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ABSTRACT

Energy recovery ventilation (ERV) systems are designed to decrease the energy consumed
by building HVAC systems. ERV’s scavenge sensible and latent energy from the exhaust air
leaving a building or space and recycle this energy content to pre-condition the entering outdoor
air. A few studies found in the open literature are dedicated to developing detailed numerical
models to predict or simulate the performance of energy recovery wheels and desiccant wheels.
However, the models are often computationally intensive, requiring a lot of time to perform
parametric studies. For example, if the physical characteristics of a study target change (e.g., wheel
diameter or depth) or if the system runs at different operating conditions (e.g., wheel rotation speed
or airflow rate), the model parameters need to be recalculated. Hence, developing a mapping
method with better computational efficiency, which will enable the opportunity to conduct
extensive parametric or optimal design studies for different wheels is the goal of this research. In
this work, finite difference method (FDM) numerical models of energy recovery wheels and
desiccant wheels are established and validated with laboratory test results. The FDM models are
then used to provide data for the development of performance mapping methods for an energy
wheel or a desiccant wheel. After validating these new mapping approaches, they are employed
using independent data sets from different laboratories and other sources available in the literature
to identify their universality. One significant characteristic of the proposed mapping methods that
makes the contribution unique is that once the models are trained, they can be used to predict
performance for other wheels with different physical geometries or different operating conditions
if the desiccant material is identical. The methods provide a computationally efficient performance
prediction tool; therefore, they are ideal to integrate with transient building energy simulation
software to conduct performance evaluations or optimizations of energy recovery/ desiccant wheel

integrated HVAC systems.



1. BACKGROUND AND MOTIVATION

The U.S. Energy Information Administration 2017 Annual Energy Outlook reports that
energy use of heating, ventilation, and air conditioning (HVAC) systems represents about 30% of
the total building energy consumption among U.S. commercial buildings. Traditional vapor-
compression refrigeration systems contribute to environmental impacts in different ways; first of
all, the CFC and HCFC refrigerants used in these systems are ozone-depleting substances; next,
most refrigerants are considered greenhouse gases and as such, exhibit a strong global warming
potential; and lastly, refrigeration systems consume a high portion of the energy that is generated
by fossil fuels. As widely acknowledged, fossil fuel combustion releases polluting chemicals, such
as Carbon Monoxide (CO), Nitrogen Oxides (NOx), and Sulfur Oxides (SOx), which have harmful
effects on human health, in addition to Carbon Dioxide (CO2), which is considered as the baseline
measure against which other greenhouse gases are compared. [1]

Energy recovery ventilators (ERV’s) are devices that are made for scavenging the energy
contained in exhaust air and using it to pre-condition the incoming outdoor air. During the cooling
season, an ERV pre-cools and dehumidifies the outdoor air before it enters the cooling coil or
space. Vice versa, in the heating season, they will pre-heat and humidify the outdoor air. The
benefits of applying ERV’s are reducing the energy consumption of air conditioning and heating
systems, therefore more outdoor air can be introduced to the space to improve indoor air quality.

The integration of energy recovery ventilators (ERV’s) into HVAC systems presents an
opportunity to reduce the impact of these systems on their environment. Energy recovery
ventilation is a method of harvesting the energy (both sensible and latent) contained in exhaust air
leaving a building or space, and recycling its energy content to pre-condition the outdoor air
entering the building or space. Therefore, the appropriate application of ERV’s has the potential
to significantly reduce energy consumed by building HVAC systems. ERV systems can be
implemented in residential buildings, commercial buildings, and industrial facilities. ASHRAE
90.1 Energy Standard for Buildings Except Low-Rise Residential Buildings, which are the
generally accepted building design and construction standards for energy efficiency, present the
appropriate specifications for ERV systems that can assist to achieve those requirements in section

6.5.6- Energy recovery. [2]
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ASHRAE 62.1 Ventilation for Acceptable Indoor Air Quality, provides methods for
calculating the air change rates required for different types of buildings to achieve an acceptable
indoor air quality. [3] The indoor air quality is shown to have an impact on the health and comfort
of occupants, and is related to sick building syndrome (SBS) and building related illnesses (BRI).
High indoor humidity may lead to more intensive microbial activity (e.g., mold or fungus), which
may also lead to a high level of volatile organic compound (VOC) concentration in buildings. The
main purpose of ANSI/ASHRAE Standard 62.1-2016 Ventilation for Acceptable Indoor Air
Quality, is to specify minimum ventilation rates that will yield an acceptable indoor air quality for
occupants and that minimizes negative health impacts. The standard is not only intended for
regulating new buildings but also existing buildings. ASHRAE 62.1, gives minimum ventilation
rates for different building zones and also recommends an acceptable level of relative humidity in
occupied spaces. [3] Meanwhile, introducing more outdoor air means that operating costs will
increase. Thus, ERV’s are one of the solutions to achieve a balance between energy efficiency and
indoor air quality.

Energy recovery wheels and desiccant wheels are types of ERV’s. Energy recovery wheels
are typically made from materials that exhibit a good balance between thermal conductivity,
thermal mass, structural strength, and weight (typically Aluminum), with the addition of a
desiccant coating to address latent energy transport. Desiccant wheels are generally made from
materials that exhibit a low thermal conductivity and thermal mass (typically fiber paper) to
minimize sensible energy transport, with a thick layer of desiccant coating to provide latent energy
transport. The physical construction of this type of wheel is similar to that of a long strip of
cardboard that has been rolled-up into a wheel, where the corrugated channels form passages that
air can travel through. The energy recovery wheel collects energy (both sensible and latent) from
the return air and utilizes it to pre-condition the outdoor air. The wheel generally operates by
rotating through a supply air stream and an exhaust air stream as shown schematically in Fig. 1.
Desiccant wheels behave very similarly to energy recovery wheels, however, desiccant wheels

emphasize latent energy transfer and compromise on thermal transfer.
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Energy recovery wheel/
Desiccant wheel - Supply air
p» (SA)

Outdoor air
(OA)

Return air
(RA)

Exhaust air 4
(EA)

Flute pattern

Fig. 1 Woking theory of desiccant based wheels

While an energy recovery wheel or a desiccant wheel is rotating, heat and mass transfer
takes place between the air, desiccant, and substrate of the wheel. Four governing equations
dominate the heat and mass transfer processes, which include mass and energy conservation in
both the air and desiccant. The four governing equations will be presented in Chapter 4. A finite
difference method (FDM) is commonly applied to solve the governing equations and simulate the
heat and mass transfer occurring in a wheel. Even though FDM is a powerful tool, it is time-
consuming to complete the computation. If an energy consumption simulation of an energy
recovery wheel or a desiccant wheel integrated HVAC system is conducted on an annual basis
using hourly load and weather data, it will take a tremendous amount of time to generate the full
set of results. Furthermore, an optimization of the parametrized models using FDM would be
limited in the application due to its computational time. Hence, current building energy simulation
software utilizes an efficiency factor to simulate the performance of wheels, instead of

12



implementing FDM in a wheel component module in various building energy modeling platforms
[4], a typical energy recovery wheel module or a desiccant wheel module uses an efficiency factor
to conduct simulations, the efficiency factor is typically provided by wheel manufacturers or
obtained from experimental results. If optimizations or parametric studies are conducted in
building energy software, different efficiencies of the energy recovery wheel/desiccant wheel need
to be input for each iteration according to the control variables. Thus, it is difficult to conduct
optimizations or parametric studies of a wheel-integrated HVAC system with the current setup in
building energy simulation software. Optimization of the whole HVAC system integrated with a
wheel will require a more efficient approach instead of an FDM or an efficiency factor method.
Establishing performance mapping methods of energy recovery wheels and desiccant
wheels is a valuable approach for conducting optimizations or parametric studies of an energy
recovery ventilator or a desiccant wheel integrated-HVAC system. Typically, studies on energy
recovery wheels or desiccant wheels focus on establishing FDM models to predict the performance
of a selected wheel, then conduct optimization on one of the physical dimensions (e.g., wheel
diameter or depth) or operating settings (e.g., wheel rotation speed or airflow rate). Currently, there
is no study in the literature proposing the development of a mapping model controlling all physical
dimensions and operating settings at the same time. If a study targets another wheel that has a
different physical dimension or runs at a different operating setting, the models need to be retrained.
For parametric studies on wheels with different geometries or operating settings, the work of
training and validating the models for all the wheels would consume a tremendous amount of time;
hence, this characteristic of FDM models is disadvantageous for conducting parametric or
optimization studies. If an approach can accurately and quickly predict the performance of energy
recovery wheels or desiccant wheels with different geometries or operating conditions, it will be
beneficial for academic studies and research and development activities in the industry. For
industry, the solution can achieve a more economical design; for academia, the solution can
provide an easy approach for studies on different HVAC systems that employ desiccant wheels or
energy recovery wheels. Therefore, it is necessary to develop an efficient mapping method for
conducting parametric studies or optimization research on desiccant wheel/energy recovery wheel

integrated HVAC systems.
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2. LITERATURE REVIEW

The concept of implementing a thermal wheel was introduced by Fredrik Ljungstréom in
1920. Abundant research and development activities have been dedicated to understanding thermal
wheel physical behavior and analyzing and optimizing their design for nearly a century. Simonson
[8] developed a new approach to the governing equations for energy wheels. The governing
equations which were dependent on the enthalpy and relative humidity of the air and the desiccant
were modified to depend on the temperature and humidity ratio of the air and the desiccant.
Furthermore, reasonable assumptions were introduced that allow the governing equations to be
uncoupled. Hence, the governing equations can be solved separately, simplifying the finite
difference mothed solving process. Simonson’s governing equations have been widely utilized in
research ever since.

Ge et. al. [9] compared different mathematical models that have been developed for
performance predictions of energy recovery wheels and desiccant wheels. The paper categorizes
models based on assumptions, governing equations, and solution methods; and sorts the models
into two major types: gas-side resistance (GSR) models and gas and solid-side resistance (GSSR)
models. In the GSR model, heat and mass diffusion within the desiccant material itself is not
considered, but heat conduction within the substrate is included. The temperature and humidity
ratio within the desiccant from the surface layer to the inner layer are assumed identical. The GSR
model compromises accuracy for relatively simple governing equations that can be solved more
quickly. The GSSR mathematical model includes second-order heat and mass transfer terms within
the desiccant in the governing equations, which refines the precision of this model. The heat and
mass transports exhibit as diffusion within the desiccant. The GSSR model can be subcategorized
into three more types: Pseudo-gas-side (PGS) model, gas & solid-side (GSS) model, and Parabolic
concentration profile (PCP) model. The PGS model introduces lumped transfer coefficients to
represent heat and mass transfer resistances in the gas side and solid side instead of directly
involving the second-order heat and mass transfer terms of the diffusions in the governing
equations. Nonetheless, lumped transfer coefficients require considerable experimental data to
calculate. The GSS model engages heat and mass transfer coefficients of desiccant and the second-
order heat and mass transfer terms. The GSS model’s accuracy is improved. However, while the

GSS model can offer a more accurate prediction of energy recovery wheel performance, the
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computational time is significantly longer. The PCP model proposes a parabolic concentration
profile to show the diffusion of heat and mass transfer within the desiccant. The PCP model avoids
the shortcomings of PGS and GSS models. On the other hand, the applicable range of the PCP
model is limited. Based on the characteristics of the above models, the GSR model will be utilized
in the current research effort because of its time-saving advantage, less dependence on extensive

experimental data, and acceptable accuracy in performance predictions.

2.1 Experimental Evaluation Studies

Physical experiments have been conducted for the performance evaluation of desiccant
wheels or energy recovery wheels. Angrisani et al. [10] designed a poly-generation system
consisting of a natural gas-powered CHP and a desiccant wheel integrated HVAC system. They
focused on studying the dehumidification capacity of a desiccant wheel. They observed that the
outdoor weather (temperature and humidity ratio) condition affects the performance of desiccant
wheels significantly. Hence, the system was simulated multiple times based on the weather data
of major cities worldwide. The dehumidification efficiency of the desiccant wheel decreases while
inlet outdoor air temperature and humidity ratio increase.

Uckan et al. [11] configurated a desiccant based evaporative cooling system for HVAC
application and tested it under hot and humid climates. Results showed that the effectiveness and
the cooling capacity for the system are high even with different outdoor conditions.

Kang and Lee [12] experimentally evaluated the performance of three different thicknesses
of desiccant wheels. Various airflow rates and rotation speeds are controlled to observe the
dehumidification efficiency of the wheels. Their result showed the effect of the wheel depth, air
velocity, and rotation speed on the performance of a wheel.

Eicker et al. [13] conducted experiments on several desiccant wheels available in the
market. They measured and calculated parameters listed as follows: specific-heat inputs during
regeneration, process air enthalpy change, dehumidification effectiveness, moisture removal
(represented by functions of the rotation speed), inlet humidity ratio, volume flow ratio, and
regeneration temperature. They discovered that the optimal rotation speed is lower for lithium
chloride or compound based wheels than for silica gel wheels. While the regeneration air
temperature increases, dehumidification capacity increases also. In addition, dehumidification

efficiency increases at an equal rate. The relationship between regeneration specific heat input and
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enthalpy changes of the process air were observed and recorded. Then, the influence of the
regeneration air humidity was also significant. Lower relative humidity of the regeneration air
boosts the dehumidification potential. Finally, the dehumidification efficiency is not affected
notably by specific regeneration heat input and latent heat change of the process air. In humid
climates, this is an advantage for desiccant cooling applications.

Angrisani et al. [14] conducted experiments on the performance of different parameters
under various inlet temperatures and humidity ratios of the process air stream; also, under different
inlet temperatures and humidity ratios of the regeneration air stream; and different ratios of airflow
rates between the regeneration air stream and process air stream. Comparisons between the results
of experiments and the data provided by a manufacturer were demonstrated. The testing results
show good agreements with data provided by a manufacturer. Angrisani observed that the
dehumidification capacity and efficiency are influenced more by the regeneration temperature than
the regeneration air flow rate according to the experiments. The author also mentioned that the
experiments could be employed for other academic purposes, and provided a testing method guide
for future testing setup in other research.

Enteria et al. [15] conducted experiments evaluating a heat wheel and a desiccant wheel
operating separately and together at different regeneration temperatures ranging from 60 to 80 °C.
The evaluations were based on moisture removal capacity, moisture removal regeneration,
moisture mass balance, total energy balance, sensible coefficient of performance, latent coefficient
of performance and, total coefficient of performance. The study identified that moisture removal
capacity and moisture removal regeneration these two parameters could not determine the
efficiency of the wheels alone. Sensible coefficient of performance, latent coefficient of
performance and, total coefficient of performance should be included to fully determine the
efficiency of the wheels. The results were shared for benchmarking or validation of other
researchers’ purposes.

Goldsworthy and White [16] analyzed and optimized the performance of a system
consisting of a desiccant wheel and an indirect evaporative cooler. At the regeneration air
temperature equals 70°C, a supply airflow rate to regeneration airflow rate ratio of 0.67 generated
the best performance. COPs of the system with different wheel depths were evaluated and a

correlation of wheel depth, wheel rotation speed, and power consumption of the system was plotted
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and discussed. There is not a general a systemized approach that describes the effect of wheel
rotation speed, wheel depth, and airflow rates on the wheel performance delivered in the paper.

Angrisani et al. [17] tested the rotational speed on dehumidification effectiveness at low
regeneration temperatures (60°C to 70°C) since the rotational speed of desiccant wheels is the
most influential to the performance. Furthermore, the author indicated the effect of rotational speed
on the thermal performance of the desiccant wheel (e.g., process air outlet temperature or SER).
The author explained that thermal performance is important to the analysis since it also influences
the dehumidification potential. Among different testing conditions, they observed that the wheels
have optimized dehumidification capacity while rotational speeds range from 5-10 RPH
depending on the operating environment.

Recently, a new desiccant material was investigated in different studies. Cao et al. [18]
experimented with three different depths of new polymer desiccant wheels. The regeneration
temperatures were varied to study optimum sensible and latent COP. Additionally, different wheel
rotation speeds were tested to locate optimal working conditions. The author pointed out that a
50mm or 70mm polymer desiccant wheel depth can deliver the same or even better performance
than the traditional desiccant wheel (150mm depth). Hence, a more compact HVAC system can
be expected with the application of a polymer desiccant wheel.

Zendehboudi and Esmaeili [19] investigated the potential and the performance of desiccant
wheels applied in hot and humid climates. Two desiccant materials, Silica Gel and Molecular Sieve
were studied. When the wheel rotation speed increases, that leads to moisture removal decreases
for both materials. Furthermore, the sensible heat transfer increases when the wheel rotation speed
increases.

Zendehboudi et al. [20] conducted parametric studies on Silica Gel and Molecular Sieve
wheels under three different wheel depths. The model was built by a hybrid approach-adaptive
neuro-fuzzy inference system (hybrid-ANFIS), and the model was compared with a genetic
algorithm-least square support vector machine approach. The hybrid-ANFIS was proven to be a
simple and fast tool for wheel simulations, and artificial neural network algorithms are suitable for
solving engineering problems and mapping experimental data. Then regeneration temperature,
regeneration airflow rate, and wheel rotation speed were targeted for optimization, and the results

were plotted.
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Tu and Hwang [21] identified the performance of a desiccant and optimized process stream
to regeneration stream facial area ratio when the regeneration process utilized three different heat
sources (electrical heater, natural gas burner, and vapor compression system). An area ratio = 2:1
is suggested when an electrical heater or a natural gas burner is used; an area ratio = 1:1 is
suggested when a vapor compression cycle is used; and an area ratio = 1:1 is suggested when a
heat recovery unit is used.

One major application of energy recovery wheels is their use as ventilation air
preconditioners in HVAC systems. Several papers in the literature have studied the performance
of HVAC systems with integrated energy recovery wheels. Chung [22] develop a comparison
between different energy recovery wheel flute geometries, wheel rotation speeds, outdoor air
conditions, return air conditions, and adsorption isotherms of desiccants. The paper shows
performance variations with the different variables mentioned above and focuses on the

optimization of the wheel characteristics to achieve the most efficient COP.

