𝑜𝑎𝑑𝑐𝑝
 +  𝑇𝑚𝑖𝑥 (3-37) 

f. Calculate the heating input from the coil based on the energy balance on the 

coil 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑙𝑜𝑎𝑑𝑐𝑝(𝑇𝑜𝑢𝑡 −  𝑇𝑓,𝑜𝑢𝑡) (3-38) 

3. System is on and cooling but not maximized 

For this mode, the primary airflow is set to meet the load and the heating coil and 

secondary airflow are off (Qcoil = 0).  However, fan is still always running.  The only 

difference from the heating mode is the equation for mpri.  It is simply equal to the value 

of mload as shown in Equation 3-33.  Note that because it is cooling mode the energy use 

of the heating coil is zero. 

𝑚𝑝𝑟𝑖 = 𝑚𝑙𝑜𝑎𝑑 (3-39) 

4. System is on and cooling using max airflow 

This mode works the same as the non-maxed cooling scenario except now the 

flow is capped at the maximum primary flow rate, mpri = mmax. 

5. System is on and using minimum airflow 

In this mode the primary airflow is set to the minimum, mpri = mmin. 

 

EES Programming 

The EES program uses a text file as input for certain key variables.  This file is 

read into EES and the variables are stored for use in the program.  The program contains 

two subroutines at the beginning of the code.  The first subroutine is comprised of 

multiple if-then-else loops which determine which mode of operation the system is in by 
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reading the corresponding hourly load in the parametric table.  It then uses the logic 

described in the previous Calculation Procedure section to solve for mass flows and 

temperatures throughout the system.  The second subroutine contains similar if-then-else 

loops to determine the behavior of the recirculated air in the five zone model.  This logic 

is described in more detail in Chapter Five. 

How the program solves for the fan power use depends on what equipment is 

being used in the system to be simulated.  There are different versions of the program for 

SCR, fixed speed ECM, and variable speed ECM. 

The program runs the simulation using a parametric table.  The user inputs hourly 

outdoor air temperature and humidity, the on/off schedule, and the load data.  The user 

can then choose which output variables are displayed in the table.  The software has the 

compatibility to export the data for post processing because it does not have the 

capability to work with the data directly. 
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CHAPTER FOUR 

 

Development of Parallel FPTU Model 

 

 

Mass and Energy Balance Approach applied to a Parallel FPTU 

Because the configuration of the components changes from a series to parallel 

FPTU, the diagram for the unit must be modified (see Figure 4-1).  While the FPTU has 

the same components, the fan is moved from the mixed airstream to the secondary 

airstream.  The fan in a parallel FPTU differs in operation for a series unit.  For a series 

FPTU, the fan is on continuously while for a parallel FPTU, it only comes on in heating 

operation. 

One configuration of a parallel FPTU has the heating coil placed before the fan in 

the secondary inlet (see Figure 4-2).  The advantage to moving the heating coil to the 

secondary air inlet is that it should reduce the primary fan energy because it removed the 

heating coil and resulting pressure drop from the primary air stream.  With the coil in the 

secondary airstream the pressure drop of the heating coil only affects the FPTU fan when 

it is on in heating operation. 

 

Mass and Energy Balance for Parallel FPTU 

The mass and energy balance approach is applied in the same way to the control 

volumes represented by the dashed areas in either Figures 4-1 and 4-2.  The FPTU still 

consists of three major components: fan, mixer, and heating coil.  The primary and 

secondary airstreams carry mass and energy into the FPTU.  There is additional energy 

input via power into the fan and heat energy into the heating coil. 
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Figure 4-1   Diagram of Parallel FPTU Configuration 1 

 

 

 
 

Figure 4-2   Diagram of Parallel FPTU Configuration 2 

 

The mass and energy leaving the FPTU are in the airstream at the discharge of the FPTU 

and the airflow leaking out of the FPTU cabinet.  As with the series FPTU, a mass and 

energy balance is performed on each of the components using the intermediate states 

between them.  The same semi-empirical models for the FPTU fan/motor can be used to 

estimate the fan power.  This section focuses primarily on the first configuration with the 

differences in the second configuration discussed later in the chapter. 
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The input data for the overall VAV system remain the same: the annual weather 

data, as well as the sensible and latent loads for every hour of the year.  For these 

simulations, weather and load data for the same five cities was used: Houston TX, 

Phoenix AZ, Chicago IL, New York NY, and San Francisco CA. 

The MEB approach can be applied to either of the control volumes represented by 

the dashed areas in Figures 4-1 and 4-2.  The system is assumed to operate at quasi-

steady state during an hour and has constant air properties.  The mass and energy 

balances for a general control volume at steady state are provided again in Equations 4-1 

and 4-2, respectively.   

 

Mass Balance 

 

{
𝐴𝑖𝑟𝑓𝑙𝑜𝑤

𝑂𝑢𝑡 𝑜𝑓 𝐹𝑃𝑇𝑈
} =  {

𝐴𝑖𝑟𝑓𝑙𝑜𝑤
𝐼𝑛𝑡𝑜 𝐹𝑃𝑇𝑈

} (4-1) 

 

Energy Balance 

 

{
𝐸𝑛𝑒𝑟𝑔𝑦

𝑂𝑢𝑡 𝑜𝑓 𝐹𝑃𝑇𝑈
} =  {

𝐸𝑛𝑒𝑟𝑔𝑦
𝐼𝑛𝑡𝑜 𝐹𝑃𝑇𝑈

} (4-2) 

 

For the control volume shown in Figure 4-1, the mass balances entering the system 

include the primary and secondary airstreams.  The only mass exiting the control volume 

is in the total airflow.  Applying Equation 4-1 to the control volume yields the mass 

balance shown in Equation 4-3, where mleak is the amount of airflow leaking out of the 

FPTU. 

𝑚𝑡𝑜𝑡 + 𝑚𝑙𝑒𝑎𝑘 =  𝑚𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 (4-3) 

The energy transfer into the control volume includes the energy provided by the primary 

and secondary airstreams, energy input into the heating coil, and the power input into the 
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fan.  When these are substituted into Equation 4-2 it yields the energy balance shown in 

Equation 4-4.  These two equations are the basis of the analysis of the FPTU and HVAC 

system.   

𝑚𝑡𝑜𝑡ℎ𝑜𝑢𝑡 + 𝑚𝑙𝑒𝑎𝑘ℎ𝑙𝑒𝑎𝑘 = 𝑄𝑐𝑜𝑖𝑙 +  𝑃𝑜𝑤𝑓𝑎𝑛 + 𝑚𝑝𝑟𝑖ℎ𝑝𝑟𝑖 +  𝑚𝑠𝑒𝑐ℎ𝑠𝑒𝑐 (4-4) 

The general solution process is to use a mass balance on the FPTU control volume 

then use energy balances on the components to solve starting from left the at the zone to 

the right at the air inlets.  The solution process is shown in Figure 4-3. 

 

 
 

Figure 4-3   Parallel FPTU Solution Approach 

 

 

 For a parallel FPTU, the fan is on and will operate at a fixed speed while in 

heating mode.  For cooling operation, the damper in the primary airstream is used to vary 

the amount of primary air that flows through the FPTU.  The term mtot, the total flow is 

the sum of the primary and secondary airstreams, in Equation 4-3.  It is a fixed value 

when heating and is calculated based on the load in the zone when cooling.  The amount 

of leakage airflow, mleak, must be provided by the primary airstream, therefore the amount 
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of primary airflow includes leakage.  An additional consideration for cooling is that the 

airflow from the FPTU should not drop below a certain percentage of the design load to 

maintain fresh air requirements in the zone.  For this project, the primary airflow was not 

allowed to go below 20% of the design airflow into the zone.  When the FPTU is in 

cooling operation it only uses primary air.  The value of mtot for cooling is equal to the 

value of mpri which is calculated using Equation 4-5.  