2.2 Mathematical Model Development Studies

Mathematical modeling of an energy recovery wheel is complicated due to the complex
physical processes of heat and mass transfer occurring in a wheel. Hence, there are studies devoted
to developing a simple approach to simulating the performance of energy recovery wheels. Zhai
[7] includes detailed information related to the numerical simulation settings for an energy
recovery wheel and an active desiccant wheel. The author intended to develop a numerical model
that applies to both types of wheels. The model was established based on the finite difference
method (FDM) and the explicit Euler forward approach. The effect of the purge setting and the
residual moisture in wheels were considered in this research. In the paper, physical parameters for
an energy recovery wheel and adsorption isotherms are stated. This information can be utilized by
other researchers to validate their energy recovery wheel or desiccant wheel numerical models.
The energy recovery wheel and the desiccant wheel that were studied and presented in this paper
are commercially available in the marketplace. The model was validated by experiments. The
author observed that the purge reduced the performance of the energy recovery wheel by 5% but
the impact on the active desiccant wheel was limited. The author also noticed that a well

performing wheel (both energy recovery wheel and desiccant wheel) requires an optimized design
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between environmental conditions, airflow rate, and wheel operation strategies. An optimization
procedure was neither proposed nor developed in this research.

Van den Bulck and co-workers [23] pointed out that GSSR models consume a lot of
computational time, so they proposed a solution to this problem by applying an effectiveness-
number of transfer units (¢ -NTU) method to the governing equations. The results of this research
demonstrated that an € -NTU model can accurately and quickly predict the performance of a
desiccant cooling system, which makes it suitable to utilize in long-term energy simulations. The
study established a prototypical function to calculate the efficiency of the energy recovery wheel.
However, the function is valid for one energy recovery wheel. If there is another wheel planned to
be simulated, the function needs to be recomputed for the new wheel. This characteristic makes
the model unsuitable for parametric or optimization studies.

Beccali and co-workers [24] believe that the models used to compute heat and mass transfer
phenomena inside desiccant based systems are too excessive, and so they proposed a
straightforward empirical model that can be used to estimate the performance of a desiccant wheel.
An empirical model called “Model 54" was built to predict the outlet air temperature and humidity
ratio in a silica gel desiccant wheels based system. Their approach requires the training of 54
coefficients to fully develop the prediction capabilities for an energy recovery wheel. An empirical
equation that is further reduced in complexity was later invested by Beccali et al. [24], which
calculates the performance of an energy recovery wheel via only four parameters. The model was
formulated by the relative humidity and the enthalpies of the outdoor air stream and return air
stream. Results of the simplified model were shown to predict reasonably well the performance
of all the wheels included in the study. The model is suitable for predicting the performance of a
selected wheel, however, numerous data points are required. Additionally, if wheel geometries
change, the model needs to be re-trained. Hence, the model is also not suitable for extensive
parametric studies nor optimization.

De Antonellis [25][26] conducted optimization and parametric studies that were focused
on maximizing the sensible effectiveness of an ERV while minimizing pressure drop under
different inlet air conditions. De Antonellis [26] conducted an optimization of energy recovery
wheels. An FDM mathematical model was developed. The model was established on the PDE
governing equations and solved by the Euler forward method in MATLAB. Then the model was

validated against experimental data. There were five experiments conducted. Two observed outlet
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process air humidity ratios versus different angular positions. From these two experiments, the
effectiveness of dehumidification was observed. At the very first stage (smaller angular position),
the dehumidification process was less effective, since the desiccant is still warm. After the
desiccant was warmed up, the dehumidification capacity reaches its maximum. Then the
dehumidification capacity gradually decreased, because the desiccant water content increased. The
other three experiments emphasized the effect of wheel rotation speed on the dehumidification
capacity. The best dehumidification effect ranges from 5 to 10 rev/h under different inlet air
humidity ratios. Next, parametric studies were performed with a few sets of combinations of
different inlet air temperatures, humidity ratios, airflow rates, and wheel rotation speeds. The study
focused on observing the pattern of the energy recovery wheel’s effectiveness to each parameter
and delivered a graphical comparison. A simplified equation or systematized solution approach,
which can be used to predict the performance of an energy recovery wheel was not included.

Parmar [27] implemented an artificial neural network (ANN) method to predict the outlet
air temperature and humidity ratio in the process air stream. The artificial neural network method
delivers a precise and accurate result. The works completed in the paper includes comparing
experimental results versus data published by the manufacturer; the model was trained and
validated in a given range, and the ANN simulation results yielded smaller mean square error
results than other algorithms; a curve-fitted equation was generated and used for estimation of the
outlet air temperature and humidity ratio of the desiccant wheel while designing a desiccant
cooling system.

Koronaki et al. [28] developed and trained a black box model via the artificial neural
network method. The key parameters of experimental data to predict state conditions of the air in
the process and regeneration streams includes process air inlet temperature, humidity ratio, and
airflow rate and regenerations air inlet temperature, humidity ratio, and airflow rate. It was shown
that the model is capable of predicting outlet air conditions of temperature and humidity ratio and
the conditions of the desiccant under different climates. The physical characteristics and operating
conditions of the wheel are not considered. This approach is similar to using the efficiency factor
of a wheel to predict performance. Hence, the model is not suitable for parametric studies, since
whenever physical characteristics and operating conditions of a wheel change, the model has to be

retrained.
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Jani et al. [29] introduced another artificial neural network-based model for predicting the
outlet conditions of temperature and humidity ratio in the process air stream. The model was
validated against experimental data. Based on the predictions of the outlet conditions,
dehumidification effectiveness and moisture removal capacity are calculated. The model
demonstrated good agreement between testing results and model predictions, and the correlation
of the two data sets ranges from 0.998 to 0.999. Furthermore, the unique character of the method
introduced in the research is the requirement of only a few number of testing data points. The
artificial neural network developed by Jani only needs 10 data points for training the model. This
reduces excessive time and cost on experiments of desiccant wheels. The model is designed for
one single wheel. Once any of the physical dimensions (e.g., wheel diameter or wheel depth) of
the wheel changes, the artificial neural network model must be retrained. This behavior makes the
model unsuitable for more generalized optimization and parametric studies.

Yamaguchi and Saito [30] designed and conducted experiments then developed and
validated a mathematical model of a silica gel desiccant wheel. The experiments controlled
different operating conditions listed as follows: regeneration air temperatures, airflow rates, and
rotation speeds. In their research, the average relative error of the humidity ratios at the outlet of
the supply air stream between the predictions of the mathematical model and the measurements of
the experiments is 3.3%; the average relative error of the air temperatures at the outlet of the supply
air stream is 10.8%. The experiment and the mathematical model showed good agreement between
each other. The authors delivered a graphical illustration of the effects on the dehumidification
performance of the desiccant wheel according to different inlet air velocities, temperatures, and
wheel depths. The charts showed the effect of each variable on wheel performance (e.g., inlet air
velocity to the dehumidification performance, wheel depth to the dehumidification performance).
The effect of the combination of two or more control variables was not presented in the paper.

Antonellis et al. [31] proposed efficiency parameters for desiccant wheel performance
prediction. The outlet condition was estimated based on the efficiency of a wheel, and the
correlation between the model and the experimental data was identified. The relative error between
the predictions and measurements is lower than 10% in 82.1% of the studies on humidity ratio and
98.2% of studies on air temperature. In other words, almost 20% of the cases have a relative error
prediction that is higher than 10% while implementing their efficiency parameter method.

Meanwhile, the relative error of the pressure drop was under 5% in all cases. The calculation of
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root-mean-square errors was performed. The RMSE between the predictions and the
measurements was 0.66°C for air temperatures and 0.24 g/kg for humidity ratios. The author
mentioned that this method is suitable for building energy simulation since the calculation is less
time-consuming. On the other hand, the method may not be ideal for parametric studies nor
optimizations. This is because the method needs to be retrained if desiccant wheel physical
dimensions change.

Zendehboudi [32] introduced a model via the least square support vector machine and a
genetic algorithm to predict the performance of desiccant wheels. The model takes rotation speed,
inlet air temperature, and humidity ratio of the process stream as the inputs, and generates outputs
of outlet air temperature and humidity ratio of the process stream and regeneration stream,
moisture removal capacity, and sensible energy ratio. The sensible energy ratio is dominated by
the desiccant material type. The model was examined by three statistical error tests. There were
two types of desiccant materials tested (silica gel and molecular sieve); the regressions were 0.994
and 0.996 respectively; the mean square errors were 0.0038 and 0.072; the mean average errors
were 0.056 and 0.23. The model delivered a high quality of predictive results. The method is more
suitable for building energy simulation comparing to the artificial neural network method since it
computes faster, and is more precise and accurate. However, the model doesn’t include physical
characteristics (e.g., wheel diameter or wheel depth) or operating conditions (e.g., airflow rate) of
the wheel. Therefore, the model is not an ideal tool for parametric studies nor optimizations, since
the model needs to be retrained whenever the physical characteristics and operating conditions of
a wheel change.

Panaras et al. [33] introduced a model of a simplified efficiency factor to represent the
performance of desiccant wheels based on Jurinak formulas. The efficiency factors of the model
only require few measurements, so the model is easy to train. The model is validated by using
experimental data, then the test results were compared with manufacturers’ data provided. The
results agreed well with each other. The application of temperature ranging from 30°C to 60°C,
and humidity ratio ranging from 0 g/kg to 12 g/kg. The operating range covers the typically applied
environment of desiccant wheels. The model was proven to be applicable for evaluating the
efficiency of desiccant wheels. Based on this study, a constant representing the efficiency factor

of a desiccant wheel is valid. However, the model needs to be retrained if the physical dimensions
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of the desiccant wheel change. Even though the model is easy to train, this characteristic of the
model limits its application in parametric studies or optimization.

Zendehboudi [34] proposed a generic algorithm for desiccant wheel optimization.
Regeneration temperature, surface area ratio, rotational speed, and diameter are selected as the
most influential design variables of the wheels. The response surface method is implemented to
form the algorithm formula, then a genetic algorithm is utilized as an optimization tool in this
research. In this paper, quadratic equations that consist of four designed variables represent the
outlet temperature and humidity ratio for the desiccant wheels. The algorithm was validated and
shown to be reliable and accurate. However, the wheel depth is not considered in the algorithm, as
well as the inlet air temperature. Both features make the algorithm lack the flexibility necessary
for parametric studies.

The optimization of an energy recovery wheel based on an artificial neural network method
is proposed by Comino [35]. The author targets to develop a model that gives the prediction of two
outputs (air temperature and humidity ratio of the outlet process stream). The input layer contains
the inlet air temperature/humidity ratio of the process stream and regeneration stream, airflow rate,
and rotational speed. A graphical relationship between each input is demonstrated in the paper.
The artificial neural network method is suitable for optimizations, on the contrary, it is not ideal
for parametric studies. Furthermore, wheel depth is not considered in the artificial neural network
method. This characteristic prevents the method from delivering flexible parametric studies on
wheel depth.

Kodama et al. [36] targeted to optimize the wheel rotation to achieve the best
dehumidification and cooling performance. The authors investigated the optimized rotational
speed and performance of a wheel by plotting experimental data points on a psychrometric chart.
The temperature and humidity ratio changes between inlet and outlet conditions have a linear
relationship in a desiccant wheel system. This characteristic inspires the development of a more
generalized performance mapping method in the research.

Chung et al. [37] investigated numerical functions for the moisture removal capacity of a
desiccant wheel represented by the regeneration air temperature, rotational speed, and surface area
ratio. The model was validated over a range of air temperatures in the regeneration stream from
60°C to 150°C. Then the numerical functions are utilized in optimizing the moisture removal

capacity by varying the rotational speed and the surface area ratio. Two phenomena were observed
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in this study. The first one is that the optimum wheel rotation speed decreases then becomes
constant while the air temperature of the regeneration stream increases. The other one is that the
lower the humidity ratio of the outdoor air, the higher the optimum wheel rotation speed becomes.
The study indicated that there is a certain relationship between inlet air conditions and wheel
rotation speed to wheel performance. The function brought the idea that wheel performance can
be represented as a function of wheel physical characteristics and operating conditions.
Antonellis et al. [38] developed a one-dimensional gas-side resistances desiccant wheel
model. The model was examined with experimental data. The Euler forward method is utilized in
model development and simulation. With the model, the authors researched the optimized
rotational speed and process air stream angular position by considering inlet air temperatures and
humidity ratio of the process and regeneration streams. The optimization with FDM is time-
consuming, and this is one of the improvements in using a mapping method to conduct
optimizations. The researcher presented a trend of performance impacts of each control parameter.
However, FDM optimization is not time efficient, hence, it will not be implemented in this research.
Ge et al. [39] established a mathematical model for performance estimation of a silica gel
wheel Gas-side and solid-side resistances are both considered in the model (gas-side resistance
model). The new model delivered a more accurate and precise prediction than the author’s previous
work. The author controlled experimental environments including the angle of regeneration
section (from 100° to 160°), the regeneration temperature (from 80°C to 90°C), and
process/regeneration airflow rate (from 2.0 m/s to 3.5 m/s). In the study, there were few
conclusions delivered according to the simulation results. First, absolute moisture removal and
relative moisture removal capacities increase when the central angle of the regeneration section
gets bigger. Next, a lower relative moisture removal capacity was observed when the ambient
humidity ratio is higher. Third, higher relative moisture capacity was obtained while the
regeneration temperature increases. Last, moisture removal capacity to an optimal rotational speed
was observed while approaching maximum moisture removal capacity. The result demonstrated

the trends of desiccant wheel performance.

2.3 Nusselt Number Evaluation Studies

The Nusselt number, which is defined as the ratio of conductive thermal resistance to

convective thermal resistance is an important value in the heat transfer analysis of an energy
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recovery wheel. Most energy recovery wheels use sinewave shaped channels in their design and
construction. Chung [14] mentions that the Nusselt number of a triangular channel is similar to
that of a sine-shaped channel, and so are the hydraulic diameters. Lakshminarayanan [40] states
that the actual Nusselt number varies along the airflow axis for different shaped triangular ducts.
Haji-Sheikh and co-workers [41] discuss the phenomenon of Nusselt number variation in the
developing region of a triangular duct.

There are abundant studies available in the literature that are focused on energy recovery
wheels and desiccant wheel; however, most papers assume a constant Nusselt number throughout
the wheel in their studies. The following papers listed in Table 1 all consider the Nusselt number
as having a constant value along with the flute of the energy recovery wheel. However, Haji-
Sheikh et al. [41] noted that the Nusselt number is generally in the developing region while the air

is traveling through a flute of an energy recovery wheel.

Table 1 Nusselt numbers are utilized in papers that study energy recovery wheels.

Paper Nu
Design Optimization of Heat Wheels for Energy Recovery in HVAC constant
system, De Antonellis et al., 2014 [25]
Simulation, performance analysis and optimization of desiccant wheels, De constant
Antonellis et al., 2010 [26]
A non-adiabatic desiccant wheel: Modeling and experimental validation, 36
Narayanan et al., 2013 [42] '
Analysis of Simplifying Assumptions for the Numerical Modeling of the
Heat and Mass Transfer in a Porous Desiccant Medium, Ruivo et al., 2006 constant
[43]
Comparative performance of desiccant wheel with effective, Yadav & constant
Yadav, 2014 [44]
Effect of desiccant isotherm on the performance of desiccant wheel, Chung constant
& Lee, 2009 [45]
Mathematical investigation of purge sector angle for clockwise and constant
anticlockwise rotation of desiccant wheel, Yadav & Yadav, 2016 [46]
Modeling analysis of an enthalpy recovery wheel with purge air, Ruan et al, 3967
2012 [47] '
Application of Desiccant Adsorption for Air-Conditioning Cycle, 363-4.364
Esfandiari Nia & van Paassen, 2006 [48] ' '
Use of compound desiccant to develop high performance desiccant cooling 20

system, Jia et al., 2006 [49]
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2.4  Wheel Integrated HVAC System Study

Nia et al. [50] proposed a correlation method to obtain the efficiency of the desiccant wheel
according to the operating conditions (rotational speed, process air dry-bulb temperature/humidity
ratio, regeneration air dry-bulb temperature, process airstream face velocity) and the wheel
physical measurements (desiccant thickness, hydraulic diameter of flutes). The authors used more
than 500 data points generated by a numerical model to train and validate the method. The
prediction of the correlation method delivered results of less than 2% error. The author suggested
that the correlation can be implemented in studies of annual energy consumption simulations;
however, wheel depth- an important wheel design parameter was not included in the correlation
method.

Ruivo et al. [51] introduced an efficiency method based on the enthalpies and relative
humidity in the process airstream and regeneration stream. The traditional wheel efficiency factor
is calculated by dry-bulb temperature and humidity ratio measurement. The authors collected a
wide range of experimental data to examine the method, then indicated that the new efficiency
method is more accurate than the traditional efficiency factor in predicting outlet air conditions.
Ruivo et al. [51] suggested that the efficiency method is beneficial to implement in building energy
simulation; nonetheless, the method is designed for a wheel with unchanged geometries and
operating conditions. Hence, the method is not ideal for conducting optimizations of a wheel
integrated system under transient operating conditions.

De Antonellis et al. [25] took the first step in the design optimization of energy recovery
wheel-integrated HVAC Systems. There were two test rigs built, and the inlet air conditions are
fixed. One was designed for sensible measurement, and the other was for pressure drop
measurement. A parametric study about the relationship between sensible effectiveness and
pressure drop was conducted. The most ideal wheel depth in a specific airflow range was identified.
Next, parametric studies of flute dimensions took place. Lastly, wheel depth parametric studies
were conducted. The study emphasized the evaluations of energy recovery wheels. The
optimization results are based on experimental data, and there is no method proposed for
integrating with transient building energy performance simulation software.

Comino et al. [52] investigated the performance of a desiccant wheel and indirect
evaporative cooler integrated HVAC system (DW-IEC system). The annual energy consumption

of the system was compared with a traditional direct expansion conventional system (DX system).
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The authors established an empirical function that contains 21 coefficients to represent the
performance of a desiccant wheel to predict the outlet air condition from the desiccant wheel. The
empirical function was implemented into a building energy simulation software (TRNSYS) to
conduct an annual simulation at 15 minute timesteps. The results indicated that the DW-IEC
system provided up to 46.8% energy saving over a DX system. Even though the empirical function
proposed by Comino et al. [52] can be utilized in a transient building energy simulation, it is
limited to one desiccant wheel design. If geometries or operating conditions of the desiccant wheel
change, the empirical function needs to be retrained; hence, the function is not suitable for

optimizations or parametric studies.

2.5 Literature Review Conclusion

The above studies utilize constant Nusselt numbers while analyzing the performances of
energy recovery wheels. This may lead to some information loss on the performance prediction of
energy recovery wheels or desiccant wheels. If a dynamic Nusselt number is utilized in a
mathematical model of energy recovery wheels, the accuracy of the energy recovery wheel or
desiccant wheel simulation would be enhanced.

Previous research presented in the open literature is focused on developing a method to
predict the performance of a single energy recovery wheel or a single desiccant wheel without
changing the wheel physical dimensions (e.g., wheel diameter or depth), and then applying the
model under different working conditions (e.g., air temperature, humidity ratio, or airflow rate).
With this approach, if any physical dimensions of the energy recovery wheel or desiccant wheel
change, the models in the above studies need to have their approach modified and recalculated to
determine the new operating characteristics. This is also true of any case where the operating
settings (e.g., wheel rotation speed or airflow rate) change. In addition, the process is time-
consuming and requires a set of experimental data. For parametric studies on geometries of energy
recovery wheels or desiccant wheels, it will take a significant amount of time to establish and run
all of the necessary model perturbations. This makes the use of these models disadvantageous for
carrying out parametric or optimization studies for changing wheel physical dimensions.

The complexity of simulating a wheel integrated HVAC system has been noted in previous
studies. Several approaches are proposed in order to simplify the simulation procedure; however,

the universality of the approaches is limited because they lack the flexibility to change wheel
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physical dimensions or operating settings. Thus, the approaches are not ideal for optimizing a
wheel design under transient operating conditions.

Since these models are not ideal for parametric studies and optimization research on wheel
dimensions or operating settings simultaneously, it is necessary to develop a new method to
conduct this type of study. Significant advancements in industrial settings and academic research
are possible with the development of a solution procedure that can quickly and accurately predict
energy recovery wheel or desiccant wheel performance while design parameters or operating
settings change. For industry, the solution can offer a more economical design; for academia, the
solution can provide an easy approach for studying HVAC systems with energy recovery wheels

or desiccant wheels.
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3. RESEARCH OBJECTIVES

The objective of this research is to develop simple, robust, and accurate simulation tools to
evaluate and optimize the performance of air handling units (AHU) integrated with an energy
recovery wheel or a desiccant wheel in different climates across the U.S. Once the tools have been
developed, they will be used to find optimized solutions for various cooling technologies that are
recently proposed in the literature. The following list indicates the phases of research that will
support these objectives.

e Develop a mapping method for energy recovery wheels

0 Develop a detailed FDM numerical model of energy recovery wheels
= Implement dynamic Nusselt number

o Validate the numerical model
= Validate with experimental data
= Validate with literature data

o Develop and validate a mapping method for energy recovery wheels
= |dentify the form of the mapping method
= Conduct validation against the numerical model

= Conduct validation against literature data

e Develop a mapping method for desiccant wheels

o0 Develop a detailed FDM numerical model for desiccant wheels
= Implement dynamic Nusselt number

o Validate the numerical model
= Validate with manufacturer’s data
= Validate with literature data

o Develop and validate a mapping method of desiccant wheels
= |dentify the form of the mapping method
= Conduct validation against the numerical model
= Conduct validation against literature data
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Conduct a performance evaluation and optimization of HVAC systems via implementing
a mapping method of energy recovery wheel or desiccant wheels with a transient building
energy performance simulation software
o0 Evaluate the performance of an HVAC system integrated with an energy recovery
wheel
= Develop a model of the target building and the HVAC system
= Conduct optimizations of the energy recovery wheel
= Evaluate the performances and costs of the optimized energy recovery
wheel design in different climates
o Evaluate the performance of an HVAC system integrated with a desiccant wheel
= Develop a model of the target building and the HVAC system
= Conduct optimizations of the desiccant wheel
= Evaluate the performance and costs of the optimized desiccant wheel design

in different climates
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4. MATHEMATICAL MODEL DEVELOPMENT

The implicit FDM is selected to develop a mathematical method for energy recovery
wheels and desiccant wheels in this research. The main reason for using the implicit method is that
it reaches convergence faster, and it is widely used for heat and mass transfer analysis. At the
beginning of this phase, an explicit method was utilized to develop a mathematical model of an
energy recovery wheel. The explicit model functions well for heat transfer analysis, however, once
the mass transfer was included, the explicit model delivered a diverged result. Then, the explicit
FDM was replaced by the implicit FDM. The implicit method performs well for combined heat
and mass transfer analysis. Hence, the implicit method is more applicable to this case. In order to
conduct the FDM calculation, the first step is to isolate the target variables, then transform the

governing equations to time and space partial differential equations separately.

4.1 Governing Equations

Heat and mass transfer of energy recovery wheels and desiccant wheels are similar; hence,
the same set of governing equations can be used to describe the performance prediction of both
types of wheels. The target variables are the temperature of the air, the humidity ratio of the air,
the temperature of the matrix, and the humidity ratio of the matrix. The matrix is the combination
of the desiccant layer, a thin air film on the top of the desiccant, and air in the desiccant layer. The
desiccant on wheels is thin (25 to 65 microns typically), hence, the temperature and humidity ratio

in the matrix are assumed identical.

31



Substrate
Desiccant
Air film
Airflow >
Matrix
Substrate
Fig. 2 Target variables in a flute of a wheel
4.1.1 Energy Balance of Air Stream
aT, h aT,
ot dup,Cp, (T = Tg) = “ox (1)

LHS:

1. Rate of energy storage in the air

RHS:
1. Rate of convective heat transfer between the air and the matrix

2. Rate of heat flux by axial airflow
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Note: rate of heat conduction in the air is neglected; the rate of sensible heat transfer of the vapor

before condensation or the moisture before evaporation are neglected

4.1.2 Energy Balance of Matrix

0T, ke 0T

ot a psubCpsub axz
hmAH ads

+
Psub Ssub Cpsub + Pa Sd de

(Wg - Wm) (2)

+ T, —T.
Psub ‘Ssub Cpsub + pddd de ( g m)

LHS:
1. Rate of energy storage in the matrix

RHS:
1. Rate of conduction heat transfer in the substrate
2. Rate of heat generated by moisture sorption or adsorption

3. Rate of convective heat transfer between the air and the matrix

Note: rate of sensible heat transfer of the condensed vapor or the evaporated moisture is neglected

4.1.3 Moisture Balance of Air Stream

0= Gy (W= W) —ug ! ©)

LHS:

1. Rate of moisture storage in the air

RHS:
1. Rate of convective moisture transfer between air and the matrix

2. Rate of moisture flux resulted by axial airflow
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4.1.4 Moisture Balance of Matrix

a _ hm

LHS:

1. Rate of moisture storage in the desiccant

RHS:

1. Rate of convective moisture transfer between the air and the matrix

Note: rate of mass diffusion in desiccant in the axial direction is neglected

4.1.5 General Adsorption Isotherm

Ya 1

5)
¥, 1—c+ < (
max c

There are five unknown variables which are the temperature of the air T, the temperature
of the matrix T,,,, absolute humidity of the air I, absolute humidity of the matrix W,,,, moisture
content of desiccant y,4, but there are only four equations. The variables cannot be solved with
insufficient equations. Hence, we introduce one more equation: the adsorption isotherm of the

desiccant.

4.2 Constants and Input Parameters

To solve the implicit FDM, a matrix method operation was utilized. The constants of each
term in the governing equations were fitted into a matrix and form the operators for the matrix
method. Some constants need to be determined before developing the program of the mathematical
model of energy recovery wheels and desiccant wheels. Several important constants from
thermodynamics and fluid dynamics must first be evaluated before the program development. The

constants include the following: Reynolds number, Peclet number, Nusselt number, Lewis number,
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Biot number, and Fourier number. In addition, other important parameters like the hydraulic
diameter of an energy recovery wheel flute and the control volume used for the mathematical
model are also illustrated.

4.2.1 Reynolds Number

Re = — (6)

The typical range of Reynolds number for airflow in the flute of an energy recovery wheel
or a desiccant wheel is about 500 to 600, which indicates that the air will ultimately develop into

laminar flow in a wheel flute.

4.2.2 Thermal Diffusivity of Air

o (7)
a’ =
PygCpg

Peclet number can evaluate whether the flow in an energy recovery wheel or desiccant
wheel is in the flow domain or the diffusion domain. To calculate the Peclet number, the thermal

diffusivity of the air needs to be computed first.
4.2.3 Prandtl Number

pr== 8
r=- (8)

Once the thermal diffusivity of the air is identified, the Prandtl number can be calculated.

Then, the Prandtl number can be used for determining the Peclet number.

35



4.2.4 Peclet Number

Pe = Re: Pr 9

Typically, the range of Peclet numbers is from 400 to 480 for airflow in the flute of an
energy recovery wheel or a desiccant wheel. Since the Peclet number is significantly larger than 1,
the thermodynamic and physical behaviors in energy recovery wheels or desiccant wheels are
dominated by flow considerations and show that neglecting heat and mass conduction and

diffusion in the axial direction is a reasonable assumption.

4.25 Nusselt Number

The local Nusselt number data of isosceles triangular ducts for various vertex angles are
stated in the paper by Lakshminarayanan [40]. The data includes local Nusselt numbers of
isosceles triangles for vertex angles ranging from 5 degrees to 170 degrees. Once the hydraulic
diameter of the energy recovery wheel flute is obtained it is then converted to an isosceles
triangular shape with the same hydraulic diameter. The vertex angles (2) of the isosceles triangle
shown in Fig. 3 can be determined and the local Nusselt number calculated by interpolation using
the information in the paper by Lakshminarayanan [40].

In the work of Lakshminarayanan [40], local Nusselt numbers along the entire length of
the duct are presented. Hence, a function of the local Nusselt number developing along the duct
can be established by curve-fitting the available data. The Nusselt number as a function of duct

depth (Xquct aepen) 1S represented by (10):

fru (xduct depth) = a4 Xguct depthb (10)

For purposes of the study conducted and reported in this paper, the Nusselt number for the
target wheel at the entrance is Nu=109.7, and the local Nusselt number is calculated based on the
above function. The local Nusselt number function for the target wheel is implemented into an

FDM model to compute local convective heat transfer coefficients.
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Fig. 3 The cross-sectional area of an isosceles triangular duct [40]

4.2.6 Lewis Number

_h
Cpghm

Le (11)

After the convective heat transfer coefficient is determined, the convective mass transfer
coefficient can be calculated via the Lewis number, which is typically assumed as unity. A
significant majority of the papers mentioned in the literature review also assume a Lewis number
of 1.0, including Zhai [7], Antonellis [26], Chung [45], Narayanan [42], Yadav [46], and Nia [48].
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427 Biot Number

h
ka
] h
Bi,, = D—’:csd (13)

The typical thickness of the desiccant layer in energy recovery wheels or desiccant wheels
ranges from 25 to 65 microns, hence, the Biot number is much smaller than 0.1. Thus, the
temperature and humidity ratio of the matrix (thin air layer on top of the desiccant, and the

desiccant can be assumed as identical).

4.2.8 Hydraulic Diameter

The flute of energy recovery wheels or desiccant wheels is a sinewave shaped honeycomb
structure as shown in the photograph of Fig. 4, which is a scaling plot that shows a comparison
between the flute and a pure sine wave function. The bottom of the flute is twice as long as its

height. The following sine wave function of the width of a flute (xf,¢.) is used to describe the

flute geometry.

FCopuce) = 25in(—L12m) (14)
Finally, the hydraulic diameter can be calculated as:
4Afpure 4f ZSm( ﬂute)dx
dy = = (15)

Priute J- \/—COSZ flute) + 1dx
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Fig. 4 Flute of a wheel and its estimated sine wave function

4.3 Control Volume

A single flute is selected to perform the analysis. The boundary of the control volume is
from the center of the substrate. The control volume includes the substrate, desiccant, and air tunnel,
then it develops from the inlet to the outlet of an energy recovery wheel or a desiccant wheel, as

shown in Fig. 5.
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Control volume

Desiccant ; / /

Substrate

Air flute

Fig. 5 The control volume of a wheel

4.4 Finite Difference Method

The absolute humidity of the desiccant is dependent on other variables. To simplify the

calculation, the absolute humidity of the desiccant would be the last term to compute after all other

variables are obtained from the FDM.

For the space domain, a second-order approximation is chosen for application in the FDM.

Compared with first-order approximations, the second-order has higher accuracy in predicting the

results. The higher order FDM approximations take significantly more computational time.

Second-order approximation exhibits a good balance between accuracy and efficiency, so it is

selected for use in this research. For the time domain, a first-order approximation is used in the
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FDM. For space FDM analysis, forward difference representation is utilized in the beginning two
segments; a backward difference representation is utilized in the last two segments; and a central
difference representation is utilized for the rest. Typically, a first-order approximation for the time
domain delivers relatively accurate predictions while performing heat and mass transfer analysis.
Hence, for computational efficiency, forward difference representation and a marching method are
applied in the time domain FDM analysis. The FDM approximation form of the governing

equations are stated as follow:

4.4.1 FDM of Air Stream Energy Balance

oT, h
g
= —Ty) — u— 16

The Second-order forward space, first-order backward time FDM approximations for the first two

nodes in space (space Xj, j=0, 1).

4u —u
+ng(Xj+1, n+1) +IT (xj+2, n+1)
1

(17)

The second-order central space, first-order backward time FDM approximations for the nodes in

the middle (space x;, j=2 to J-2).

u —8u
mT( —2 n+1) + 12A — 1 ( -1 n+1) + ( n+1)

8u
12A rEywd (xj+1! n+1) 5 12Ax T (x]+2' n+1) (18)
1 —h
(5 * Dupyry ) 90 ) ¥ By, T )
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The second-order backward space, first-order backward time FDM approximations for the last two

nodes (space Xj, j=J-1, J).

u —4u 1 3u
Ay Lo (%2 tass) + A Lo (-1 tnss) + [E + m] To (%, tns1) )

Y T,(x, tn) + i T (%), )
- At thngg g\t thgcpg m e b

4.4.2 FDM of Matrix Energy Balance

The governing equation of the matrix temperature is a second-order differential function.
If second-order difference representations are applied, the equations would become very complex,
and reduce the calculation efficiency. Thus, a first-order difference representation for space FDM

analysis is selected for the governing equation of the matrix temperature to maintain calculation

speed.

0T _ ksup aZT;n N himAHqqs W, — )
ot Psub Cpsub ox Psup 5sub Cpsub + pd6d de (20)
(Tg - Tm)

+
Psub 6sub Cpsub + Pa 5d de

The second-order forward space, first-order backward time finite difference approximations for

the first two nodes in space (space X;j, j=0, 1).
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1 _ksub stub
J— R S — ) t L s t
[At + psﬁbcpsubez] m(XJ n+1) + o Cpoy A2 m(x]+1 n+1)
~‘sub
—T . ) t
+psubCpsube2 m (%12, tns1)
5t ptrs T )
= —_— x,’
At PsubOsubCPsub + PadalPa m\~p 1)
+ T, (x;t
psubé‘subcpsgllzl‘k Pa0aCpa m( J n)
+ m ads Wo(xi,t
PsubOsubCPsub + PabdaCPa g( J n)

- mAHads

+
Psub 6sub Cpsub + Pa 5d de

Wi (x]- ) tn)

The second-order central space, first-order backward time finite difference approximations for the

nodes in the middle (space x;, j=2 to J-2).

2 ksub
Psub Cpsub Ax 2

_ksub
Psub Cpsub Ax z

“Rsub

4
Psub Cpsub Ax z

1
Tm(xj—lr tn+1) + [ + A_t] Tm(xj' tn+1)

Tm(xj+1ftn+1)

1 h

=|—+ ]T X, t
[At psub(ssubcpsub +pd6dcpd m( ! n)

Cpa Ty (x]" tn)

W:q(xj' tn)

(22)

+
Psub Ssub Cpsub + Pa 6d
+ mAH ads
Psub 65ub Cpsub + Pa 6d de
+ _hmAH ads
Psub 65ub Cpsub + Pa 6d de

Wm(Xj,tn)

The second-order backward space, first-order backward time finite difference approximations for
the last two nodes (space ¥xj, j=J-1, J).
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_ksub stub

— =T (x;_5,t +—
psubcpsube2 m( J2 n+1) psubcpsube2

1 _ksub
>  |IT Lt
[At " Psub Cpsubez] m(x} n+1)

[+ —h [T 12)
= |— Xi,
At psub5subcpsub +pd6dcpd e (23)
+ T (x;t
psub6subcpsub + pdadcpd g( g n)

hmAHads
+ W, x;,t
psub6subcpsub + pdadcpd g( g n)

—h,,,AH ;46
+ ma W (x;t
psub6subcpsub + pdadcpd m( ! n)

Tm(xj—l' tn+1)

4.4.3 FDM of Air Stream Mass Balance

oW, h oW,
Wy _ _ha ) = e
At dupg (W = Wy) —u—5 (24)

The second-order forward space, first-order backward time finite difference approximations for

the first two nodes in space (space Xj, j=0, 1).