𝑚𝑝𝑟𝑖 =
𝑄𝑧𝑠

𝑐𝑝∗∆𝑇𝐹𝑃𝑇𝑈
 (4-5) 

Because the value of mtot is known, Equation 4-3 can be rearranged to express 

secondary flow in terms of mpri, mtot, and mleak, shown in Equation 4-6. 

𝑚𝑠𝑒𝑐 =  𝑚𝑡𝑜𝑡 + 𝑚𝑙𝑒𝑎𝑘 −  𝑚𝑝𝑟𝑖 (4-6) 

The parallel FPTU model has a leakage term unlike the series model.  When primary air 

is provided by the central air handler to the FPTU, the cabinet is pressurized above the 

surrounding air in the plenum which causes leakage.  Edmondson et al. (2011b) identified 

three potential leakage paths for parallel FPTUs: the backdraft damper, seams, and 

cabinet penetrations.  They conducted measurements of leakage which was further 

analyzed by O’Neal and Edmonson (2016).  For this project, leakage was modeled as a 

fixed amount.  These leakage amounts are given in Table 4-1 below from O’Neal et al. 

(2016). 

 

Table 4-1.   Leakage Amounts (O’Neal et al. 2016) 

 

Leakage Amount Value (ft
3
/min) Value (m

3
/s) 

Low 24.8 0.01 

Medium 41.9 0.02 

High 95.9 0.05 
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The left hand terms of Equation 4-4 are the energy leaving the FPTU in the 

airstream either by the discharge or by leakage.  The energy input into the FPTU includes 

heat energy input in the heating coil, power input to the fan (which is assumed to be 

converted into heat energy in the airstream), and energy being carried into the FPTU by 

both the primary and secondary airstreams.  If the temperature differences between the 

entering and exiting airstreams are small enough, then the air properties (specific heat and 

density) can be assumed to be constant and Equation 4-4 can be rewritten as Equation 4-

7.  Because the assumption of constant density is used throughout the project, all flow 

rates are considered to be mass flows unless otherwise stated. 

𝑚𝑡𝑜𝑡 𝑐𝑝𝑇𝑜𝑢𝑡 + 𝑚𝑙𝑒𝑎𝑘𝑐𝑝𝑇𝑝𝑟𝑖 =  𝑄𝑐𝑜𝑖𝑙 +  𝑃𝑜𝑤𝑓𝑎𝑛+ 𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐 (4-7) 

With constant properties assumed, the enthalpies, h, can be rewritten as the product of 

specific heat, cp, and temperature, T.  The leakage airflow was assumed to be entirely 

from the primary airstream which meant the leakage temperature was at the primary air 

temperature.  The exact leakage points are unknown so this assumption is based on the 

worst case scenario.  The terms for the heating coil, Qcoil, and the fan power, Powfan, can 

be rewritten to be more consistent with the rest of the equation as follows. 

 

Heating Coil 

An energy balance (Equation 4-2) can be applied to the heating coil, shown in 

Figure 4-4.  The energy entering the coil is the energy input, Qcoil, either from electric 

resistance or hot water and the energy from the air entering the coil after the FPTU fan.  

The energy exiting the coil is carried by the air leaving the coil and used to condition the 

zone.  The variable of interest is the heating energy input.  An energy balance yields 

Equation 4-8. 
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Heating Coil

Tmix, mtotTout, mtot

Qcoil  
 

Figure 4-4   Parallel Heating Coil Configuration 1 

 

 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑜𝑢𝑡 −  𝑇𝑚𝑖𝑥) (4-8) 

 It should be noted that ASHRAE standards place restrictions on the maximum 

temperature of air leaving the heating coil (ASHRAE 2013).  For this project this 

maximum was assumed to be 90°F (32.2°C).  This means the air leaving the heating coil 

is allowed to vary up to a value of 90°F (32.2°C) but no higher. 

 

Fan 

The FPTU fan, shown in Figure 4-5, was also analyzed using an energy balance.  

The energy entering is the power input, POWfan, and the energy entering the fan from the 

secondary airstream.  The energy exiting the fan is the air leaving the fan and entering the 

mixer.  It is assumed that all of the power input into the fan is converted into heat energy.  

For constant properties the temperature increase of the air due to the fan can be evaluated 

with a mass and energy balance.  Performing an energy balance on the fan and solving 

for the power input yields Equation 4-9. 
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Figure 4-5   Parallel FPTU Fan Configuration 1 

 

 

𝑃𝑜𝑤𝑓𝑎𝑛 =  𝑚𝑠𝑒𝑐𝑐𝑝(𝑇𝑠𝑒𝑐,𝑜𝑢𝑡 −  𝑇𝑠𝑒𝑐) (4-9) 

 When Equations 4-8 and 4-9 are substituted back into Equation 4-4, the specific 

heat terms cancel and the equation simplifies to Equation 4-10 for configuration 1. 

𝑚𝑡𝑜𝑡 𝑇𝑜𝑢𝑡 + 𝑚𝑙𝑒𝑎𝑘𝑇𝑝𝑟𝑖 = 𝑚𝑡𝑜𝑡(𝑇𝑜𝑢𝑡 − 𝑇𝑚𝑖𝑥) +  𝑚𝑠𝑒𝑐(𝑇𝑠𝑒𝑐,𝑜𝑢𝑡 − 𝑇𝑠𝑒𝑐) 

+ 𝑚𝑝𝑟𝑖 𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑇𝑠𝑒𝑐 (4-10) 

The same substitutions can be made using the corresponding equations for configuration 

2 to yield Equation 4-11. 

 

𝑚𝑡𝑜𝑡 𝑇𝑜𝑢𝑡 + 𝑚𝑙𝑒𝑎𝑘𝑇𝑝𝑟𝑖 = 𝑚𝑠𝑒𝑐(𝑇𝑐𝑜𝑖𝑙 − 𝑇𝑠𝑒𝑐) +  𝑚𝑠𝑒𝑐(𝑇𝑠𝑒𝑐,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑖𝑙) 

+ 𝑚𝑝𝑟𝑖 𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑇𝑠𝑒𝑐  (4-11) 

 By substituting Equation 4-6 for msec then, mpri, can be solved for in terms of flow 

rates and temperatures.  However, again this value is limited by fresh air requirements 

(ASHRAE 2001).  A certain percentage of the air that is supplied to the zone must be 

from the primary because it is mixed with outdoor air.  As with the series, the minimum 
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percentage of primary air was 20% of the total airflow based on work by Davis (2010).  

With mpri and mtot known, the value of msec can be calculated. 

 

Zone Analysis 

 To solve for the value of mpri the value of Tout must be calculated.  This is done at 

the discharge into the zone, see Figure 4-6.  During heating operations this value is not 

allowed to drift above 90°F (32.2°C) in configuration one.  During cooling operations 

this value cannot drop below 55°F (12.8°C) which occurs when operating with no 

secondary airflow.  An energy balance is performed on the zone to yield Equation 4-12, 

which is used to determine the temperature of the air at the outlet of the FPTU.  The 

assumption for constant properties is used throughout the system.  The value of cp was 

taken at the conditions in the zone of 78°F (25.6°C) and 50% relative humidity. 