[ m]%(le tn+1) +m%(xj+1, tn+1) +m%(xj+2’tn+1)

—+
At1 —hml ( ) he ( ) (25)
=|—+—(W (x;,t,) + ——W_(x;,t

At dppg| TN dppy VT

The second-order central space, first-order backward time finite difference approximations for

the nodes in the middle (space x;, j=2 to J-2).
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—8u 1
12A8 —— W (X] 2 n+1) + 12A W, (x] 1’ n+1) + W (X], n+1)

12A —W ( i+1 Tl+1) + 12Ax W, ( j+2 tn+1) (26)
1 h,
=g+ lW(x], tn) + - v Wi (%, tn)

The second-order backward space, first-order backward time finite difference approximations for
the last two nodes (space ¥xj, j=J-1, J).

oAx W(x] 2 n+1)+ W(x] 1) n+1)+[At oAx ]W(xp n+1)

| W n)+ iy 1)

(27)

4.4.4 FDM of Matrix Mass Balance

The variation rate of moisture content in the matrix is dependent on the humidity ratio of
the air and the matrix. The general adsorption isotherm (29) is introduced to the matrix mass
balance governing equation (4) to replace the variation rate of moisture content in the desiccant by

the temperature and the humidity ratio of the matrix.

ayd_ ayd aTm,abs ayd an

9t Tmaps 0t W, Ot
_ayd a(p aTm,abs ayd a(p an

= 2
0@ 0Ty qps Ot dp oW, ot (28)
" (- w,)
5dpd

45



Ya @

= 29

Ymax Y —Cco +c ( )
Py

Q= 30

P, v,sat ( )

The partial pressure of the water vapor in the matrix can be represented as the absolute temperature
and the humidity ratio of the matrix based on the ideal gas law.

R 8.314
B, =py ETm,abs = meg m’rm,abs = 4'61-89V|/vmpgTm,abs (31)

The saturated vapor pressure at a specific temperature can be determined by the Clausius-
Clapeyron relation (32), and take the water boiling point at the standard atmospheric pressure as
P1.

n()-t(t -2

40660/ 1 1
PZ = 101325 X e 8314 (Tz 373.15) (33)
40660/ 1 1 ) _4890.55
Pysar = 101325 x & 8314 \Tmabs 373T5) — 4,98 x 1010¢  Tmabs (34)
P, 461.89W,,0, T ap _ 489053
p=-——= - 41;19%.555 = 9.28 X 107 Wnpg Tim,apse "m™abs (35)

Pv,sat

4.98 x 1010¢ Tmabs
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(p —cp +c)?
— Cymax
(p —cp +c)?
X Wm(x]', tn)
(

{ CVmax

c
+4 VYmax

9.

(p —cop +c)?
L

X Tm,abs (xj' tn)
‘

c
+4 VYmax

(p —cop +c)?

\

4890.55

T (x:t) 1
28 X 10Ty, aps () tn)pgeTm'abS(xJ'tn)] E} Win (%), tns1)

) i . o
At b4pq

4890.55

9.28 X 10Ty aps (%), t ) pgeTmabs(¥itn)
[ __ 489055
9.28 X 10_9Wm(xj: tn)pgeTm,abs(xj,tn)
4890.55

454‘ X 10_5Wm (x], tn)pgeTm.abs(xj,tn)
Tm,abs (xj, tn)

[ __4890.55 _
9.28 X 10_9Wm(xj: tn)pgeTm,abs(xj,tn)
4890.55
4.54 x 10_5Wm(xj, tn)pgeTm,abs(xj,tn)

Tm,abs (xj' tn)

X Tm,abs (xj' tn+1)

hin

+
8apa

Wy (%, tn)

45 Solution Method

At
(36)

At

An implicit FDM is selected for solving the differential equations that model the

and mass transfer analysis.

performance of an energy recovery wheel or a desiccant wheel in this research. The primary reason

for using an implicit method is that it is more stable, and more inclined to converge for the heat

There are five unknown variables, which include the air temperature T,, the matrix

temperature T,,, absolute humidity of the air IW};, absolute humidity of the matrix W;,, and the

moisture loading of the desiccant y,; however, there are only four equations. Therefore, one

additional equation is introduced to close the problem formulation. Eq. 4.4-14 is the adsorption

isotherm of the desiccant.

As observed, the absolute humidity of the desiccant is dependent on other variables. To

simplify the calculation, the absolute humidity of the desiccant is the last term to be computed

after all other variables are obtained from the FDM.
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To discretize the space domain, a second-order approximation is chosen in the FDM. As
compared with a first-order approximation, a second order is less sensitive to grid size and more
likely to converge even with coarse grid size. A second-order approximation exhibits a good
balance between accuracy and computational efficiency, so it is selected for use in this research.
For the time domain, a first-order approximation is used in the FDM. For space FDM analysis, a
forward difference representation is utilized in the beginning segments; a backward difference
representation is utilized in the final segments; a central difference representation is utilized for

the remaining segments. Generally, a first-order approximation is sufficient for the time domain.

4.6 Simulation Setup

In numerical analysis, relaxation methods are commonly utilized to aid in the stability
and/or speed of the solution process. The under-relaxation method takes a portion of the step
change between the last iteration and the current iteration to dampen the simulation. This can
reduce step oscillations and help the solution to converge more reliably. An under-relaxation factor
of 0.9 has been found useful in the current research to aid in convergence without significantly

impacting simulation speed.

4.7 Simulation Results and Validation
4.7.1 Energy Recovery Wheel Simulation Results and Validation

Energy recovery wheel test data have been obtained from two separate laboratories whose
test facilities are both constructed according to the AHRI 1060 [6] standard. At one laboratory, the
temperature sensors have +0.75% of error; the relative humidity sensors have +3% of error; the
airflow rate sensors have 2% of error. The uncertainty percentage of sensible measurements is
3%; the uncertainty percentage of latent measurements is 6%; the uncertainty percentage of airflow
rate measurements is 4%. At the other laboratory, the uncertainty percentage of sensible
measurements ranges from 0.43% to 0.73%; the uncertainty percentage of latent measurements
ranges from 1.33% to 1.53%; the uncertainty percentage of airflow rate measurements ranges from
0.23% to 0.42%.

Measurement uncertainty in an experimental apparatus can propagate in some test cases to

cause unrealistic performance values of experimental data. The enthalpy of the inlet air and the
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enthalpy of the outlet air of an ERV should be equal in theory, so an energy balance calculation
was conducted on the available experimental data prior to model validation to ensure that low-
quality data points are not influencing the study. Most of the data points used for validation were
found to have an acceptable energy balance. However, those data points with an enthalpy
difference between inlet air and outlet air larger than 5% of the total enthalpy of inlet air to the
total enthalpy of the outlet air are marked as orange in Fig. 6 and Fig. 7, which show temperature
and humidity parity plots between model-predicted values and the experimental measurements. It
is noticeable that the drift between simulation results and testing data is larger when the enthalpy
difference between inlet air and outlet air is larger. Typically, the airflow rate of the supply air
stream and the airflow rate of the return air stream are equal or only slightly different (within 10%),
so the impact from pressure differential between the two streams is insignificant. Thus, the effect
of pressure differential is neglected in the FDM model since this circumstance is not typical in an
energy recovery wheel application. However, some of the available test data were conducted with
high airflow rate differences for other research purposes. Those data points with high airflow rate
differences are marked as orange in Fig. 6 and Fig. 7. With exception of the above two conditions
that were discussed, the simulation results correspond with the experimental test data to within
+10%; indicating that the energy recovery wheel model can deliver reasonable results that agree
with actual performance.

Fig. 6 is a parity plot drawn to visualize the accuracy of the output temperature results
between the simulations and the experimental data. The x-axis represents the temperature
difference between the outdoor air temperature and the supply air temperature from the

experimental data, while the y-axis represents the corresponding simulation results.
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Fig. 6 Inlet and outlet air temperature difference of experimental data against FDM simulation
result

Fig. 7 is a parity plot drawn to visualize the accuracy of the output absolute humidity
between the simulations and the experimental data. The x-axis represents the absolute humidity of
the supply air leaving the energy recovery wheel from the experimental data, while the y-axis

represents the corresponding simulation results.
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Fig. 7 Air humidity ratio of experimental data against FDM simulation result

A Nusselt number correction factor has been implemented in the code to adjust the
convective heat transfer coefficient to improve the solution accuracy. A correction factor of 0.9
has been found to give satisfactory results across all of the simulations used in this research.

After the model was validated, a grid independence study was conducted. In theory, the
simulation results should converge to similar results under the same input conditions with different
grid sizes. A grid independence study was conducted on the FDM to ensure that the grid size is
not influencing the simulation result. Hence, several simulations were performed using different
time and space grid sizes with different inlet air temperatures to see whether the results converge
to the same value. Table 2 shows the inputs for the grid independence study, while Fig. 8, Fig. 9,
and Fig. 10 present the results under the same boundary conditions with different grid sizes (space

segment quantity x=10, 20, 30, and x-axis is time segment quantity). The simulation results start
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to converge at 8 time segments; therefore, the mathematical model and simulation program are

established correctly so the results are independent of space and time grid size.

Table 2 Grid independence study boundary conditions

Input parameters Input value

Wheel Diameter (m) 1

Wheel Depth (m) 0.2
Outdoor Airflow Rate (CFM) 3000
Return Airflow Rate (CFM) 3000
Time Traveling through Wheel (s) 0.053
Outdoor Air Temperature (°C) 30-40

Return Air Temperature (°C) 25
Outdoor Air Humidity Ratio (kg/kg) 0.018
Return Air Humidity Ratio (kg/kg) 0.009

Wheel Rotation Speed (RPM) 20
Hydraulic Diameter (m) 0.002

52



351
—&— 10 space segment
20 space segment
Q 30 space segment
\
325
SN
.
\\
' o
&) E——
L
< 30f
v
=0
=
2751
25 . . . . . . )
0 5 10 13 20 25 30 335
Number of time segment (-)

Fig. 8 Tsa with different space and time segment while Toa = 40°C

351
—&— 10 space segment
20 space segment
30 space segment
32.5
@
\
\
— \'.
> \
g N
:< 30 L \."\-.\ -
S o
= -~
2751
25 . L . . . . )
0 5 10 15 20 25 30 35

Number of time segment (-)

Fig. 9 Ty, sa with different space and time segment while Ty, oa = 35°C

53



5r

—&— 10 space segment
20 space segment
30 space segment

2751

1] 5 10 15 20 25 30 35
Number of time segment (-)
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4.7.2 Desiccant Wheel Simulation Results and Validation

The FDM model was validated and shown that it is accurate in energy recovery wheel
applications, then the model was extended to the desiccant wheel performance prediction. The data
sets utilized to valid the FDM model are generated by a selection tool from desiccant wheel
Manufacturer B. The selection tool is constructed, trained, and validated using experimental data
that is collected from a laboratory compliant with the AHRI 1060 standard [6]. The uncertainty of
sensible energy measurements is specified to be lower than 0.73%; the uncertainty of latent
measurements is specified to be lower than 1.53%; the uncertainty of airflow measurements is
specified to be lower than 0.42%. The data sets are generated according to the following wheel
dimensions and operating conditions: eight different sizes of wheels (four diameter sizes: 370mm,
545mm, 1090mm, 1530mm; two wheel depth sizes: 200mm, 400mm) are selected to generate data;
six cities (Seattle, WA, Flagstaff, AZ, Phoenix, AZ, Columbus, OH, Jacksonville, FL, New York,
NY) in a dry season and a humid season; two regeneration inlet air temperatures (93.3°C and
140.6°C).
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Fig. 11 and Fig. 12, parity plots, visualize the accuracy of the supply air temperature and
humidity ratio between the prediction of the FDM model and the data set generated by the selection
tool from desiccant wheel manufacturer B. The x-axis of Fig. 11 shows the temperature difference
between the outdoor air entering and leaving the wheel from the selection tool data sets; Fig. 12
represents the humidity ratio difference. The y-axes in Fig. 11 and Fig. 12 exhibit the
corresponding predictions of temperature difference and humidity ratio difference from the FDM
model. A Nusselt number correction factor of 0.8 has been employed to tune the convective heat
transfer coefficient in order to refine the accuracy of the FDM model. The FDM predictions agree
with the selection tool data to within £10%; indicating that the desiccant wheel FDM model

delivers reasonable predictions against the actual wheel performance.
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Fig. 11 Air temperature difference between the selection tool data and the FDM prediction
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Fig. 12 Air humidity ratio difference between the selection tool data and the FDM prediction

4.7.3 Fourier Number

alt

e (37)

Fo =

Typically, the Fourier number is set to be smaller than 0.45 in FDMs, which means that
the characteristic time should be less than 0.066 seconds in this case to ensure the stability of the
solution. Hence, the simulation time should be segmented into more than two grids to satisfy the
typical setting of the Fourier number. In the previous simulations, the time domain is segmented

by 15 and the space domain is 25, which satisfies the Fourier number stability requirement.
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5. ENERGY RECOVERY WHEEL MAPPING METHOD
DEVELOPMENT

This chapter has been extracted and published in the International Journal of Refrigeration
in October 2020 by Hung and Horton. The publication is attached in the Appendix - Publication.

Many studies discussed in the literature review section are devoted to establishing FDM
models to predict the performance of a selected energy recovery wheel geometry. Nonetheless, if
a study targets another energy recovery wheel that has a different physical dimension (e.g.,
diameter or depth), or runs at different operating settings (e.g., wheel rotation speed or airflow
rate), the models need to be recalculated. For parametric studies on energy recovery wheels with
different geometries or operating settings, the work of training and validating the models for all of
the wheels will consume a tremendous amount of time. Taking the FDM model developed in this
study as an example, it takes around 3 minutes to generate a result for one condition of energy
recovery wheel operation with the FDM model. If a study is conducted on an annual basis using
hourly load and weather data, it will take more than four hundred hours to generate the full set of
results. Furthermore, if two or three different wheel configurations are to be compared the
simulation time will grow considerably. This characteristic of FDM models is disadvantageous for
conducting parametric or optimization studies. If another approach can accurately and quickly
predict the performance of energy recovery wheels with different geometries or operating
conditions, it will be beneficial for academic studies and research and development activities in
the industry. For industry, the solution can offer a more economical design; for academia, the
solution can provide an easy approach for studies on different HVAC systems that employ energy
recovery wheels. Hence, it is necessary to develop a more efficient method for conducting

parametric studies or optimization research on different energy recovery wheels.

5.1 Buckingham’s Pi Theorem

In this research, a mapping method introduces simple empirical relationships to predict
complicated physical phenomena occurring in an energy recovery wheel. The physical processes

in an energy recovery wheel involve complex phenomena of heat and mass transfer, so using FDM
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to simulate energy recovery wheel operation is complicated and time-consuming. Hence, it will be
more efficient if an empirical relationship can be developed to predict the performance of an
energy recovery wheel. Currently, the appropriate terms and dimensions for a mapping method to
analyze the performance of an energy recovery wheel are unknown. Buckingham’s pi theorem is
potentially a useful tool to identify dimensionless terms of an unknown equation. Hence, this
approach was first selected to develop a general solution for energy recovery wheel performance
prediction. The main purpose is to establish a solution for predicting supply air temperature and
absolute humidity from an energy recovery wheel. The equations (38) & (39) that result from
implementing Buckingham’s pi theorem are shown as follows, and the validation results are given
in Fig. 11; however, the validation of this approach was not successful. As Fig. 11 illustrates,
Buckingham’s pi theorem was not capable of accurately representing the performance over a wide
range of operating conditions and wheel geometries, but there is a pattern showing a general
relationship exists between the FDM simulation results and Buckingham’s pi predictions.
Therefore, the terms and dimensions from Buckingham’s pi theorem may be useful in the further
development of a mapping method.

T,

g9,SA
Tgra / PgCPg RPM . dy  Upatrpm.,,. Mratrewm (38)
=korg,0A(Tj0A)k1( e A G Al G I G b
Wg,SA
i (39)
pgtrPM_, d) Upalrpm Uratrpm
= Wy 0a)"? (W ) s (— 22y (Sl (MO R ey (URATRP My,
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Fig. 13 Buckingham’s pi prediction and FDM outcome

5.2 Energy Recovery Wheel Mapping Method Development

In AHRI 1060 “Performance Rating of Air-to-Air Exchangers for Energy Recovery
Ventilation Equipment” [6], (38) representing the efficiency of an energy recovery wheel is stated
as follows, with the return air stream flow rate is assumed always equal or smaller than the outdoor
air stream flow rate. This equation will be used as a preliminary form to establish the mapping
method.

_ coa(Xoa — Xsa)
cra(Xoa — Xra)

(40)
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X=Tgong

c = Cpgmy

In AHRI 1060, c represents the capacity rate for the airstreams. Thus, the efficiency
equation in AHRI 1060 can be written as (41) and (42).

AHRI 1060 efficiency equation of supply air temperature:

MpaCpy
T =T —e,——— (T —-T
g.SA g.04A — &g MoaCPq (Ty,04 g,RA) (41)

AHRI 1060 efficiency equation of supply air humidity ratio:

mRAAH ads

Wysa =Wy0a — &w Y (Wg,OA - Wg,RA) (42)

The form of the efficiency equations is similar to the air temperature and humidity
governing equations as shown in the following relationships. Hence, the efficiency factor should

be similar to the red colored terms in the governing equations.

Energy balance governing equation of the airstream:

o,  h aT,
at  dup,Cp, (T = Tg) = “ox (43)

Mass balance governing equation of the airstream:

oW, h oW,
Wy _ _ha AL/
ot dup, (W = W) —u (44)

Before finalizing the form of the mapping method, wheel rotation speed and wheel depth
should be included also. While developing an energy recovery wheel, it is common to change the
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wheel rotational speed and the wheel depth to design a product that fits the application
requirements; therefore, these two variables are also included. Additionally, the hydraulic diameter
of the flutes affects convective heat and mass transfer coefficients, so these coefficients will be
represented in the mapping method by hydraulic diameter. Finally, observations from
Buckingham’s pi theorem show that the outdoor airflow rate should be considered in the efficiency
factor. If the energy wheel efficiency equation is combined in part with Buckingham’s pi theorem,
the AHRI 1060 efficiency equations (41) & (42), and the physical governing equations (43) & (44),
the following general equations (45) & (46) are obtained.

Supply air temperature:

h Uu
Tysa = Tg0a — ———f (trens) f (Uoa) F (L) —= (Ty0a — Ty ra) (45)
PyCpy Uoa
Supply air humidity ratio:
_ hm uRA
Wysa =Wg0a — p_f (trpm)f (Upa) f(L) Yo Wg,0a — Wy ra) (46)
g

The convective heat transfer coefficient can be calculated using the Nusselt number,
thermal conductivity, and characteristic length (hydraulic diameter), and expressed in the

following form. Then the Nusselt number can be expressed as an integral of the wheel depth.

Nu-k, 0591062

"= &

(47)

The functions relating wheel performance to rotational speed, f(tgpy), airflow rate,
f(upy4), and wheel depth, f(L), need to be developed. By running the energy recovery wheel FDM
model it is possible to isolate each variable and its effect on the performance results. Using this

approach, one input variable is changed at a time while all other inputs remain fixed. The trend of
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influence on the changing variable is observed and the results are used to identify the form of an
empirical function for that variable.

Fig. 12, Fig. 13, and Fig. 14 show the results of changing the different variables, including
traveling time of a flute in one airstream (which is a surrogate for rpm), outdoor air face velocity,
and wheel depth. By observing its pattern, a general function format can be developed. First, the
traveling time of a flute in one air stream is isolated. For easier observation, the traveling time of
a flute in one air stream is moved to the left-hand side of the equation, and the rest of the terms are
moved to the right-hand side. Then, the function was divided by the conditions at the maximum
traveling time. Thus, the traveling was isolated. Three trials were conducted. Non-isolated
variables (e.g. Tg, Wy, u, dn, etc.) were controlled as constant in each trial, and non-isolated
variables were different in each trial. This variable isolation process would be performed for
outdoor air face velocity and wheel depth also.

The effect of the traveling time of a flute in one airstream to the supply air temperature is
linear, and the regression R2-value is 0.8607, 0.9951, and 0.9671. The function of the traveling

time of a flute in one airstream is shown as (49).

f (trpm)
f (trpm)max
Tg04a — Tgsaupg, PgCbyg 1
_ Too0a—Tgratira h  fups) f(L)
(Ty0a — Tg,SA)max Upa PgCPy 1
(Tg,OA - Tg,RA)max ura h f(uga) f(L)
_ Ty0a—Tysa
B (Tg,OA - Tg,SA)max

(48)

f (trpm) = aitrpy + by (49)
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Fig. 14 Effect of the traveling time of a flute in one airstream on wheel performance

Next, the air face velocity is isolated. The effect of the air face velocity on the supply air

temperature is linear, and the regression R%-value is 0.9757, 0.9985, and 0.9925. The function of

the air face velocity is shown as (51).

f(uoa)
f (uOA)max
Tg,04 — Tgsa ugs PgCPyg 1

_ Tgoa—Tgraura h  f(tgpum) f(L)

o 50
(Tg,OA — Tg'SA)max Uopa PgCPyg 1 0
(Ty0a — Tg,RA)m o (RA h f(trem) f(L)

Tg,OA - Tg,SA

a (Tg,OA - Tg,SA)max
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f(uoa) = azups + b, (51)
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Fig. 15 Effect of the air face velocity on wheel performance

Last, the wheel depth is isolated. The effect of the wheel depth on the supply air
temperature is linear, and the regression R?-value is 0.9956, 0.9990, and 0.9914. The function of

the wheel depth is shown as the following (53):

64



f)

f (W) max
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(Tg,OA — Tg'SA)max Upa ngpg 1 ( )
(Tg,OA - Tg,RA)max Upa  h (upa) f(trpm)

_ Tg0a —Tysa
(Tg,OA - Tg,SA)max

f(L) = azePst + cze%st (53)
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Fig. 16 Effect of the wheel depth on wheel performance
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All the selected regressions have an indicated R? value that is high, so the relationships
capture the results well. Among the mapping method of air temperature and humidity ratio
prediction, the function of the wheel rotation speed, the function of airflow rate, and the function
of wheel depth are identical for the two prediction methods. This is because the heat and mass
transfer processes of an energy recovery wheel are linear processes on a psychrometric chart.
Hence, the form of the temperature and humidity ratio mapping methods share the same equation
format. Finally, the format of the mapping method for supply air temperature and supply air

humidity ratio can be identified as follow.

Supply air temperature:

Tg,SA =
0.59[,0'624

T S
9:04 dhpg Cpg

URa
X ——=(Ty,0a — Ty ,ra)
Upa

(aytrpy + b1)(azups + by)(aze?st + czedst) (54)

Supply air humidity ratio:

Wg,SA =
0.5910624
Wy.0a — —dhpg (aytrpy + b1)(azups + by)(aze?st + czedst) (55)
Uga
X —— Wg,0a — Wy ra)
Upy

This mapping method was developed based on the efficiency definition in AHRI 1060 and
the governing equations of energy recovery wheel heat and mass transfer. This characteristic leads
the mapping method to a semi-empirical approach. The ANN approach proposed by Jani [29]
requires 10 data points for training. This mapping method requires only 8 data points for training,
so the work of generating data points for training is further reduced. Solving for all of the unknown
constants simultaneously in the equations of the mapping method can be challenging; however, a
feasible approach is to determine the coefficients for the functions of each influence variable

separately. To achieve that, it is necessary to generate data points that only change one variable
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while fixing all other variables. For instance, if the function of the airflow rate is selected, boundary
conditions for the FDM simulation should be all the same other than the airflow rate. The effect
of the airflow rate can then be distinguished. Results of the FDM simulation eliminate the effect
of variables other than airflow rate, and the results can be used as training data points for the
mapping method. The same procedure will be repeated for determining constants of the wheel
rotation speed function, and the wheel depth function. The functions of wheel rotation speed and
airflow rate are linear. It is easier to solve these two functions first. Then the function of wheel
depth is more complex to solve. Thus, it is more feasible to solve this function by curve-fitting

after the functions of the airflow rate and wheel depth are first solved.

5.2.1 Operating Range and Training Data Selection

Next, the application range of the mapping method can be identified. Boundary conditions
of extreme cases are input into the FDM maodel, then the results of the mapping method with the
same boundary conditions are compared with the FDM simulation results. If the results agree with
each other, then the application range of the mapping method is valid. The application range of the

mapping method is listed in Table 3.

Table 3 Operating range of energy recovery wheel mapping method

Variables Value
Temperature (°C) -10 to 60
Humidity Ratio (kg/kg) 0.001 to 0.03
Airflow Face Velocity (m/s) 2-6
Rotation Speed (RPM) 15-60
Wheel Depth (m) 0.1-0.5

Before determining the constants of the mapping method, there is one characteristic that
needs to be clarified, which is the independence of the mapping method to the training data points.
Theoretically, even if the training data sets are different, they should lead to similar constants for

the mapping method and should not affect its typical prediction performance. Therefore, several
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different sets of training data points are applied to train the mapping method to evaluate its
applicability and robustness. There are a few notes on the data points that were used in the training
procedure: (1) The training data points can be randomly selected if only one variable is changing.
(2) The temperature prediction of the supply air was computed via the FDM simulation. The
predictions of the mapping method are compared with the FDM model simulation result. To
quantify the difference between the mapping method and the FDM simulation, mean square errors
of temperature differences between the two outputs were calculated.

As Table 4 study results for the effect of training data set to mapping prediction shows, the
mean square errors are small, so the mapping method and the FDM simulation agree with each
other. The error percentage is defined as the supply air temperature difference between the
mapping method and the FDM model over the temperature change across the wheel (from outdoor
air to the supply air). The error percentages are all smaller than 10%. Hence, with random training

data points, the mapping method still deliveries precise and accurate results.

Table 4 Effect of training data set selection to mapping method prediction

Equations coefficients MSE of Error
™o w2 e ow obeowoa Ced™ TR
1 -228 1093 -0.76 1117 0.16 -1.25 -0.62 -38.13 0.93 5.17%
2 -284 1153 -135 1365 0.15 -1.25 -0.60 -38.13 1.06 6.71%
3 -2.72 1153 -094 1191 015 -125 -0.60 -38.13 0.95 5.46%
4 -290 1160 -0.89 1192 015 -125 -0.60 -38.13 1.42 9.83%
5 -264 1147 -173 1389 0.17 -125 -0.68 -38.13 1.05 8.86%

5.3 Validation with FDM Energy Recovery Wheel Model

Since the energy recovery wheel FDM model has been validated, the mapping method can
be trained and validated using FDM simulation results. The boundary conditions that are utilized
in training and validation are the same as those used to validate the FDM model. The inputs are
based on laboratory test measurements, which is the same as the FDM model simulation, then the
predictions of the mapping method are compared with FDM model simulation results. The

mapping method results after training are shown as (56) & (57), then parity plots are shown in Fig.
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15 and Fig. 16. For supply air temperature and humidity validation, a total of 136 data points from
one independent laboratory and a total of 4 data points from another independent laboratory were
simulated using the FDM. 8 were selected for training the empirical equations, and the rest of the
data points are used for validation. Among those 8 data points, extreme conditions are selected
first, then the rest are randomly selected. To visualize the resulting difference between the mapping
method and the FDM, a parity plot for temperature and humidity is generated and shown as Group
1 and Group 2 in Fig. 15 and Fig. 16. As the figures show, the results of prediction from the
mapping method and the energy recovery wheel program (FDM) agree very well with each other,
and the mean absolute percentage errors (MAPE) are listed for each figure. In addition, a total of
20 data points generated by the selection tool from manufacturer B is utilized to validate the model
also. The temperature and humidity prediction is plotted as Group 3 in Fig. 15 and Fig. 16.

Temperature:

Tg,SA =

0_59L0.624
g,OA - —(_O'ZSZStRPM + 1.1584’) X

dhpgcpg (56)
(—0.2163up, + 2.644)(6.866e 126 — 27.42¢7384L)

URa
X (Tg,0a — Ty ,ra)
Upa

Absolute humidity:

Wg,SA =
0.5910-624
W, 04 — ——— (—0.2523tgpy + 1.1584) X
dhpg (57)
(—0.2163up, + 2.644)(6.866e 1261 — 27.427384L)
URa

X Wy,0a — Wy ra)
Upa
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5.3.1 Validation with Other Literature

Now the mapping method will be examined for it is universality. The data and boundary
conditions from De Antonellis [25][26] are utilized as another data source to validate the
usefulness of the empirical model, and Table 5 lists the range of the data points. There are a total
of 18 data points included in this paper. 8 data points are used for training, and 10 data points are
used for validation. A temperature difference parity plot (Fig. 17, Group 4), and humidity ratio
parity plot (Fig. 18, Group 4) are shown to compare the prediction differences. As observed, the
result from the mapping method agrees well with the data in the paper. The application of the
mapping method is not limited to one specific type of energy recovery wheel and operating

environment.

Table 5 Range of training data set selected from the literature

Input Parameters Input Value
Outdoor air temperature (°C) 20-35
Return air temperature (°C) 15-35
Outdoor air humidity ratio (kg/kg) 0.018
Return air humidity ratio (kg/kg) 0.009
Temperature:
Tg,SA =

0.5910624

9,04 ————(=0.02297tgpy + 0.889667) X

- dhpgcpg (58)
(—0.616ug, + 12.9072)(0.7745¢%-2691L — 0.588¢~2574L)
(0]

Ura
X ——(Ty0a — Ty ra)
Ups

70



Humidity:

Wysa =

0.59L0-624
dhpg
(—0.616779, + 12.9072)(0.7745€°2691L — 0.588¢~>574L)

URa
X —— Wg,0a — Wy ra)
Upy

g,0A — (_002297tRPM + 0889667) X

(59)
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Fig. 17 ATy, sa between FDM simulation and mapping method prediction, MAPE = 6.33%
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5.4 Conclusion of the Energy Recovery Wheel Mapping Method

In this stage, a mathematical model of energy recovery wheels to predict performance is
constructed. Additionally, a mapping method for performance estimation of energy recovery is
also established. The model and the mapping method both are applicable for the analysis and
optimization of an energy recovery wheel. Input boundary conditions include outdoor air
conditions, return air conditions, the geometry of an energy recovery wheel (diameter and depth
of the wheel), and operating conditions (wheel rotation speed), and the applicable range is defined.
This feature of flexible inputs makes the mathematical model and mapping method ideal for
commercial usage (e.g., selection tool), and for academic research (e.g., optimization analysis).

The validation is carried out using experimental results as well as data published in other

papers. The experimental data were collected from two different laboratories. The mathematical
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model and mapping method can be applied for at least two types of energy recovery wheels which
were studied in Zhai [7] and Antonellis [25][26].

The mapping method is more efficient in predicting the performance of wheel geometries
and operating conditions than other energy recovery wheel models developed in other papers. The
proposed mapping method for energy recovery wheel performance prediction contributes to the
establishment of a time-efficient and user-friendly tool for the design, analysis, and optimization

of an energy recovery wheel integrated HVAC system.
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6. DESICCANT WHEEL MAPPING METHOD DEVELOPMENT

A semi-empirical mapping method for the performance prediction of energy recovery
wheels was developed and validated in Chapter 5. The next objective is to develop a semi-
empirical mapping method for desiccant wheels. The mapping method proposed in Chapter 5 is
designed for predicting the performance of energy recovery wheels; nonetheless, desiccant wheels
share similar working principles and physical phenomena with energy recovery wheels. Hence,
the process of configuring the energy recovery wheel semi-empirical mapping method is
implemented to develop a semi-empirical mapping method for desiccant wheels. The new mapping
method is expected to exhibit the same benefits as the energy recovery wheel mapping method,
e.g., the method requires only a small number of data points to train, which significantly reduces
the time and the cost of experimental testing. The characteristics of the method can be beneficial
to the research and development activities of desiccant wheels.

6.1 Original Wheel Mapping Method Form Extension Study

The proposed semi-empirical mapping method for energy recovery wheels is designed for
predicting the outlet air temperature and humidity ratio in the supply stream. The mapping method
consists of the inlet air conditions of the supply stream and the regeneration stream, and the
characteristics of the target wheel including rotational speed, the air face velocities, and wheel
depth to estimate the performance of a wheel. The coefficients of the wheel characteristics need to
be trained separately, e.g., to obtain a1 and a2 in (54) the wheel rotational speed is the only variable
changed while fixing all other variables. The finite difference method (FDM) desiccant wheel
model developed previously was utilized in this section to generate the training data sets. After the
mapping method is trained and all coefficients are obtained, the mapping method was employed
to predict the performance of the desiccant wheel from manufacturer B. The predictions of the
mapping method against the FDM simulation results are based on the boundary conditions from
the selection tools.

As Fig. 21 and Fig. 22 show, the mapping method predictions do not agree with the FDM
simulation results very well. The outlet air temperature prediction in the supply stream delivered

a 20.7% mean absolute percentage error (MAPE), and the outlet air humidity ratio prediction
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exhibited constant over-predicted results. For the temperature prediction, the potential issue could
be that there is a missed variable in the semi-empirical mapping method. For the humidity
prediction, humidity ratio may not be a suitable variable to utilize in the mapping method. In
desiccant wheel applications, regeneration air would be heated up to decrease the relative humidity.
The humidity ratio of the regeneration air may be equal to or less than the outdoor air, and this
characteristic makes the humidity ratio unsuitable for desiccant wheel performance mapping.
Hence, the original form of the energy recovery wheel semi-empirical mapping method is not
completely suitable for the desiccant wheel performance prediction; hence, it is necessary to
investigate a new form of the semi-empirical method for desiccant wheels in order to utilize the

method for the performance prediction of desiccant wheels.
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6.2 Desiccant Wheel Mapping Method Development

The procedure of developing the semi-empirical mapping method of energy recovery
wheels is illustrated in Chapter 5.2. This procedure will be utilized to develop a semi-empirical
mapping method for desiccant wheels. The following elements form the semi-empirical mapping
method for an energy recovery wheel: a representation of the traveling time for a wheel rotating
through an airstream is a linear function; the representation of the air face velocity in the supply
stream is a linear function; the representation of the wheel depth is a second-order exponential
function; the regeneration air face velocity is represented by a ratio of the air face velocity in the
regeneration stream to the air face velocity in the supply stream. The first step for investigating
the new form of the semi-empirical mapping method is identifying the representation form of each

76




parameter (rotational speed, outdoor/regeneration air face velocity, wheel depth). With the
desiccant wheel FDM model developed in Chapter 4.7.2, it is possible to isolate each parameter
and its effect on the supply air condition. To observe the impact of each parameter on the prediction,
one input parameter is variated at a time, while all other inputs keep unchanged. The trend of
influence on the changing parameter can be detected, then used to formulate a function of the semi-
empirical mapping method for that parameter.