 

Zone

Tz

Qzs

Tout, Mtot

 
 

Figure 4-6   Zone Configurations 1 and 2 

 

 

𝑄𝑧𝑠 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑧 −  𝑇𝑜𝑢𝑡) (4-12) 

 Because the zone load, total flow rate, specific heat, and zone set point 

temperature are known, Equation 4-12 can be solved for the outlet temperature which 

yields Equation 4-13. 
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𝑇𝑜𝑢𝑡 =  
𝑄𝑧𝑠

𝑚𝑡𝑜𝑡𝑐𝑝
 +   𝑇𝑧   (4-13) 

 

Mixer 

 The remaining variable to solve for the primary airflow, mpri, is the mixing 

temperature, Tmix.  To solve for the mixing temperature, an energy balance can be 

performed on the mixer, see Figure 4-7.  The energy entering the mixer is from the 

primary and secondary airstreams when in heating mode.  In cooling operations there is 

no secondary airflow; therefore, the mixing temperature is equal to the primary air 

temperature.  The energy exits the mixer in the total airstream leading the heating coil in 

configuration 1 or the zone in configuration 2.  The mixer is assumed to perform 

adiabatic mixing; no heat energy is lost to the surroundings.  Performing an energy 

balance on the mixer to solve for the energy in the total airstream leaving yields Equation 

4-14. 

 

Mixer

Tmix, mtot

Tsec, out, msec

Tpri, mpri

 

 

Figure 4-7   Parallel Mixer Configurations 1 and 2 

 

 

𝑚𝑡𝑜𝑡 𝑐𝑝𝑇𝑚𝑖𝑥 = 𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖 + 𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐,𝑜𝑢𝑡 (4-14) 
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Finally, with Equations 4-10, 4-14, and msec as defined in Equation 4-6, there are 

two equations and two unknowns which means they can be solved to give values for mpri 

and Tmix.  The solution can proceed at the fan, Equation 4-9.  There are multiple fan 

models that allow for direct calculation of fan power; these were described in detail in the 

previous chapter.  With the fan power calculated, Equation 4-9 can be solved for the 

temperature leaving the fan and entering the mixer, Tsec, out.  The final step is to solve for 

the energy input of the heating coil in Equation 4-8.  All other variables in the equation 

have been calculated so the value of Qcoil, can be calculated. 

 

Mass and Energy Balance for Parallel FPTU in Configuration Two 

 This section provides the equations to characterize the components that differ 

significantly for the parallel FPTU in the second configuration, see Figure 4-2.  The same 

analysis was performed as shown for the parallel FPTU in the first configuration 

described in the previous section. 

 

Heating Coil 

An energy balance can be performed on the heating coil in configuration 2 shown in 

Figure 4-8.  The values entering and exiting have changed but that is the only difference 

as shown in Equation 4-15. 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑠𝑒𝑐𝑐𝑝(𝑇𝑐𝑜𝑖𝑙 −  𝑇𝑠𝑒𝑐) (4-15) 
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Heating Coil

Tsec, msecTcoil, msec

Qcoil
 

 

Figure 4-8   Parallel Heating Coil in Configuration 2 

 

 

Fan 

 An energy balance can be performed on the fan in configuration 2 shown in 

Figure 4-9.  Again the values for variables have changed but the equation remains 

essentially the same (see Equation 4-16). 

 

 
 

Figure 4-9   Parallel FPTU Fan Configuration 2 

 

 

𝑃𝑜𝑤𝑓𝑎𝑛 =  𝑚𝑠𝑒𝑐𝑐𝑝(𝑇𝑠𝑒𝑐,𝑜𝑢𝑡 −  𝑇𝑐𝑜𝑖𝑙) (4-16) 
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Solving for Fan Power Consumption 

 All of the models that were described in the previous chapter still apply to the 

parallel unit the value of the airflow through the fan is a lower amount but the models 

cover the entire range of airflows.  So this section will focus on the final form of the 

equation for each model.  The only difference is the airflow through the fan is no longer 

the total airflow, mtot, instead it is the secondary airflow, msec. 

 

EnergyPlus Model 

𝑃𝑜𝑤𝑓𝑎𝑛 =  
𝑚𝑠𝑒𝑐∆𝑃𝑓𝑎𝑛

𝑒𝑡𝑜𝑡 𝜌𝑎𝑖𝑟
 (4-17) 

 

 

SCR Model (O’Neal et al. 2015a) 

𝑃𝑜𝑤𝑓𝑎𝑛 = 0.372 ∗ 𝑉𝑠𝑒𝑐 (4-18) 

 

ECM Model (O’Neal et al. 2015b) 

The equation to calculate fan/motor power at maximum voltage is as follows: 

𝑃𝑜𝑤𝑓𝑎𝑛 = 0.38 ∗ 𝑉𝑠𝑒𝑐 (4-19) 

The equation to calculate part load power is the same as the series unit: 

𝑃𝑜𝑤𝑝𝑙 =  𝑎1 + 𝑎2𝑉𝑝𝑙 +  𝑎3𝑉𝑝𝑙
2 +  𝑎4𝑉𝑝𝑙

3  (4-20) 

The coefficients for the part load fit are provided in Table 3-1.  The part load behavior is 

independent of series or parallel unit. 

 Equation 4-10 can be rewritten to solve for the temperature change (Tsec,out – Tsec) 

across the fan (see Equation 4-21). 

∆𝑇𝑓𝑎𝑛 = 𝑇𝑠𝑒𝑐.𝑜𝑢𝑡 − 𝑇𝑠𝑒𝑐   =  
𝑃𝑜𝑤𝑓𝑎𝑛

𝑚𝑠𝑒𝑐𝑐𝑝
 (4-21) 
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Comparing Performance of Configuration 1 and Configuration 2 

 The reason for investigating the second configuration was to show whether or not 

any performance differences due to the heating coil location changing from the FPTU 

outlet to the secondary airstream inlet.  When an energy balance is performed on the 

control volumes shown in Figures 4-1 and 4-2 it yields the same result shown in Equation 

4-22. 

𝑚𝑡𝑜𝑡𝑇𝑜𝑢𝑡 + 𝑚𝑙𝑒𝑎𝑘𝑇𝑝𝑟𝑖 = 𝑚𝑠𝑒𝑐𝑇𝑠𝑒𝑐 + 𝑚𝑝𝑟𝑖𝑇𝑝𝑟𝑖 + 𝑃𝑜𝑤𝑓𝑎𝑛 + 𝑄𝑐𝑜𝑖𝑙 (4-22) 

This means the MEB approach alone cannot show the effect of changing the heating coil 

location.  However, it is known that the effect of this change is primarily shown in the 

pressure difference across the primary fan (or air handler).  If the value of the pressure 

drop across the heating coil when in the total airflow (configuration 1) were known, then 

the value of the pressure difference across the primary fan could be adjusted to simulate 

the effect of moving the heating coil. 

 

Calculation Procedure 

The flow chart shown in Figure 4-10 shows the basic logic or flow of the 

calculation procedure for estimating the energy use of a parallel FPTU.  The system 

operates with the zone being maintained at a certain setpoint temperature, TZ, and with a 

sensible heating load, QZS, and latent heating load, QZL.  This data is provided for every 

hour of the year.  The total flow out of the FPTU is maintained at a constant level for 

heating and a variable level for cooling.  When the system is in heating mode the primary 

airflow is set to the minimum airflow (20% of the design airflow).  Then, the secondary 

airflow is calculated and the solution continues throughout the FPTU.  In cooling mode, 

the primary airflow is calculated to match the sensible load in the zone.  The primary 
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airflow is limited by the minimum airflow (20% of the design airflow) and the design 

airflow.  The secondary airflow is not used in cooling mode and the FPTU fan is off.  The 

solution then proceeds throughout the FPTU.  Both cooling and heating modes merge in 

solving for the return air loop of the complete VAV system.  The temperature of the 

return air mix with outdoor air is used to determine whether or not preheating is required.  