The relationship between the traveling time of a flute in one airstream and the supply air
temperature was identified to be linear for desiccant wheels. Three trials were conducted and each
of the trials delivered a high regression to a linear function (R%-values of 0.9983, 0.9990, and
0.9521) as shown in Fig. 21 that is drawn based on (60). A linear function was selected to build
the functional form between the traveling time of a flute in one airstream and the supply air

condition; hence, the function is represented as shown in (61).
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Fig. 21 Effect of the traveling time of a flute in one airstream on desiccant wheel performance
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f (trpm) __ Tg0a—Tgsa (60)
f(tRPM)max (Tg,OA - Tg,SA)max

f(trpm) = a1trpy + by (61)

Then, the air face velocity in the supply stream was isolated for the next investigation, and
the effect of the supply air face velocity on the supply air condition was plotted in Fig. 22 that is
plotted according to (62). In each trial, the relationship is substantially linear, with regression R?-
values of 0.9992, 0.9999, and 0.9996. Therefore, the form of the air face velocity function in the

supply stream was also decided to be a linear function as presented in (63).
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Fig. 22 Effect of the air face velocity in supply stream on desiccant wheel performance
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f(uoa) _ Tg0a —Tgsa
f(uOA)max (Tg,OA - Tg,SA)max

(62)

f(uoa) = azups + by (63)

Last, the wheel depth influence function was isolated Fig. 23, composed of (64), shows
that the influence of the wheel depth on the supply air condition is not linear in all trial cases. To
capture the relationship between wheel depth and wheel performance, different approaches
(polynomial, power, and exponential) were utilized to generate the most appropriate functional
form. A two term exponential regression provides the best approximation consistently, and R?-
values are 0.999, 0.9998, and 0.9999. Accordingly, this exponential form is used for representing
the wheel depth effect, shown as (65).
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Fig. 23 Effect of the wheel depth on desiccant wheel performance

f@)

Tg04 = Tgsa

f(L)max B (Tg,OA - Tg,SA)max

f(L) = azePst + c;e%st

(64)

(65)

Furthermore, the influence of air face velocity in the regeneration stream on the supply air

condition is investigated. The semi-empirical energy recovery wheel mapping method uses a ratio

of the air face velocity in the regeneration stream to the air face velocity in the supply stream to

include the regeneration airflow rate. Desiccant wheels typically operate at a significantly slower

rotational speed (< 0.5 RPM) compared to energy recovery wheels (20 RPM — 40 RPM); hence,
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the influence of the air face velocity in the regeneration stream could be more influential in the
desiccant wheel application. The isolation process was conducted to identify the functional form
according to (66), and the effect of the air face velocity in the regeneration stream on the supply
air condition, shown in Fig. 24, to be linear, with regression of 0.9999, 0.9999, and 0.9998.
Therefore, the functional form of the air face velocity in the regeneration stream was also selected

to be a linear function as (67) shown.
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Fig. 24 Effect of the air face velocity in regeneration stream on desiccant wheel performance

f (uga) _ Tg,OA - Tg,SA
f(uRA)max (Tg,OA - Tg,SA)max

(66)
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f(ura) = azugs + by (67)

In addition, the humidity ratio is utilized in the semi-empirical mapping method for energy
recovery wheels; however, the humidity ratio of the regeneration air may sometimes be equal to
or less than the outdoor air. The regeneration air would typically be heated up to provide a higher
moisture removal capacity; thus, the saturation vapor pressure of the regeneration air is increased,
and the relative humidity is decreased. This characteristic leads to the result that the humidity ratio
is not an ideal parameter to be utilized in the performance mapping of desiccant wheels. Another
representative form of humidity has been investigated including relative humidity, wet-bulb
temperature, and dew point temperature. Relative humidity shows a good capability to predict the
performance of desiccant wheels. Therefore, the forms of semi-empirical mapping method for
desiccant wheels are presented as (68) for supply air dry-bulb temperature and (69) for supply air

relative humidity.

Tysaout = Tgsain
0.59L% .
9g=rg

+ cse) (Tysain — Tyrain)

d)g,SA,out = ¢g,SA,in
0.59L™o

dhpg Cpg
+ 04ep4L)(¢g,SA,in - d)g,RA,in)

(Mytrpy + ny)(Myugy + ny)(Maugy + n3)(myue™t  (69)

6.2.1 Operating Range and Training Data Quantity

The typical application ranges for desiccant wheels are investigated and used as extreme
cases employed in this study. The extreme cases were set as the boundary conditions to the FDM

model and the mapping method, then the results from the two methods were compared against

82



each other. The application condition was considered valid, if the error is less than 10%. The

application range of the mapping method is stated in Table 6.

Table 6 Operating range of the desiccant wheel mapping method

Variables Value
SA Temperature (°C) 20to 50
RA Temperature (°C) 60 to 150
SA/RA Humidity Ratio (kgkg™®) 0.001 to 0.025
Airflow Face Velocity (ms™) 1.8t05
Rotation Speed (RPH) 41040
Wheel Depth (m) 0.2t01.0

The quantity of supplementary training data points is investigated. The data set that was
utilized in the development of the variables' characteristic functions is subsequently implemented
in this investigation. The data set covers a wide range of wheel geometries and operating conditions;
hence, it is suitable for this investigation. Excluding the boundary conditions (8 data points), 6 of
the supplementary training data points are randomly selected, and a set of coefficients for the
mapping method is generated. Then, the mean absolute percentage error (MAPE) between the
mapping method prediction and the data set is calculated. This procedure is repeated 1000 times
to evaluate the influence of the supplementary training data points. Figure 25 shows the occurring
frequency of MAPEs in the 0% to 10% error region. The pattern of MAPEs is similar to a normal
distribution, the mean of MAPEs is 4.28%, the standard deviation of MAPEs is 0.44%; hence, a

95% confidence interval would be observed to fall within 10%.
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Fig. 25 Frequency distribution of MAPE with different random training data points

6.3 Validation of the Desiccant Wheel Mapping Method

The mapping method was trained and validated by employing three separate sets of data to
examine the universality of this approach in the desiccant wheel application. The first data set is
generated from a selection tool provided by manufacturer B, including eight different sizes of
desiccant wheels. The second data set was collected from the published work of Enteria et al. [15],
who studied a desiccant wheel under a wide range of operating conditions. The third data set was
obtained from the published work of Kang and Lee [12], who conducted experimental testing on
two types of desiccant wheels to determine their performance.

Parity plots are drawn for the supply air temperature changes (shown as Fig. 26) and the

humidity ratio changes (shown as Fig. 27) to visualize the comparisons between the performance
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predictions of the mapping method and the values from the data sets. Even though the desiccant
wheel mapping method utilizes relative humidity for performance prediction, relative humidity is
not an ideal parameter to represent the humidity change across the desiccant wheel in the supply
airstream. Thus, the relative humidity prediction results generated by the mapping method were
converted to humidity ratio after the computation. The validation study for the desiccant wheels
from the selection tool consists of a total of 203 data points; a total of 60 data points from Enteria
et al. [15]; and a total of 43 data points from Kang and Lee [12]. For each data group, the training
data points are selected in two ways. The manually selected training data points consist of extreme
cases of supply/regeneration airstream face velocity, rotational speed, and depth (total of 8 points);
the extra training data points are selected randomly (total of 6 points). As Fig. 26 and Fig. 27
exhibit, the prediction results from the mapping method and the data sets agree with each other,
and the mean absolute prediction errors (MAPE) are 4.7% for supply air temperature changes and
0.1% for supply air humidity ratio changes. The desiccant wheel delivered significant moisture
removal, and the leaving air humidity ratio is typically low (under 0.005 kg/kg); hence, low MAPE
of the supply air humidity ratio changes is obtained. The coefficients of the mapping method for
each group of the data sets were obtained through an optimization process. As Chapter 5 mentioned,
the optimization approach that is used to train the coefficients could be trapped in a local minimum
when the initial guess values are far away from the true value. Therefore, identifying starting
values for the coefficients by isolating variables as suggested in the previous chapter is preferable.
Furthermore, unlike the semi-empirical mapping method for energy recovery wheels, the
coefficients set of the semi-empirical mapping method for desiccant wheels for the air temperature
prediction and the relative humidity prediction are not identical. The training process would
require to be conducted twice, once for air temperature prediction (68) and once for relative
humidity prediction (69).
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6.4 Conclusion of the Desiccant Wheel Mapping Method

A new form for a semi-empirical performance mapping method for desiccant wheels was
developed based on the approach implemented for energy recovery wheel mapping found in
Chapter 5 and validated based on different data sources in this section. Furthermore, a validated
finite difference numerical model for desiccant wheels was also implemented for developing the
semi-empirical mapping method. Different data sets are utilized to train and validate the mapping
method in order to examine its universality. One data set was generated by the selection tool from
manufacturer B, and the other two data sets are collected from published works of literature. Then,

the results of the semi-mapping method are validated against the data sets.
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The training data points selection and the applicable range of the mapping method are
defined. The study in this section extended the application of the semi-empirical performance
mapping method to desiccant wheels. Distinct characteristics of the desiccant wheel mapping
method are listed as follows: Firstly, the mapping method performs well in the trained range. The
boundary of the mapping method should be defined properly, since the mapping method becomes
ineffective once the application condition is outside the boundary condition. Secondly, once the
boundary conditions are defined, the supplementary random training data points are suggested to
improve the accuracy of the predictions. The desiccant wheel semi-empirical mapping method
delivers performance prediction with under 5% MAPE for leaving air temperature change and

humidity ratio change.
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7. ENERGY RECOVERY WHEEL CASE STUDY

7.1 Building Performance Simulation and Optimization Introduction

An energy recovery wheel is often combined with a conventional vapor compression air
conditioner and a heater to condition the supply air in a space to its setpoints. Building energy
performance simulation is frequently utilized to evaluate the performance of an HVAC design.
Thus, building performance simulation software is selected to construct a model that implements
the semi-empirical energy recovery wheel mapping method and conduct performance evaluations
and optimizations of the system.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a rapidly emerging
disease that has been spread globally since December 2019 [61]. After a series of disease-
controlling policies and actions, the Centers for Disease Control and Prevention (CDC) released
guidance for the reopening of office buildings for business [62] and building ventilation
recommendations [63]. Besides applying proper sanitizing method, CDC indicates that a “high
ventilation” rate is recommended for operating an occupied space; however, an absolute value of
ventilation rate is not specified. Furthermore, many existing commercial buildings were designed
according to ASHRAE 62.1 [3]. This standard only advises the air changes per hour rate (ACH)
of a small office building to be higher than around 0.5 ACH, which is considered as a low
ventilation rate. Therefore, a series of different ACH rates will be investigated in this case study.
Nonetheless, increasing outdoor ACH would result in higher energy consumption for air-
conditioning and heating. An energy recovery ventilator is ideal for the application of raising
outdoor air intake without tremendously increasing energy consumption on conditioning. Hence,
an energy recovery wheel integrated HVAC in a small office building will be studied in this section,
and this study will focus on the building energy performance with variant outdoor ACH.

TRNSYS is a transient simulation software package that has been commercialized and
available since 1975. It has continued to develop through an international collaboration between
the United States (Thermal Energy System Specialists and the University of Wisconsin-Solar
Energy Laboratory), France (Centre Scientifique et Technique du Béatiment), and Germany
(TRANSSOLAR Energietechnik). [4] TRNSYS not only maintains flexible energy simulation

characteristics, but also implements the addition of mathematical models, available add-on
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components, and the ability to communicate with other programs (e.g., MATLAB or Python).
TRNSYS has been used extensively in the heating, ventilation, and air-conditioning (HVAC) area,
conventional building energy management, and building energy performance prediction. The
philosophy behind TRNSYS is conducting a simulation of the design system by breaking it into
different components in an individual module. TRNSY'S provides open-source code to the public
so that users can customize components for their different simulation objectives, or users may
select applicable components for their purpose from the TRNSYS standard library such as
refrigeration systems, hydrogen systems, mechanical systems, and many others. Above all,
TRNSYS is an approved LEED simulation software package (LEED online v3) and ASHRAE
Standard 140 approved.

TRNSYS is well known for its flexible graphically based user platform and robust
computation ability for transient system simulations. The application includes predicting the
performance of thermal and electrical systems. TRNSYS consists of two parts: One part is an
engine (called the kernel) that reads the input variables, computes the system setup, and plots
results. The kernel also provides utilities that (among other things) determine thermophysical
properties of materials, invert matrices, perform linear regressions, and interpolate external data
files. The other is an extensive library of component modules, where each module represents one
part of the overall system. The library includes most typical HVAC elements (e.g., pumps, coils,
coolers, heaters, and fans). Modules are modifiable, so users can change existing components to
the target application or simply utilize the default setups. [4] TRNSYS can also import three-
dimensional geometrical building models. The simulation engine facilitates the programming with
user-adjustable components and an easy-using modifiable graphical interface. The standard model
accurately calculates and displays the energy usage and consumption between a building, climate,
and the surroundings. All the above features make TRNSY'S a powerful building energy simulation
software package. As a result, TRNSYS is an ideal tool for this simulation.

GenOpt is an optimization program developed by Lawrence Berkeley National Laboratory,
and it is designed for minimizing a target function. GenOpt is widely used to couple with building
energy performance simulation programs, e.g., TRNSYS, EnergyPlus, DOE-2, etc. GenOpt can
read the output files from external building energy performance simulation software and write
input files for external programs to read; hence, GenOpt can conduct optimization of a building

and its HVAC system by working with external building energy performance simulation software.
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GenOpt is a flexible optimization program, the optimization target variables can be continuous or
discrete; the upper bounds and the lower bounds of each variable can be defined individually;
several optimization algorithms are built-in and ready to be used, e.g., Hooke-Jeeves algorithm,
golden-section search, particle swarm optimization, etc.

TRNOPT is a TRNSYS module developed by Thermal Energy System Specialists (TESS)
in order to provide a user-friendly coupling tool between TRNSYS and GENOPT. TRNOPT
serves as an interface program between two programs and guides users step-by-step to establish
the optimization process. TRNOPT connects TRNSYS and GenOpt well, and delivers reliable

results; hence, it is selected to perform this case study.

7.2 Small Office Building Model Development

A building energy simulation model was constructed based on the small office reference
building developed and published by the United States Department of Energy (U.S. DOE) [64].
The small office is a one-story building with an attic; the area is 511 m? (28 m length x 18 m width);
the ceiling height is 3.05 m. The main entrance door (2.13 m height x 1.83 m length) is located
on the south wall. The dimension of the windows is 1.52 m height x 1.83 m width, and there are
six windows on the south/north wall and four windows on the east/west wall. The occupied
conditioned space is cut into five simulation zones, since multi-zone simulation is capable of
delivering a more accurate prediction for the building energy performance evaluation. The building
is divided into four zones on the perimeter and one zone in the center. The exterior walls are set
as the mass wall type, which has continuous insulation. The U-value of the exterior walls is 0.51
W/m?K; the U-value of the exterior roof is 0.316 W/m?K. These settings satisfy the requirements
listed in the U.S. DOE commercial reference building models code [64]. Since the building model
is constructed based on the reference building, and a standard building energy simulation software
(TRNSYY) is used, this approach delivers reliable results even without validation of the model.
Figure 28 (a) exhibits the layout of a typical conventional vapor-compression HVAC system in a
small office building that requires fresh outdoor air introduced to the occupied space, and (b) shows

the layout of an energy recovery wheel integrated HVAC system.
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Fig. 28 Schematic of (a) vapor-compression HVAC system (b) energy recovery wheel integrated
HVAC system
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The weather data utilized in the simulation is typical meteorological year 3 (TMY 3) data.
TMY is a weather file format that includes hourly data of solar and meteorological information for
one year, and the data sets are collected and compiled by the U.S. DOE. The first generation TMY
weather data sets were released in the 1980s, then they were updated in the 2000s and renamed
TMY3 [65]. TMY 3 weather data sets are widely used in building energy performance simulations
and evaluations for different HVAC system designs or different climates. Since office buildings
are typically open year-round, the study period is from January 1st 0:00 to December 31°% 23:59.
The occupancy schedule and internal load schedule are set to be the same as the schedule specified
in the DOE reference building.

The HVAC system is a constant air volume design and operates 24/7 annually. The airflow
rate is determined by the maximum sensible load of the space and the air change rate. In this study,
the cooling is provided by a single-speed air conditioner, and the cooling setpoint temperature is
23.89°C. TRNSYS built-in component library includes a single-speed air-conditioner (A/C) unit
(Type 921), that is utilized to simulate the cooling process. Then, the power consumption of the
AJ/C (Pac) is calculated proportionally according to the instant A/C power consumption output
from Type 921 (Po21), the sensible load of the space (Qsey), and sensible heat removal provided by
Type 921(Qgeno21)- The ratio function is shown as (70). The heating is supplied by an electric
heating coil, and the heating setpoint temperature is 20°C. Since the efficiency of the electric
heating coil is almost 100%, the energy input to the heating coil is assumed to be equal to the
heating sensible load of the space. The conventional vapor-compression HVAC system layout and
wheel-integrated HVAC system layout are shown in Fig. 28 (a) and (b) respectively. The main
duct air flow rate is calculated based on the maximum cooling demand of the space and a rule-of-
thumb: 680 m3/h per 3.5 kW (400 ft3/min per 1 refrigeration ton).

Qsen

Pac = Poz1 = (70)
Qsen 921

The fan power consumption, Pran [kJ/h], is calculated based on the air volumetric flow rate,
V [m3/s] air pressure drop, AP [pa], and fan efficiency, € [-]. The fan efficiency is assumed as 70%
in this study. The total pressure drop of the entire circulation is assumed to be 498 pa (2 in-Hz0).
The air pressure drop across the wheel, APwneel [pa], is calculated based on the work of De

Antonellis et al. [26]. In the equation, Fanning friction factor, f is determined by the Reynolds
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number. The Reynolds number, Re [-], is related to air density, air face velocity, wheel flute
hydraulic diameter, and dynamic viscosity of air. The Sutherland model (73) is utilized to calculate
the dynamic viscosity of air, p [kg/ms], and the reference dynamic viscosity of air is 1.78E kg/ms
at 288.13K (14.98°C).

3.5937VAP
an = (71)
L1,
APwheel = 4fD_h§pu
13 (72)
f= R—eD
u
Re = pulp
u
T 15 TI
H=H (T_) T+ 113 (73)

u =1.78E5 %9/ - @T' = 288.13K

The moisture balance is achieved by calculating the moisture removal rate provided by the
AJC shown as (74), then the moisture removal rate is fed to the space as a negative moisture gain.
Type 921 can output the humidity ratio of the leaving air (Ws21); the mix air humidity ratio (Wwma)
can be calculated from return air condition (Wra) and outdoor air condition (Woa) based on
outdoor ACH; hence, the moisture removal rate () can be obtained. The logic of the moisture

balance of the HVAC system and the conditioned zone is visualized as Fig. 29.

Mye = ma(Wout - Win)

= g (Woz1 — Wya) (74)
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Fig. 29 Moisture balance logic

The wheel-integrated HVAC system model includes a set of functions constructed in
TRNSYS to utilize the energy recovery wheel mapping method in order to predict the performance
of energy recovery wheels, and then the outcomes are fed to the building energy simulation
platform. The components include an input module that receives energy recovery configurations
(wheel depth, rotational speed, outdoor air face velocity, and exhaust air face velocity); a
computation module that consists of (54) for leaving air temperature prediction in the supply
stream and (55) for leaving air humidity ratio estimation in the supply stream. As Fig. 28 (b) shows,
the inlet air of the wheel in the supply airstream is from the ambient, which can be collected from
TMY3; the regeneration air is part of the return air from the conditioned zone, which can be
obtained from TRNSYS. The power consumption of the wheel motor is assumed to be 0.1864 kW
(0.25 HP). Last, the purge section is determined by the outdoor air face velocity and the wheel

rotational speed. The percentage of the wheel section is calculated based on (75).