If the temperature is below the primary air temperature then the preheating coil is used to 

heat the mixed air to the primary air temperature.  The procedure then calculates the 

power consumption of the primary fan and proceeds to calculate the cooling energy 

required at the primary cooling coil.  If there is another hour then the procedure loops 

back to the start, otherwise the procedure is completed. 

When a parallel FPTU is installed, the total mass flow rate mtot during heating is 

set at a constant value by setting the volumetric flow rate.  The volumetric flow rate is 

calculated using the design load in the zone and the approximate temperature difference 

across the FPTU (see equation 4-23).  Because this project assumed constant density the 

mass flow was used instead of volumetric flow rate.  

𝑚𝑡𝑜𝑡 =
𝑄𝑑𝑒𝑠𝑖𝑔𝑛

𝑐𝑝∗∆𝑇𝐹𝑃𝑇𝑈
 (4-23) 

As a reminder, the mass flow rate and volumetric flow rate are related by density, 

ρair, in the following way: 

𝑚𝑡𝑜𝑡 =  𝜌𝑎𝑖𝑟𝑉𝑡𝑜𝑡 (4-24) 

 The logic for the FPTU controller depends on which mode of operation it is in.  

There are five distinct modes of operation: off, heating, cooling, cooling with maxed 

airflow, and cooling with minimum airflow. 
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Figure 4-10   Parallel FPTU Controller Routine  
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The logic for each is described in the following list. 

1. System is off 

For this mode the primary and secondary airflows are shut off, the fan is shut off, 

the central air handler is not running, and temperatures throughout the system are set to 

the zone set point. 

2. System is on and heating 

a. Calculate the outlet temperature, if the temperature is greater than 90°F 

(32.2°C) then set to 90°F (32.2°C) 

𝑇𝑜𝑢𝑡 =  
𝑄𝑧𝑠

𝑚𝑡𝑜𝑡𝑐𝑝
 +   𝑇𝑧   (4-25) 

b. Set the primary flow to minimum ventilation level 

𝑚𝑝𝑟𝑖 =  𝑚𝑚𝑖𝑛 (4-26) 

c. Calculate secondary flow 

𝑚𝑠𝑒𝑐 =  𝑚𝑡𝑜𝑡 −  𝑚𝑝𝑟𝑖 + 𝑚𝑙𝑒𝑎𝑘 (4-27) 

d. Calculate the temperature at the mixer inlet 

𝑇𝑠𝑒𝑐,𝑜𝑢𝑡  =  
𝑃𝑜𝑤𝑓𝑎𝑛

𝑚𝑠𝑒𝑐𝑐𝑝
 +  𝑇𝑠𝑒𝑐 (4-28) 

e. Calculate the temperature of the mixed air 

𝑇𝑚𝑖𝑥 =
𝑚𝑝𝑟𝑖 𝑐𝑝𝑇𝑝𝑟𝑖+𝑚𝑠𝑒𝑐 𝑐𝑝𝑇𝑠𝑒𝑐,𝑜𝑢𝑡

𝑚𝑡𝑜𝑡 𝑐𝑝
 (4-29) 

f. Calculate the heating input from the coil 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑡𝑜𝑡𝑐𝑝(𝑇𝑜𝑢𝑡 −  𝑇𝑚𝑖𝑥) (4-30) 

Or when operating in configuration 2: 

𝑄𝑐𝑜𝑖𝑙 =  𝑚𝑠𝑒𝑐𝑐𝑝(𝑇𝑐𝑜𝑖𝑙 −  𝑇𝑠𝑒𝑐) (4-31) 

3. System is on and cooling but not maxed 
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For this mode the primary airflow is set to meet the load in the zone and the fan, 

heating coil, and secondary airflow are shut off.  The airflow is calculated using the 

following equation: 

�̇�𝑙𝑜𝑎𝑑 =
𝑄𝑧𝑠

𝐶𝑝∗(𝑇𝑍−𝑇𝑝𝑟𝑖)
 (4-32) 

4. System is on and cooling using max airflow 

This mode works the same as the non-maxed scenario except now the flow is 

capped at the maximum primary flow rate, mpri = mmax. 

5. System is on and using minimum airflow 

In this mode the primary airflow is set to the minimum, mpri = mmax, and the 

secondary airflow is off.  The heating coil is used to reduce the cooling down to only the 

required cooling. 

 

EES Programming 

The EES program uses a text file as input for certain key variables.  This file is 

read into EES and the variables are stored for use in the program.  The program contains 

two subroutines at the beginning of the code.  The first subroutine is comprised of 

multiple if-then-else loops which determine which mode of operation the system is in by 

reading the corresponding hourly load in the parametric table.  It then uses the logic 

described in the previous Calculation Procedure section to solve for mass flows and 

temperatures throughout the system.  The second subroutine contains similar if-then-else 

loops to determine the behavior of the recirculated air in the five zone model.  This logic 

is described in more detail in Chapter Five. 
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How the program solves for the fan power use depends on what equipment is 

being used in the system to be simulated.  There are different versions of the program for 

SCR and ECM. 

The program runs the simulation using a parametric table.  The user inputs hourly 

outdoor air temperature and humidity, the on/off schedule, and the load data.  The user 

can then choose which output variables are displayed in the table.  The software has the 

compatibility to export the data for post processing because it does not have the 

capability to work with the data directly. 
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CHAPTER FIVE 

 

Model Verification 

 

 

Five Zone Model 

This chapter covers the results and the comparisons to the work of Davis (2015).  

The HVAC energy use of a small five zone office building was modeled.  The building is 

the same used by Davis (2010) in his analysis of the performance of FPTUs.  The 

diagram of this system is provided in Figure 5-1.  This system has five separate zones 

labeled as Zone 1 – 5.  Each zone has its own temperature set point and FPTU which 

supplies conditioned air.  The FPTUs may either be all series or parallel units.  The 

analyses of the series and parallel configurations were provided in Chapters Three and 

Four.   

 

Return Air System 

Air is returned from each zone, but a portion may be used to provide secondary 

air to the FPTU.  Some of the return air is exhausted to the outdoors.  For this analysis, it 

was assumed that the amount of air outdoor air introduced into the system just equals the 

amount of air exhausted from the system.  Outdoor air is needed to provide fresh air to 

the occupants of the building.  Some systems may operate with the exhaust and intake at 

different values in order to create positive or negative pressure in the system.  This 

mixture of return and outdoor air is goes through a preheating coil and heat energy can be 

added to the air depending on the mixed air temperature, Toa,mix.  The air is heated when 

below the designated primary air temperature.  The air the runs through the primary fan 
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(or air handler), then is cooled if it is above the designated primary air temperature.  The 

cooling coil provides both sensible and latent cooling.  After the primary cooling coil, the 

air is routed through the ductwork to each zone’s FPTU. 