_ L/uga

Percentagep,rge = (75)

trpm
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The price of energy recovery wheels is difficult to obtain, since limited information is
available in the public domain. Wheel manufacturers are protective of this sensitive information,
since the benefits of the companies may be hurt if the price information is leaked to their
competitors. Lewis [66] included the prices of a series of wheels in different dimensions from a
wheel manufacturer. Even though the price Lewis [66] presented is not obtained from the same
wheel manufacturer with the energy recovery wheel selected for this study, the information is
utilized in this study to approximate the wheel initial cost for the optimization study. The price
approximation is generated by interpolation and extrapolation of the prices in the work of Lewis
[66], and (76) is the price approximation function. The price is determined by the wheel diameter
and depth, and the calculation outcome represents the wheel price at the unit depth (1 mm). Once
the unit depth of the wheel is obtained by inputting the wheel diameter, the final wheel price can
be calculated by multiplying the wheel depth in mm. Hence, the price for different sizes of energy
recovery wheels can be approximated by this method. The utility rates of the study locations are
collected from the U.S. Energy Information Administration [67]. The average retail electricity
prices (cents/lkWh) of each state are listed on the website; hence, the utility rate of the studied
locations is selected based on their state. Table 7 shows the utility rate of the study cities and their

state.

priceynee = 19.464d? — 3.1162d + 6.9463 (76)

Table 7 Utility rate of the study locations

City State Utility Rate
Phoenix Arizona $0.1052
San Francisco  California $0.1689
Miami Florida $0.1044
West Lafayette Indiana $0.0991
Minneapolis Minnesota $0.1033
Houston Texas $0.0860
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7.3 Small Office Building Performance Simulation Results

After the small office building model was constructed in TRNSYS, an annual dynamic
building energy performance simulation was conducted under TMY 3 weather conditions of West
Lafayette, IN. Fig. 30 shows the monthly cooling sensible load and the monthly heating sensible
load (summary of five thermal zones) of the conditioned space that utilizes conventional vapor-
compression cooling and electric heating HVAC systems over a typical meteorological year.

An energy recovery wheel is integrated with the HVAC system of the small office building
based on the schematic shown in Fig. 28 (b). According to the wheel sizing guidelines from
Manufacturer A, a 0.25 m depth and 0.39 m diameter energy recovery wheel that operates at 20
RPM, and 3 m/s face velocity in the outdoor airstream is recommended for the application of the
small office building in West Lafayette, IN. The geometries and operating conditions of the
recommended wheel are input to the energy recovery wheel mapping method in TRNSY'S, and the
TRNSYS model delivers the performance simulation results. The bar plot of the monthly cooling
sensible load and the monthly heating sensible load of the wheel integrated HVAC system is
presented in Fig. 31.

Fig. 30 and Fig. 31 indicate that cooling sensible loads are observed during the summertime
(May to September), and the peak monthly cooling sensible load occurs in July. The heating
sensible loads appear for the rest of the year (October to April), and the peak monthly heating
sensible load is noticed in December. After applying the energy recovery wheel into the HVAC
system, both the cooling and heating sensible loads are reduced; however, the reduction of the
heating sensible load is more notable than the reduction of the cooling sensible load. The annual
cooling sensible load decreases 3.2% from the original conventional system, and the annual
heating sensible load decreases 21.6% from the original. The annual heating sensible load is
greater than the annual cooling sensible load, and the summer ambient conditions are relatively
mild; thus, West Lafayette is a heating-dominated climate, and the sensible load reduction during

summertime is less significant than the wintertime.
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Fig. 30 Monthly cooling/heating sensible load of a conventional HVAC system
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Fig. 31 Monthly cooling/heating sensible load of a wheel-integrated HVAC system

The air relative humidity of the conditioned zone is investigated to evaluate the impact of
an energy recovery wheel on indoor environmental comfort. Fig. 32 shows the indoor air relative
humidity of the conventional system case, and the wheel system case. The two cases share a similar
pattern, higher relative humidity during summer and lower relative humidity during winter.
Nonetheless, during the cooling season, the indoor relative humidity of the wheel system case is
lower than the conventional system. The energy recovery wheel removes a portion of the moisture
in the incoming outdoor air; hence, the relative humidity drops during the cooling season.
Oppositely, during the heating season, the indoor relative humidity of the wheel system case is
slightly higher than the conventional system. The energy recovery wheel harvests some moisture
in the exhaust airstream, and dumps it in the supply air stream, so the relative humidity increases
a little in the heating season. Therefore, the energy recovery wheel moderately improves indoor

environmental humidity and comfort.
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Fig. 32 Relative humidity of the conditioned zone

7.4  Energy Recovery Wheel Optimization Development
7.4.1 Energy Recovery Wheel Optimization Setups

As Chapter 7.1 mentioned, the Centers for Disease Control and Prevention (CDC) released
guidelines for reopening office buildings [62] and building ventilation recommendations [63];
however, CDC does not specify absolute values of ventilation rate. According to ASHRAE 62.1
[3], the air changes per hour rate (ACH) of a small office building should be at least 0.5 ACH. In
addition, the CDC specified 6 outdoor ACH for hospital buildings. Thus, different outdoor ACHs
are investigated in this study to identify the impact of different ACHs on the energy consumption
of the HVAC system; the outdoor ACHSs of the study cases are set to be 0.5, 1, 2, ..., 6 ACH.
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The operating ranges of target variables are listed in Table 3, the rotational speed ranges
from 15 RPM to 60 RPM; the air face velocity ranges from 2 m/s to 6 m/s; the wheel depth ranges
from 0.1 m to 0.5 m. In order to have the mapping method covering a wider applicable range of
the energy recovery wheel, more wheel geometries, and more operating conditions are generated
by finite difference method energy recovery wheel model based on Manufacturer A’s wheel design
and desiccant material. The outcomes are fed to the mapping method and used to train a new map
to extend the operating range. As the result, the lower bound of wheel depth is expanded to 0.025
m, and the upper bound is extended to 1 m. The target variables (rotational speed, outdoor air face
velocity, and wheel depth) are set to be continuous in the operating range of the energy recovery
wheel mapping method.

Several optimization algorithms are provided by GenOpt, Hooke-Jeeves algorithm, and
particle swarm optimization are selected to conduct the optimization in this study. However, an
issue occurred while particle swarm optimization was utilized. TRNSY'S and TRNBuild (building
module in TRNSYS) ran into errors while parallel simulation executing. According to a
clarification from the TESS specialist, it is the nature of TRNSYS and TRNBuild. TRNSY'S and
TRNBuild do not support parallel simulation well due to how they are programmed. Particle
swarm optimization uses multiple particles (different combinations of variable values)
simultaneously to compute, and this procedure requires parallel simulation. Thus, particle swarm
optimization may not be suitable in this situation; on the other hand, the Hooke-Jeeves algorithm
works smoothly with TRNSYS. Thus, it is selected for this case study instead of particle swarm

optimization.

7.4.2 Energy Recovery Wheel Initial Guess Value Study

Before initiating the optimization, the impact of the initial guess for each variable was
investigated. Three trials were conducted for each variable, and three initial guesses represent the
lower range, middle range, and higher range of the variables. The initial guesses of each variable
are listed in Table 8. Besides the study variable, other variables remain constant. For instance,
while the wheel depth is studied, three optimizations are conducted at the different initial guesses
of wheel depth (e.g., 0.3 m, 0.6 m, 0.9 m). Besides the wheel depth, other variables (rotational
speed and outdoor air face velocity) are set as constant across three trials. Thus, the influence of

the initial guess for the study variable can be identified. The optimization results of the nine trials
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converged to the same value. This phenomenon indicates that the initial guess of the target
variables has no impact on the final optimization result. The optimization would not be trapped at

a local minimum with the Hooke-Jeeves algorithm.

Table 8 Initial guess of energy recovery wheel target variables

Trial 1 2 3
Rotational Speed (RPM) 375 25 18.75
OA Face Velocity (m/s) 3 4 5

Wheel Depth (m) 0.3 0.6 0.9

7.4.3 Sensitivity Study of Energy Recovery Wheel Variables

The sensitivity study of each target variable was conducted to determine their influence on
the optimization results. Each target variable was cut into several segments, and the segment sizes
are listed in Table 8. Similar to the process of the study for initial guess, all other variables remain
constant besides the study variable. For instance, while the wheel rotational speed is investigated,
four rotational speeds (15, 30, 40, 60 RPM) were input and run an annual simulation individually
for a small office building in West Lafayette with 1 ACH via TRNSYS, while other variables
(outdoor air face velocity and wheel depth) stays unchanged. Hence, the influence of each target
variable can be observed. For each variable, the annual energy consumption (summary of air-
conditioning, heating, fan, wheel operating), and annual total cost (operating cost and averaged
wheel cost) are plotted to observe the influence of each variable.

Fig. 33 exhibits the sensitivity study of each target variable against the average temperature
difference across the wheel in the supply air stream over the whole study period; Fig. 34 presents
the sensitivity study of each variable against the total cost (average initial wheel cost and annual
operating cost). For Fig. 33 and Fig. 34, the target variable is traveling time (rotational speed) in
(a); the target variable is outdoor air face velocity in (b); the target variable is wheel depth in (c).
According to Fig. 33, and Fig. 34, rotational speed and outdoor air face velocity are less influential
on the wheel performance than wheel depth. In addition, the influence of rotational speed and
outdoor airstream face velocity on the wheel performance is linear; the influence of wheel depth

is second-order exponential. The patterns of the influences are the same as each variable’s
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relationship functions in the mapping method. Thus, the mapping method delivers a corresponding
influence on the wheel performance in the building energy performance simulation.

Fig. 33 (a) indicates that the temperature difference is higher while the traveling time is
shorter (higher rotational speed); this is because more enthalpy recovery is achieved when the
wheel rotates faster. Fig. 33 (b) exhibits that more temperature changes for slower outdoor air face
velocity due to more time for heat and mass transfer occurring between air and the desiccant. An
optimal wheel depth is noticed in Fig. 33 (c). This phenomenon is observed in the works of Uckan
et al. [11], De Antonellis et al. [25][26], and Yamaguchi & Saito [30].

Fig. 34 possesses the opposite behavior pattern comparing with the results in Fig. 33, due
to the fact that the operating cost is inversely proportional to the temperature change across the
wheel; more temperature change of the incoming outdoor air and less heating/cooling energy
would be required. Fig. 34 (a) illustrates that the operating cost is lower while the traveling time
is shorter (e.g., higher rotational speed). Fig. 34 (b) shows a lower operating cost with slower
outdoor air face velocity. An optimal wheel depth is seen also in Fig. 34 (c). Fig. 34 (a) and (b)
show a higher initial wheel cost for a faster rotational speed and slower outdoor air face velocity.
A faster rotational speed would lead to a larger purge section, then more outdoor air needs to be
introduced to meet the fresh air demand and results in a larger size wheel. A slower outdoor air
face velocity requires a larger wheel face area to achieve; thus, bigger wheel diameter is expected.

Different utility rates and wheel prices were analyzed comparing with the local utility rate
and the original wheel price, and the study segments are listed in Table 8. Table 9 shows the
optimal wheel geometries and operating conditions at different utility rates; Table 10 lists the
optimal wheel designs while the wheel initial price varies. According to Table 9, while the utility
rate grows, the optimal wheel depth increases in order to achieve more enthalpy exchange between
the supply airstream and the exhaust airstream; hence, the increasing cost of the energy
consumption can be compensated. On the other hand, Table 10 indicates that the optimal wheel
depth is inverse proportional to the wheel initial price. In the utility rate and wheel initial price
sensitivity study, rotational speed and outdoor airstream face velocity remain in a similar range

between all cases since these two variables are less influential than the wheel depth.
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Table 9 Input values of energy recovery wheel target variables for sensitivity study

Target Variable Segments
Rotational Speed (RPM) 15 30 40 60
OA Face Velocity (m/s) 2 3 4 5 6
Wheel Depth (m) 0.025 0.05 0.1 0.25 0.5 075 1
Utility Rate ($) 50% 75% 100% 125% 150%
Wheel Price ($) 10% 50% 100% 150% 200%
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Fig. 33 continued
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Fig. 34 continued
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Table 10 Energy recovery wheel optimal design at different utility rate

Utility Price 50%  75% 100% 125%  150%
Depth (m) 0.399 0440 0450 0464 0474
RPM 462 429 425 414 400

OA Face Velocity (m/s)  2.95 2.60 2.38 2.24 2.05

Table 11 Energy recovery wheel optimal design at different wheel price

Wheel Price 10% 50% 100% 150% 200%
Wheel Depth (m) 0540 0491 0450 0425 0.399
Rotational Speed (RPM)  47.1 40.0 42.5 44.0 46.2
OA Face Velocity (m/s) 2.00 2.00 2.38 2.69 2.95

7.5 Energy Recovery Wheel Optimization Results
7.5.1 Variant Air Change Rates Optimization

A small office building located in West Lafayette, IN is selected to perform the
optimization study. As the last section mentioned, outdoor ACHs of the cases are set to be 0.5, 1,
2, ..., 6 ACH; thus, the impact of ACH on the wheel selection can be identified. Table 11 exhibits
the optimal wheel geometries and operating conditions with different outdoor ACHSs. The optimal
wheel depth increases while ACH grows. Since higher ACH leads to more energy required to cool
or heat the incoming outdoor air, a wheel depth that is closer to the optimal depth provides more
enthalpy exchange to reduce energy consumption for air conditioning and heating. Rotational
speed and outdoor airstream face velocity remain in a similar range between all cases, because
wheel depth is more dominant on wheel performance. Low rotational speed contributes less
enthalpy exchange between two airstreams; however, higher rotational speed results in more purge
section required to eliminate carry-over, so more outdoor air is sent to the exhaust stream and
wasted. Thus, the optimal rotational speed is observed around the middle of the rotational speed
range (15 RPM to 60 RPM). Fast outdoor face velocity shortens the time of the air in a wheel flute,
so the heat and mass transfer between the air and desiccant are compromised. As the result, the
optimal outdoor air face velocity appears in the lower end of the range (between 2 m/s to 6 m/s).
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Oppositely, a lower face velocity means a larger wheel diameter is required; hence, the optimal
face velocity depends on the wheel initial price; thus, a different optimal speed can be observed
with different initial wheel prices. Finally, the last row of Table 11 lists the operating cost savings
between the conventional vapor-compression system and the wheel-integrated system. More cost
reduction is expected with higher ACH, since high ACH means more incoming outdoor air to

condition. Hence, applying an energy recovery wheel is more beneficial under high ACH

conditions.
Table 12 Optimal energy recovery wheel design at different ACHs
ACH 0.5 1 2 3 4 5 6
Wheel Depth (m) 0.417 0450 0.470 0.480 0.480 0.480 0.483
Rotational Speed (RPM) 444 425 414 407 407 407 429
OA Face Velocity (m/s) 2.28 2.38 2.46 2.44 2.46 2.49 2.50

Operating Cost Reduction (%) 17.4 28.8 41.6 48.5 52.8 55.7 57.8

7.5.2 Variant Climates Optimization

The next optimization study is to investigate the trend of optimal energy recovery wheel
designs in different climates. Four locations are chosen to conduct the study, and each of them
represents a typical climate zone in the U.S. The four locations are Miami, FL for hot and humid
climate; Phoenix, AZ for hot and dry climate; San Francisco, CA for mild climate; and
Minneapolis, MN for cold climate. As Table 11 indicates, the 7 optimal wheel configurations for
different values of ACH do not show significant variation from 2 to 6 ACH; hence, the
optimization study for these different locations will be performed only at 0.5, 2, 6 ACH to simplify
the simulation, and still represent the influence of different ACHs. The utility rate of each location
is based on the averaged state electricity rate collect from the U.S. EIA website [67].

Table 12 exhibits that optimal wheel geometries and operating conditions for four locations
under three ACHSs. The optimal wheel depth increases when the ACH increases in all locations.
The optimal rotational speed remains in the middle range other than for the lowest ACH in Miami,
FL. This may be caused by the energy and utility cost savings, which are not sufficient to
compensate for the price of a deeper wheel, and a cheaper approach is by increasing the rotational
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speed to harvest more energy; thus, the rotational speed is high in the 0.5 ACH Miami, FL case.
The optimal outdoor air face velocity stays in the low range among all cases. Thinner optimal
wheel depth is noticed in hot climates. In hot climates, the ambient temperature is closer to the
room setpoint temperature during the winter, and less heating is required; thus, the benefit of using
an energy recovery wheel becomes less. This phenomenon results in thinner wheels in hot climates.