 

Secondary Air

Zone 1

Tz, Wz mpri1

Powfan1
Qcoil1

Zone 2

Tz, Wz

Zone 3

Tz, Wz

Zone 4

Tz, Wz

Zone 5

Tz, Wz

FPTU 1

Powfan2Qcoil2

FPTU 2

msec1

mtot1

mtot2

msec2

Powfan3

FPTU 3
mtot3

msec3

Qcoil3

Qcoil2

Powfan4

FPTU 4
mtot4

msec4

Qcoil4

Powfan5

FPTU 5
mtot5

msec5

Qcoil5

M
re

t,T
re

t

mexh moa

damper

damper damper

Preheat

Coil

Primary Cooling 

Coil

Secondary Air

Secondary Air

Secondary Air

Secondary Air

P
ri

m
ar

y
  
A

ir
P

ri
m

ar
y
  
A

ir

mpri2

mpri3

mpri4

mpri5

mret_mix,Tret_mix

M
o
a
_

m
ix

,T
o
a
_

m
ix

R
et

u
rn

  
A

ir
R

et
u

rn
  

A
ir

Qpre

Qpri

Powpri_fan Primary Fan

Exhaust Air Intake Air

 
 

Figure 5-1   Five Zone System Model Diagram 
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Results Comparison 

The results obtained using the program developed in this project, for fixed airflow 

cases, were compared with simulation results provided by Michael A. Davis (2015).  He 

developed a program to simulate single duct VAV systems using a systems approach that 

included tracking pressures in the system (see Chapter Two).  To compare results, 

attempts were made to match assumptions used in both programs as closely as possible.  

A summary of the major assumptions for the series and parallel fixed speed units is 

provided in Table 5-1.  An additional assumption not listed in the table is both models 

used the same five U.S. cities: Houston, Phoenix, Chicago, New York, and San 

Francisco. 

 

Table 5-1   Common Model Assumptions between Davis (2010) and MEB 

 

Variable Davis Model MEB Model 

Zone Set Point 78°F (25.6°C) 78°F (25.6°C) 

Zone Relative Humidity Based on load data 50% 

Exhaust/Intake Percentage 25% of design load 25% of design load 

Primary Air Temperature 55°F (12.8°C) 55°F (12.8°C) 

Primary Air Relative Humidity 95% 95% 

Design Airflow per Zone 1575 cfm 1575 cfm 

Coefficient of Performance 3.22 3.22 

Primary Fan Efficiency 85% 85% 

Preheat Temperature 55°F (12.8°C) 55°F (12.8°C) 

Primary Fan Energy Calculation AHU model Fan laws 

FPTU Coil Energy Based on energy Based on temperature 

Annual Hours of Operation 8760 8760 

Time Step for Analysis 1 Hour 1 Hour 
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The assumptions in Table 5-1 primarily pertain to the components of the five zone 

model not the individual FPTUs.  Three of the assumptions are relevant to the FPTU 

calculations.  The zone set point was 78°F (25.6°C) for all zones in both heating and 

cooling operations.  The set point temperature in the Chapter Three and Four derivations 

was referred to as Tz.  The design airflow was the amount of airflow each FPTU should 

operate at when set at fixed speed, this was referred to as mtot in the previous chapters.  

Davis sized the zones in the building so that the same sized FPTU could be used in each 

zone.  The FPTU coil energy is the FPTU heating coil energy input needed to maintain 

the set point in the zone. 

The remaining assumptions are used in the five zone model calculations.  The 

zone relative humidity is the relative humidity in the zone, which is used when 

determining the humidity of the return and outdoor air mix in the five zone model, see 

top right of Figure 5-1.  The exhaust/intake percentages were the amount of return air that 

was exhausted and the amount of outdoor air that is added to the return air.  These were 

set at 25% of the design airflow for the space and remained constant whenever the 

HVAC system was on.  The primary air temperature was assumed to be 55°F (12.8°C) to 

match Davis’ assumption.  This temperature remained fixed for the yearly simulation.  

The relative humidity of the air leaving the primary cooling coil remained fixed at 95%.  

The coefficient of performance (COP) is the efficiency of the chiller used to deliver the 

chilled water to the primary cooling coil.  The type of chiller wasn’t specified.  The 

primary fan efficiency is the rate at which the primary fan converts power input to fan 

work.  The two models used different methods to calculate the fan energy but both used a 

primary fan efficiency of 85%.  The Davis model used a semi-empirical equation to 
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model the primary fan.  The MEB model used a general equation based on the fan laws.  

Finally, the preheat temperature is the temperature at the exit of the preheating coil.  If 

the temperature of the mixed air is below this value, then the air is heated using the 

preheat coil up to the designated value.  If the mixed air temperature is above this value 

then no heat is added to the air. 

There are some known differences between the MEB and Davis approaches.  

Davis uses a specific model for the primary fan, while the MEB approach uses the 

general fan power equation based on the fan laws.  Also, Davis uses FPTU fan power 

models specific to each FPTU based on fitting semi-empirical data.  The MEB approach, 

as shown in Chapter Three, uses general models based on fitting a wide range of data. 

Each of the tables below reports the same set of energy values, so an explanation 

of what each value represents is provided here.  The “Unit Type” column provides 

information on what unit was used, for example MEB SCR is a SCR fan/motor using the 

mass and energy balance (MEB) approach.  The “FPTU Fan” column is the total energy 

used by the five FPTU fans over the entire year.  The “FPTU Coil” column is the total 

amount of supplemental heat energy added to the airstream by the heating coils over the 

entire year.  The “Pri Fan” column is amount of energy used by the primary fan over the 

entire year.  The “Pri Chiller” column is the estimated annual amount of power required 

at the primary chiller plant to provide the primary cooling coil with chilled water.  This 

value was calculated using the cooling energy into the primary cooling coil converted to 

watts and divided by the COP of 3.22.  The “Total Plant Energy” (TPE) column is the 

sum of the first four columns.  The last column provides an estimate of the percentage 

difference between the mass and energy balance (MEB) model and the model used by 
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Davis (2010).  The percent difference is calculated by Equation 5-1.  Percent difference 

was chosen because results from two modeling methods are being compared and the true 

value is unknown. 

% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑇𝑃𝐸𝑀𝐸𝐵−𝑇𝑃𝐸𝐷𝑎𝑣𝑖𝑠

(𝑇𝑃𝐸𝑀𝐸𝐵+𝑇𝑃𝐸𝐷𝑎𝑣𝑖𝑠) 2⁄
∗ 100% (5-1) 

 

Series Fixed Airflow 

The first runs made were for fixed airflow settings for both the SCR and ECM 

FPTUs.  The “base case” is considered the SCR FPTU.  For Houston, the Davis and 

MEB total plant energy were within three percent.  The first cases evaluated used SCR 

and ECM for fixed airflow comparison runs in Houston for a full year.  The system was 

set to operate every day for 24 hours.  Both programs used the same weather and load 

data with assumptions matched as closely as possible, shown in Table 5-1.  A summary 

of the results of the series fixed airflow comparison for Houston is provided in Table 5-2.  

Detailed tables for all five cities are provided in Appendix B. 

 

Table 5-2.   Houston Series Fixed Speed Result Comparison 

 

Unit Type 

FPTU Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Difference 

MEB SCR 31.7 75.1 3.98 73.9 185 

3 Davis SCR 33.0 79.1 3.89 73.4 189 

MEB ECM 12.2 86.5 3.79 70.6 173 

1 Davis ECM 11.3 87.0 3.29 70.3 172 

 

 

The results obtained ranged from being within a maximum of six percent of each 

other.  The six percent difference was using a SCR fan/motor in San Francisco.  Given 

the difference in assumptions and methodology this suggests excellent agreement 
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between results.  Based on the values obtained for energy use of each component, the 

primary fan and arguable the FPTU fan do not contribute significantly to the total plant 

energy.  This means the majority of the energy use goes to supplemental heating and the 

primary chiller.  There is no single large contributor to the overall percent difference.  

This would suggest that there is no significantly different calculation occurring between 

the models.  Instead the differences are driven by multiple smaller differences between 

the models, such as the primary fan, FPTU fan, and heating coil solution methods. 

 

Parallel Fixed Airflow 

The parallel fixed airflow results were compared in the same way as the series 

fixed speed results, as shown in Table 5-3 below.  Again, detailed results for all five 

cities are provided in Appendix B.  The results obtained ranged from being within a 

maximum of 4 percent of each other.  The four percent difference was using an ECM or 

SCR fan/motor in Phoenix.  This is an even smaller maximum difference than the series 

results, which shows good agreement between the two modeling approaches.  In these 

results the FPTU fan energy use is even lower than the series cases, so it is safe to say 

neither the FPTU fan nor the primary fan contribute significantly to the total plant 

energy. 

 

Table 5-3   Houston Parallel Fixed Speed (No Leakage) Result Comparison 

 

Houston 

Parallel Totals 

FPTU Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Difference 

MEB SCR 9.60 84.5 3.65 68.1 166 
1 

Davis SCR 7.78 85.0 3.37 68.8 165 

MEB ECM 3.70 90 3.65 68.1 166 
0 

Davis ECM 2.57 90 3.50 68.8 165 
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The remaining cases do not have comparison data with Davis because no data was 

provided.  In these cases only the results produced using the MEB approach from this 

project are listed for Houston.  The full, detailed results for all five cities are provided in 

Appendix B. 

 

Variable Airflow 

 The results for using a series variable airflow ECM, where the ECM fan/motor 

attempts to match the airflow to the sensible load in the zone, are shown in Table 5-4.  

The results are close to the parallel fixed speed with no leakage and show significant 

savings over the series fixed speed cases.  More detail is provided for this type of 

comparison later. 

 

Table 5-4   Houston Series Variable Speed ECM 

 

Houston Series 

Variable Speed 

Totals 

FPTU Fan 

(MWh) 

FPTU Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy (MWh) 

MEB Variable ECM  6.10 89 3.58 66.7 165 

 

 

The last set of data is for parallel fixed speed ECM with the three amounts of leakage 

shown in Chapter Four, Table 4-1.  These values were 24.8 ft
3
/min (0.01 m

3
/s) for low, 

41.9 ft
3
/min (0.02 m

3
/s) for medium, and 95.9 ft

3
/min (0.05 m

3
/s) for high.  The reason 

that only the ECM fan/motor was used is because as shown in Table 5-3, the total plant 

energy is the same regardless of the type of fan motor.  This behavior is expected and was 

also shown in the results provided by Davis.  The results are provided in Table 5-5 below.  

It should be noted that the percent leakage column is only provided for reference.  The 

results were generated using the previously mentioned fixed leakage rates.  The percent 
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leakage was calculated by summing the total leakage and dividing by the total primary 

airflow for the whole year, shown in Equation 5-2. 

% 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 =
𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝐿𝑒𝑎𝑘𝑔𝑒

𝑇𝑜𝑡𝑎𝑙 𝐴𝑛𝑛𝑢𝑎𝑙 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐹𝑙𝑜𝑤
∗ 100% (5-2) 

 

Table 5-5   Parallel Fixed Airflow ECM with Leakage Result Comparison 

 

Houston Parallel 

Leakage Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Leakage 

MEB Parallel 

(Low Leakage) 3.70 96 3.83 71.0 174 5 

MEB Parallel 

(Med Leakage) 3.70 99 3.96 72.9 180 9 

MEB Parallel 

(High Leakage) 3.70 110 4.37 79.0 197 20 

 

 

These data show a reasonable trend in total plant energy with increasing rates of 

leakage.  The total plant energy increases with increasing leakage amounts.  This is 

because the system has to work harder to compensate for primary air leaking from the 

FPTU and into the plenum which supplies the secondary airstream.  Another trend is that 

the FPTU fan energy remains constant.  This is because the MEB approach balances the 

primary and secondary mass flows to maintain a fixed total mass flow.  As a result, when 

the primary airflow increases to compensate for the leakage amount, the secondary 

decreases by that same amount.  Thus, when the leakage amount is added to the 

secondary mass flow it yields approximately the same amount of flow. 

The final analysis is to compare the energy savings/cost of using different FPTU 

types.  As a reminder, only Houston data is shown but data for all five cities is provided 

in Appendix B.  The results of this comparison are shown in Table 5-6. 
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Table 5-6   FPTU Equipment Comparison for Houston 
 

Unit Type 

FPTU Fan 

(MWh) 

Total Plant 

Energy (MWh) 

Total Percent 

Savings 

Series SCR 31.7 185 0 

Series ECM 12.2 173 6 

Series Variable ECM 6.10 165 10 

Parallel SCR 9.60 166 10 

Parallel ECM 3.70 166 10 

Parallel Low Leakage (5%) 3.70 174 6 

Parallel Medium Leakage (9%) 3.70 180 3 

Parallel High Leakage (20%) 3.70 197 -7 

 

 

The FPTU fan energy is a reference to show how the relationship to the 

equipment type.  The total plant energy was the value used in the comparisons to provide 

the total percent savings with the Series SCR being the base case.  Positive values denote 

an energy savings, while negative values are an energy cost. 

The results show the general trend expected by the equipment.  Without 

considering leakage the series SCR should be the most energy inefficient unit.  The 

variable ECM and the parallel units without leakage should be similar.  Both types of 

equipment are intended to maximize the energy efficiency.  However, leakage in the 

parallel units quickly lowers energy savings compared to other units.  For the Houston 

data shown in Table 5-6, even the low amount of leakage causes the parallel unit to be 

less efficient than the series variable speed ECM.  When the leakage is increased to the 

high amount, the performance is worse than that of the base case.  
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CHAPTER SIX 

 

Conclusions and Recommended Future Work 

 

 

Conclusions 

The overall purpose of this project was to develop a simplified model for fan 

powered terminal units that could be used in EnergyPlus.  The current model for FPTUs 

in EnergyPlus includes pressure and efficiency user inputs that are not provided by the 

manufacturers of these units.  Also, the current model does not include the capability to 

model variable airflow ECM motors in fan powered terminal units nor does it include 

leakage in parallel units. 

There were three primary goals of this project which were listed in the 

introduction.  Those goals were to:  

1. Develop mass and energy balance models of series and parallel FPTUs that 

can be used in EnergyPlus. 

2. Simulate FPTU performance in a five zone building. 

3. Compare to prior work of Davis (2010). 

To meet the first goal, a component approach was taken using mass and energy balances.  

This is similar to the approach used in EnergyPlus which allows the models to be 

compatible with the existing program.  The second goal was achieved by using the five 

zone building model that Davis (2010) used in his simulations.  The third goal was met 

by interacting with Davis to get detailed data, which the results generated by this project 

could be compared to. 
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During this project a model was developed for a single duct variable air volume 

system using FPTUs by using a mass and energy balance approach.  A benefit to using 

this model compared to the models found in EnergyPlus or the work done by Davis 

(2010) is the need for pressure and efficiency data to model the FPTU fan has been 

removed.  This simplifies the required input from the user which decreases the chances of 

errors and therefore improves the general accuracy of the results.  Additionally, the 

model from this project included a simple method to model leakage and variable airflow 

ECM units.  EnergyPlus currently doesn’t allow for either of these and Davis (2010) did 

not include a variable airflow ECM model. 

In this project, it was shown that even low leakage in the parallel unit has a 

significant impact on energy use.  Once the leakage amount increases above the medium 

or average amount of leakage for a parallel FPTU, it is actually costing more energy than 

a fixed airflow series FPTU with the fan always on.  Because EnergyPlus does not 

include leakage in the parallel model, it shows a greater energy savings than typically 

provided when in use.  This is significant because if EnergyPlus results are being 

referenced to develop HVAC standards, then those standards are based on inaccurate 

results and should be reviewed. 

 It was also shown in this project that a series variable airflow ECM saves a large 

amount of energy and is comparable to an ideal parallel unit with no leakage.  This means 

that when leakage is considered the performance of the series variable airflow ECM will 

surpass that of the parallel FPTU.  This is important because EnergyPlus does not have a 

model for series variable airflow ECM units.  This means an engineer looking at 
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EnergyPlus to compare savings with different technologies cannot include one that may 

actually have the best performance. 

 When the results of this project were compared to results from Davis (2010), it 

was shown that it is possible to get the same results as the system approach he used.  The 

largest percent difference was only 6 percent.  This provided confidence in the results of 

this project as well as showed that the system approach or the flawed EnergyPlus 

approach are not the only ways to model FPTUs in VAV systems. 

 

Recommended Future Work 

 The leakage model used in this project assumed a fixed downstream static 

pressure of 0.25 inches of water gage.  The downstream static pressure should vary with 

the primary airflow into the FPTU.  It is recommended that further study be done to relate 

the downstream static pressure to the primary airflow into the FPTU.  This relationship 

would allow the leakage model used in this project to be modified to relate leakage to 

primary airflow so that it varies correctly with the primary airflow into the FPTU. 

 It is also recommended to collaboration occur with EnergyPlus programmers to 

incorporate the results of this work directly into EnergyPlus.  EnergyPlus is written in 

C++ and open source; however it is a very large and complex program.  The models 

developed in this project were designed for eventual incorporation into EnergyPlus so 

they are compatible with the solution method. 
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APPENDIX A 

 

Energy Analysis of FPTU Heating Operation Using System Model Approach 

 

 

There were concerns during the results comparison, see Chapter Five, with the 

heating coil values initially reported by Davis.  In order to verify and correct his results, 

an energy analysis was performed on his model.  The model is shown in Figure A-1.  

This appendix shows all the steps and equations involved in correcting those values to 

those that are shown in the tables of Chapter Five. 

 

Fan Powered Terminal Unit

Qsec

Qpri

PowfanQcoil

Qout

 

 

Figure A-1   System Model Energy Analysis 

 
 

Start by doing an energy balance on the full control volume, shown in Equation 

A-1. 

𝑄𝑜𝑢𝑡 = 𝑄𝑐𝑜𝑖𝑙 + 𝑃𝑜𝑤𝑓𝑎𝑛 + 𝑄𝑠𝑒𝑐 + 𝑄𝑝𝑟𝑖 (A-1) 

Now begin to solve for each term in Equation A-1.  Analysis will start on the right hand 

side because all necessary values should be known; these values are shown in Table A-1 

below. 
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Table A-1   Known Values 

 

Variable Value 

mtot 119.7 lbm/min 

Tz 78°F 

Tpri 55°F 

Tsec 78°F 

cp 

14.7 

btu*min/(hr*°F*lbm) 

 

 

𝑄𝑝𝑟𝑖 = �̇�𝑝𝑟𝑖 ∗ 𝑐𝑝 ∗ 𝑇𝑝𝑟𝑖 (A-2) 

 In heating operations the primary airflow, �̇�𝑝𝑟𝑖, is at its minimum level.  This 

minimum level is assumed to be 20 percent of the total airflow, �̇�𝑡𝑜𝑡.  The secondary 

energy is solved for in a similar manner using Equation A-3. 

𝑄𝑠𝑒𝑐 = �̇�𝑠𝑒𝑐 ∗ 𝑐𝑝 ∗ 𝑇𝑠𝑒𝑐 (A-3) 

The secondary airflow, �̇�𝑠𝑒𝑐, makes up the remainder of the total airflow, which in this 

case is 80 percent.  The fan power, 𝑃𝑜𝑤𝑓𝑎𝑛, in this situation was treated as just a data 

input in units of watts.  A conversion factor of one watt equals 3.412 btu/hr was used to 

maintain consistent units. 

 The next step is to solve for the outlet energy for each zone, see Equation A-4. 

𝑄𝑜𝑢𝑡,𝑧 = �̇�𝑡𝑜𝑡 ∗ 𝑐𝑝 ∗ 𝑇𝑜𝑢𝑡,𝑧 (A-4) 

What is not shown in Figure A-1 is the fan powered terminal unit (FPTU) is attempting to 

match a sensible heating load in the zone.  This zone would be located to the far left.  The 

sensible load is data input by zone and is used in the outlet energy calculations. 
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 The outlet temperature for each zone, 𝑇𝑜𝑢𝑡,𝑧, can be estimated by using the 

sensible load for each zone, 𝑄𝑠𝑒𝑛𝑠,𝑧, to approximate the temperature difference across 

each of the FPTUs, see Equation A-5. 

∆𝑇𝑧 =
𝑄𝑠𝑒𝑛𝑠,𝑧

�̇�𝑡𝑜𝑡∗𝑐𝑝
 (A-5) 

 With the temperature difference known, the outlet temperature is found by simple 

addition shown in Equation A-6. 

𝑇𝑜𝑢𝑡,𝑧 = 𝑇𝑠𝑒𝑐 + ∆𝑇𝑧 (A-6) 

At this point all terms in Equation A-4 for the outlet energy are known and it can be 

calculated.  This gives values for all the terms in Equation A-1 other than the heating coil 

energy, 𝑄𝑐𝑜𝑖𝑙,𝑧, which is the variable being investigated.  Equation A-1 is then rearranged 

to give Equation A-7. 

𝑄𝑐𝑜𝑖𝑙,𝑧 = 𝑄𝑜𝑢𝑡,𝑧 − 𝑃𝑜𝑤𝑓𝑎𝑛 − 𝑄𝑠𝑒𝑐 − 𝑄𝑝𝑟𝑖 (A-7) 

 After the heating coil energy has been calculated for each zone the total heating 

coil energy is the sum of each zone, Equation A-8. 

𝑄𝑐𝑜𝑖𝑙 = ∑ 𝑄𝑐𝑜𝑖𝑙,𝑧

5

𝑧=1

= 𝑄𝑐𝑜𝑖𝑙,1 + 𝑄𝑐𝑜𝑖𝑙,2 + 𝑄𝑐𝑜𝑖𝑙,3 + 𝑄𝑐𝑜𝑖𝑙,4 + 𝑄𝑐𝑜𝑖𝑙,5 

 (A-8) 
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APPENDIX B 

 

Detailed Tables of Results for All Five Cities 

 

 

Table B-1   Series SCR Results 

 

Series SCR Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Difference 

MEB Houston 31.7 75.1 3.98 73.9 185 

3 Davis Houston 33.0 79.1 3.89 73.4 189 

MEB Phoenix 31.7 59.7 4.04 54.7 150 

1 Davis Phoenix 33.0 61.5 3.79 53.7 152 

MEB New York 31.7 74.0 3.69 31.8 141 

3 Davis New York 33.0 76.2 3.02 33.6 146 

MEB Chicago 31.7 84.0 3.64 29.3 149 

4 Davis Chicago 33.0 87.9 2.92 30.8 155 

MEB San Francisco 31.7 66.6 3.60 19.7 122 

6 Davis San Francisco 33.0 68.9 2.68 24.2 129 

 

 

Table B-2   Series Fixed Speed ECM Results 

 

Series ECM Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total 

Plant 

Energy 

(MWh) 

Percent 

Difference 

MEB Houston 12.2 86.5 3.79 70.6 173 
1 

Davis Houston 11.3 87.0 3.29 70.3 172 

MEB Phoenix 12.2 70.3 3.84 51.7 138 
3 

Davis Phoenix 11.3 68.9 3.19 50.4 134 

MEB New York 12.2 86.5 3.53 29.6 132 
2 

Davis New York 11.3 84.7 2.57 31.1 130 

MEB Chicago 12.2 97.0 3.49 27.4 140 
0 

Davis Chicago 11.3 97.9 2.49 28.6 140 

MEB San Francisco 12.2 79.3 3.45 17.6 112 
1 

Davis San Francisco 11.3 78.2 2.28 21.7 114 
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Table B-3   Parallel SCR (No Leakage) Results 

 

Parallel SCR Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total 

Plant 

Energy 

(MWh) 

Percent 

Difference 

MEB Houston 9.60 84.5 3.65 68.1 166 

1 Davis Houston 7.78 85.0 3.37 68.8 165 

MEB Phoenix 9.11 68.3 3.68 49.3 130 

4 Davis Phoenix 7.18 65.9 3.26 48.9 125 

MEB Chicago 12.0 93.4 3.37 25.9 135 

2 Davis Chicago 9.12 92.9 2.61 27.6 132 

MEB New York 10.7 84.0 3.41 27.9 126 

2 Davis New York 8.65 82.4 2.68 30.0 124 

MEB San Francisco 11.3 76.3 3.33 15.9 107 

1 Davis San Francisco 8.80 74.4 2.40 20.5 106 

 

 

Table B-4   Parallel ECM (No Leakage) Results 

 

Parallel ECM Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total 

Plant 

Energy 

(MWh) 

Percent 

Difference 

MEB Houston 3.70 90 3.65 68.1 166 

0 Davis Houston 2.57 90 3.50 68.8 165 

MEB Phoenix 3.51 74 3.68 49.3 130 

4 Davis Phoenix 2.37 71 3.59 49.0 126 

MEB Chicago 4.63 101 3.37 25.9 135 

2 Davis Chicago 3.02 99 2.72 27.6 132 

MEB New York 4.14 91 3.41 27.9 126 

2 Davis New York 2.86 88 2.78 30.0 124 

MEB San Francisco 4.36 83 3.33 15.9 107 

1 Davis San Francisco 2.91 80 2.50 20.5 106 
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Table B-5   Series Variable Speed ECM Results 

 

Series Variable ECM Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

MEB Houston 6.10 89 3.58 66.7 165 

MEB Phoenix 5.69 74 3.62 48.6 132 

MEB New York 5.98 90 3.33 27.7 127 

MEB Chicago 6.26 101 3.30 25.7 136 

MEB San Francisco 5.74 85 3.26 16.3 110 

 

 

Table B-6   Parallel Low Leakage Results 

 

Parallel Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Leakage 

MEB Houston 3.70 96 3.83 71.0 174 5 

MEB Phoenix 3.51 79 3.87 51.3 137 5 

MEB Chicago 4.63 107 3.56 27.1 142 6 

MEB New York 4.14 96 3.59 29.3 133 6 

MEB San Francisco 4.36 89 3.52 17.2 114 6 

 

 

Table B-7   Parallel Medium Leakage Results 

 

Parallel Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Leakage 

MEB Houston 3.70 99 3.96 72.9 180 9 

MEB Phoenix 3.51 82 4.00 52.7 142 9 

MEB Chicago 4.63 111 3.69 28.0 147 9 

MEB New York 4.14 100 3.72 30.3 138 9 

MEB San Francisco 4.36 93 3.65 18.0 119 10 
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Table B-8   Parallel High Leakage Results 

 

Parallel Totals 

FPTU 

Fan 

(MWh) 

FPTU 

Coil 

(MWh) 

Pri Fan 

(MWh) 

Pri 

Chiller 

(MWh) 

Total Plant 

Energy 

(MWh) 

Percent 

Leakage 

MEB Houston 3.70 110 4.37 79.0 197 20 

MEB Phoenix 3.51 93 4.40 57.3 158 20 

MEB Chicago 4.63 123 4.10 31.0 163 22 

MEB New York 4.14 112 4.13 33.7 154 21 

MEB San Francisco 4.36 105 4.06 21.3 135 22 

 

 

Table B-9   FPTU Equipment Comparison for Houston 

 

Unit Type 

FPTU 

Fan 

(MWh) 

Total Plant 

Energy (MWh) 

Total 

Percent 

Savings 

Series SCR 31.7 185 0 

Series ECM 12.2 173 6 

Series Variable ECM 6.10 165 10 

Parallel SCR 9.60 166 10 

Parallel ECM 3.70 166 10 

Parallel Low Leakage 3.70 174 6 

Parallel Medium 

Leakage 3.70 180 3 

Parallel High Leakage 3.70 197 -7 

 

 

Table B-10   FPTU Equipment Comparison for Phoenix 

 

Unit Type 

FPTU 

Fan 

(MWh) 

Total Plant 

Energy (MWh) 

Total 

Percent 

Savings 

Series SCR 31.7 150 0 

Series ECM 12.2 138 8 

Series Variable ECM 5.69 132 12 

Parallel SCR 9.11 130 13 

Parallel ECM 3.51 130 13 

Parallel Low Leakage 3.51 137 9 

Parallel Medium 

Leakage 3.51 142 5 

Parallel High Leakage 3.51 158 -5 
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Table B-11   FPTU Equipment Comparison for Chicago 

 

Unit Type 

FPTU 

Fan 

(MWh) 

Total Plant 

Energy (MWh) 

Total 

Percent 

Savings 

Series SCR 31.7 149 0 

Series ECM 12.2 140 6 

Series Variable ECM 5.98 136 9 

Parallel SCR 12 135 9 

Parallel ECM 4.63 135 9 

Parallel Low Leakage 4.63 142 5 

Parallel Medium 

Leakage 4.63 147 1 

Parallel High Leakage 4.63 163 -9 

 

 

Table B-12   FPTU Equipment Comparison for New York 

 

Unit Type 

FPTU 

Fan 

(MWh) 

Total Plant 

Energy (MWh) 

Total 

Percent 

Savings 

Series SCR 31.7 141 0 

Series ECM 12.2 132 6 

Series Variable ECM 6.26 127 10 

Parallel SCR 10.7 126 11 

Parallel ECM 4.14 126 11 

Parallel Low Leakage 4.14 133 6 

Parallel Medium 

Leakage 4.14 138 2 

Parallel High Leakage 4.14 154 -9 
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Table B-13   FPTU Equipment Comparison for San Francisco 

 

Unit Type 

FPTU 

Fan 

(MWh) 

Total Plant 

Energy (MWh) 

Total 

Percent 

Savings 

Series SCR 31.7 122 0 

Series ECM 12.2 113 7 

Series Variable ECM 5.74 110 10 

Parallel SCR 11.3 107 12 

Parallel ECM 4.36 107 12 

Parallel Low Leakage 4.36 114 7 

Parallel Medium 

Leakage 4.36 119 2 

Parallel High Leakage 4.36 135 -11 
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