Fig. 35 shows the indoor relative humidity of the vapor-compression conventional HVAC
system and wheel-integrated HVAC system for a small office building with 2 ACH in Miami, FL.
As the figure indicates, lower indoor relative humidity is observed in the wheel-integrated case
compared to the conventional system. Even though the energy recovery wheel may not be
advantageous from an energy-savings aspect, the indoor relative humidity decreases, and the
indoor comfort can be improved by applying an energy recovery wheel. In a mild climate, less
demand for heating and cooling is observed. However, a requirement for energy recovery wheels
is still noticed due to the high utility rate like San Francisco. In a cold climate, the requirement of
an energy recovery wheel is considerable. The energy recovery wheel pre-cools incoming outdoor
air during summer; furthermore, it can collect waste heat in the exhaust airstream during winter.
The heating energy requirement is reduced, then significant energy saving is achieved especially

for the HVAC system utilizing an electric heating coil.
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Table 13 Optimal energy recovery wheel design at different locations

Miami

Phoenix

ACH

Depth

(m)

Rotational Speed
(RPM)

OA Face Velocity

(m/s)

0.5 2 6

0.065  0.157  0.197

60 45.7 40

2.9 3.03 3.18

0.5 2 6

0.284 0.357 0.394

44.4 37.8 36.9

2.5 2.76 2.81

San Francisco

Minneapolis

ACH

Depth

(m)

Rotational Speed
(RPM)

OA Face Velocity

(m/s)

0.5 2 6

0.404 0455  0.463

40 43.6 37.5

2.13 2.3 2.25

0.5 2 6

0.445 0495  0.498

42.9 33.3 40

2.1 2.3 2.35
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Fig. 35 Relative humidity of conventional vs. wheel system
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7.6 Conclusion of Energy Recovery Wheel Case Study

The semi-empirical energy recovery wheel performance mapping method is utilized in
building performance simulations and optimizations. The mapping method is easy to implement;
communicates with building performance simulation software well; provides reasonable
predictions. The trends of optimal energy recovery wheel geometries and operating conditions are
identified based on the transient building performance simulation results. The energy recovery
wheel is beneficial while the ACH requirement is high; also, the wheel is more favorable in cold
climate zones and mild climate zones than in hot climate zones. Furthermore, the energy recovery
wheel integrated system provides better indoor comfort than the traditional conventional system.
Hence, the semi-empirical energy recovery wheel mapping method is an ideal tool for conducting

performance evaluations and optimizations of wheel-integrated HVAC systems.
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8. DESICCANT WHEEL CASE STUDY

8.1 Supermarket Introduction

In Chapter 7, a case study implemented with the semi-empirical energy recovery wheel
mapping method is investigated, and the simulation outcomes indicate that the mapping method is
an ideal tool for energy recovery wheel simulations and optimizations. In this chapter, the semi-
empirical desiccant wheel mapping method is evaluated for its utilization in performance
evaluations and optimizations. The selected application is the dry storage area in a supermarket
building. According to the United States Department of Agriculture (USDA) Commodities [68],
the dry-bulb temperature should be maintained between 50°F to 70°F based on the requirement of
goods; the relative humidity should be controlled to no higher than 50%. The typical
dehumidification process of a traditional vapor-compression system is overcooling the supply air
until reaching the humidity setpoint, and then reheating the air to the temperature setpoint. This
process is energy-intensive, and a tremendous amount of energy is wasted during overcooling and
reheating. Thus, a desiccant wheel is implemented in this application to provide moisture removal
capacity, and investigate potential energy reduction by avoiding the overcooling and reheating

processes.

8.2 Supermarket Building Model Development

The building model was established based on the supermarket reference building
developed and released by the U.S. DOE [64]. The model is divided into six zones: sales, bakery,
deli, office, product, and dry storage. The study target is dry storage since it requires humidity
control to maintain the quality of goods. The supermarket is a one-story building; the total area is
4182 m? (79.2 m length x 52.8 m width); the area of the dry storage is 622 m?; the height is 6.10
m. The exterior walls are set as the mass wall type, which has continuous insulation. The U-value
of the exterior walls is 0.748 W/m?K; the U-value of the exterior roof is 0.382 W/m2K. These
settings follow the U.S. DOE commercial reference building models code [64]. Same with the
small office building, the validation of the model is not required due to the universality of the
reference building and the simulation software. Fig. 36 (a) demonstrates the layout of a typical

conventional vapor-compression HVAC system that provides cooling and dehumidification to the
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dry storage space of a supermarket with fresh outdoor air, and (b) shows the layout of a desiccant
wheel integrated version. The outlet air temperature prediction is provided by the temperature
function of the energy recovery wheel mapping method (54). In order to reduce the complexity of
the simulation, the design of the heat wheel is set constant, with 0.6 m depth, 60 RPM, and 2 m/s
air face velocity, which is close to the general optimal heat wheel design across different climate
zones. A detailed description of the heat wheel optimization will be presented in Section 8.4. The
weather data implemented in the study is typical meteorological year 3 (TMY3) data. Since
dehumidification is often required only in the summertime, the study period is from May 1%, 0:00
AM to September 30", midnight. For the dry storage, the air temperature setpoint is 20°C, and the
humidity ratio is maintained at 0.00225 kgw/kga. The rest of the conditioned zones in the
supermarket are set to be at 24°C and 50% relative humidity. The following simulation inputs
follow the configurations implemented in the energy recovery wheel study: the power
consumption of the air conditioner is simulated by a TRNSY'S type 921 module and calculated
proportionally by (70); the heating elements are 100% efficiency electric heating coil; the power
consumption of the wheel motor is assumed to be 0.1864 kW (0.25 HP); the price approximation

function (75) is generated by interpolation and extrapolation from the work of Lewis [66].

(a)
Cooling/Heating Coil
— Outdoor Air
AD]: L — Exhausted Air
Supply Air Return Air
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Conditioned Zone

- J

Fig. 36 Schematic of (a) vapor compression system (b) desiccant wheel integrated HVAC system
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Fig 36 continued
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8.3 Supermarket Building Performance Simulation Results

The supermarket building model was established in TRNSYS, and an annual transient
building energy performance simulation was conducted to investigate the influence of the
desiccant wheel on the supermarket dry storage energy performance located in Miami, FL. A
desiccant wheel and heat wheel are integrated into the HVAC system of the supermarket dry
storage according to the design shown in Fig. 36 (b). A 0.3 m depth and 1.96 m diameter desiccant
wheel that operates at 0.15 RPM (9 RPH), 140°C regeneration temperature, and 3 m/s face velocity
in the supply and regeneration airstream are recommended by Manufacturer B. The geometries
and operating conditions of the selected wheel are set in the desiccant wheel mapping method, and
the TRNSYS model is utilized to conduct the performance simulation by using the mapping
method. Fig. 37 shows the hourly energy consumption of the different components (A/C, electric
reheating coil, and fan) in a conventional vapor compression HVAC system during the summer.
The line plot of the hourly energy consumption of the wheel integrated HVAC system is drawn as
Fig. 38.
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Fig. 37 and Fig. 38 indicate that the total energy consumption of the desiccant wheel-
integrated system is lower by about 66.1% over the traditional conventional HVAC system in the
supermarket dry storage application; the A/C power consumption decreases by around 73.8%. Fig.
39 exhibits the entering air humidity ratio of the two systems and supply air condition. As the
figure shows, the dehumidification requirement is achieved by the desiccant wheel; thus, the
overcooling process is not necessary for the wheel system to remove the moisture in the air, so the
AJ/C power consumption drops. The wheel system employs a significant amount of energy on
preheating the inlet regeneration air to reach low relative humidity; however, the vapor-
compression system also consumes a tremendous amount of energy on reheating the overcooled
supply air. The wheel system consists of not only a desiccant wheel but also a heat wheel. The heat
wheel scavenges heat from the air leaving the desiccant wheel before it enters the evaporator and
dumps the heat to the regeneration airstream; hence, the air temperature decreases prior to entering
the evaporator, so less A/C power consumption is required; also, the preheating energy is reduced,
since the incoming ambient air is heated by the heat wheel before entering the preheating coil. As
a result, the preheating energy of the wheel system is about 65.3% less than the reheating energy
of the vapor-compression system. Hence, the desiccant wheel integrated HVAC system consumes

less energy than the conventional vapor-compression system in this case.
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Fig. 39 Humidity ratios of evaporator entering air for two systems and supply air condition

8.4 Desiccant Wheel Optimization Development
8.4.1 Desiccant Wheel Optimization Setups

In order to have the mapping method covering a wider application, the operating ranges of
target variables are extended via the desiccant wheel FDM model based on Manufacturer B’s
wheel design and desiccant material; the rotational speed ranges from 4 RPH to 40 RPH; the air
face velocities of supply airstream and regeneration airstream range from 1.8 m/s to 5 m/s; the
wheel depth ranges from 0.1 m to 1 m. The target variables are continuous in the operating range
of the desiccant wheel mapping method. Same with the energy recovery wheel optimization, the
Hooke-Jeeves algorithm is selected to conduct this study for TRNSYS operating stability.
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8.4.2 Desiccant Wheel Initial Guess Value Study

The influence of the initial guess for each target variable was identified. Three trials were
conducted for each target variable that covers the lower range, middle range, and higher range,
and the initial guesses are given in Table 13. The approach of the initial guess study stated in
Section 7.4 is utilized to conduct this investigation. The optimization outcomes of the twelve trials
converged to a similar result in a small range. This phenomenon illustrates that the initial guess of
the target variables has limited influence on the final result. Hooke-Jeeves algorithm is suitable in

this case study.

Table 14 Initial guess of desiccant wheel target variables

Trial 1 2 3
Rotational Speed (RPH) 6.75 9 135
SA Face Velocity (m/s) 2 3 4
RA Face Velocity (m/s) 2 3 4

Wheel Depth (m) 01 04 0.8

8.4.3 Sensitivity Study of Desiccant Wheel Variables

The sensitivity study of impact from desiccant wheel target variables on the optimization
results was investigated. The segments of each variable are stated in Table 14. The same sensitivity
study process for the energy recovery wheel is utilized, and the influence of each target variable is
identified and visualized. Fig. 40 and Fig. 41 presents the sensitivity study of each variable on the
leaving air humidity ratio and total cost (operating cost and average initial cost) of the system
respectively, in (a) the target variable is a flute traveling time in the air stream (i.e. rotational speed);
in (b) the target variable is the supply air face velocity; in (c) the target variable is regeneration air
face velocity; in (d) the target variable is wheel depth. For Fig. 40 and Fig. 41, rotational speed,
supply airstream face velocity, and regeneration airstream face velocity are less dominant on the
wheel dehumidification capacity than wheel depth. Furthermore, the influence of rotational speed,
supply airstream face velocity, and regeneration airstream face velocity on the wheel performance
is linear; the influence of wheel depth is second-order exponential. The influence patterns of each
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variable correspond to their relationship functions in the mapping method, and the pattern is
delivered to the building energy simulation program correctly.

Fig. 40 (a) demonstrates that better dehumidification is seen while the traveling time is
shorter (higher rotational speed); since more moisture is removed from the supply airstream and
dumped into the regeneration airstream, when the wheel rotates faster. Fig. 40 (b) indicates that
more moisture is collected from the supply airstream with slower supply air face velocity, since
there is more time for mass transfer to occur between air and the desiccant. On the other hand, Fig.
40 (c) shows a higher dehumidification capacity with higher regeneration air face velocity, because
more moisture can be carried away to the exhaust air. Last, an optimal wheel depth is observed in
Fig. 40 (d). In the works of Uckan et al. [11], De Antonellis et al. [25][26], and Yamaguchi & Saito
[30], an optimal wheel depth possesses the best moisture removal capacity, and the relationships
between wheel depth and moisture removal capacity are similar with a polynomial relationship in
the works of literature.

Fig. 41 (a) possesses a similar behavior pattern comparing with Fig. 40 (a) in the range of
traveling time from around 400 s to 500 s (around 5.4 RPH to 6.75 RPH), due to leaving air
humidity corresponds to the demand of overcooling-reheating dehumidification process. However,
once the wheel rotates faster than around 6.75 RPH, the desiccant wheel provides sufficient
dehumidification capacity, no overcooling-reheating dehumidification process, which is where the
dominant energy consumption occurs; thus, the operating cost becomes stable. Yet, the desiccant
wheel cannot offer sufficient dehumidification capacity when the rotational speed is slower than
5.4 RPH. The overcooling-reheating processes remove all the moisture; hence, a flat operating cost
is observed. The phenomenon is noticed in the supply air face velocity sensitivity study also. Fig.
41 (b) indicates that the wheel can provide sufficient dehumidification capacity if operating lower
than 3 m/s; nonetheless, dehumidification capacity is fully offered by the overcooling-reheating
process if the air face velocity runs faster than 4 m/s. Fig. 41 (c) illustrates that regeneration air
cannot carry away the moisture on the desiccant material efficiently while the face velocity is too
low. Fig. 41 (d) expresses that a similar pattern of optimal wheel depth is noticed as Fig. 40 (d)

showing.
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Table 15 Input values of desiccant wheel target variables for sensitivity study

Target Variable Segments
Rotational Speed (RPH) 4 4.5 5.4 6.75 9 135 40
SA Face Velocity (m/s) 1.8 2 3 4 5
RA Face Velocity (m/s) 1.8 2 3 4 5
Wheel Depth (m) 0.1 0.25 0.5 0.75 1
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Fig. 40 Desiccant wheel variables’ sensitivity study on leaving air humidity ratio
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Fig. 40 continued
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Fig. 40 continued
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Fig 41 continued
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8.5 Desiccant Wheel Optimization Results
8.5.1 Desiccant Wheel Design Optimization

One optimization is performed with both the desiccant wheel and the heat wheel target
variables (rotational speed, SA/RA face velocity, depth of desiccant wheel; rotational speed, SA
face velocity, depth of heat wheel). Optimized desiccant wheel and heat wheel designs are
delivered by TRNOPT. The optimization outputs for desiccant wheel design is shown in Table 16;
wheel depth is thicker for more dehumidification capacity; rotational speed is faster for more mass
exchange between supply airstream and regeneration airstream; supply air face velocity and
regeneration air face velocity fall in lower end to yield more time for mass transfer between air
and desiccant. The optimal heat wheel design is wheel depth at 0.60 m, rotational speed at 60 RPM,
supply air face velocity at 2 m/s. The optimal heat wheel design is close to the design with
maximum sensible energy recovery according to the sensitivity study conducted in Section 7.4.
For the heat wheel, the maximum heat exchange between the regeneration airstream and supply
airstream is desired to decrease the air temperature entering the evaporator and to increase the air
temperature entering the preheating coil; thus, the power consumptions of the A/C and the
preheating coil can be reduced. This phenomenon is anticipated in different climate zones, and
similar optimization outcomes are expected. To simplify the optimization, the heat wheel is set to
be the optimal design across different locations.

To compare with the results presented in Section 8.2, the supermarket model developed in
the previous section is utilized to conduct the optimization study, and the Miami, FL. TMY3
weather data is utilized in the building model. The optimized wheel depth is close to the optimal
wheel depth for the best moisture removal capacity. The rotational speed approaches the upper
bound of the operating range for more mass exchange between the supply airstream and the
regeneration airstream. Supply air face velocity and regeneration air face velocity stay in the lower
bound of the operating condition to achieve more mass transfer between air and the desiccant
material. Fig. 41 demonstrates the energy consumption of the wheel-integrated system with an
optimized desiccant wheel. The total energy consumption of the optimized wheel system is
reduced by 8.1% compared with the wheel system recommended by Manufacturer B. The
preheating energy consumption decreases 12.3%; though, the A/C energy consumption increases
8.4%. Preheating consumes the most energy among the different components, and it is twice that
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of the A/C energy consumption- the second highest energy consumption; hence, the optimization
algorithm tends to reduce preheating energy consumption.
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Fig. 42 Energy consumptions of optimized desiccant wheel integrated HVAC system
components

Table 16 Optimal desiccant wheel design vs. original design

Variable Original Optimization Output
Depth (m) 0.3 0.54
Rotational Speed (RPH) 9 39
SA Face Velocity (m/s) 3 2.64
RA Face Velocity (m/s) 3 1.8
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8.5.2 Variant Climates Optimization

The final optimization study is to investigate the trend of optimal desiccant wheel designs
in different climates. Five locations are chosen to make the comparison, including Miami, FL, and
Houston, TX for hot and humid climates; Phoenix, AZ for hot and dry climate; San Francisco, CA
for mild climate; and Minneapolis, MN for cold climate. Table 15 illustrates optimal designs for
desiccant wheels in different climate zones. The optimal rotational speeds are observed near the
upper bound of the operating range. The optimization result indicates that the desiccant wheel
tends to reach more mass exchange between the supply airstream and the regeneration airstream.
The supply air and regeneration air face velocity appear in the lower end of the range. High face
velocity shortens the time of air staying in the wheel flute, so the mass transfers between air and
desiccant are decreased. Hence, low air face velocities are preferred for optimal results. The
optimization output for regeneration air face velocity tends to move toward the lower boundary,
since the moisture removal capacity is more than sufficient in the regeneration airstream. Thus,
the optimization output delivers a design with as little regeneration airflow as possible. The optimal
wheel depths are generally in the middle of the range besides the result for San Francisco. San
Francisco has the highest utility rate among all locations, and a deeper wheel is found as the
optimization result in order to provide more moisture removal capacity. An extra optimization
study is conducted based on a comparable utility rate with other cities (50% of the original utility
rate in San Francisco), and the outcome shows a wheel depth in a similar range with the other
locations. Last, the optimization results fall into a small range among different locations. The
regeneration inlet air temperature is constant, and the return air is mixed with a small portion of
the outdoor fresh air. Hence, the desiccant wheel operates in a fairly constant condition; thus, the

optimization conveys similar outcomes.
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Table 17 Optimal desiccant wheel design in different locations

Depth  Rotational Speed  SA Face Velocity RA Face Velocity

(m) (RPH) (m/s) (m/s)
Miami, FL 0.54 39 2.64 18
Houston, TX 0.47 39 2.78 1.8
Phoenix, AZ 0.53 39 2.63 1.8
Minneapolis, MN 0.55 39 2.61 1.8
San Francisco, CA 0.71 36 2.25 1.8
San Francisco, CA 051 39 276 18

(50% utility rate)

8.6 Conclusion of Desiccant Wheel Case Study

Reasonable simulation and optimization outcomes are delivered by integrating the semi-
empirical desiccant wheel mapping method and building performance software. The energy
consumption of the supermarket dry storage is significantly reduced by employing a desiccant
wheel to the HVAC system; the moisture removal is provided by the desiccant wheel, and no
overcooling-reheating process is required. The optimization can generate an optimal desiccant
wheel design with moderately better energy efficiency than the manufacturer’s recommendation.
The optimization results appear in a similar range across different climate zones due to a relatively
constant operating condition. Hence, the semi-empirical desiccant wheel mapping method is a

good approach for simulating and optimizing desiccant wheel-integrated HVAC systems.
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9. CONCLUSION AND FUTURE WORK

9.1 Achieved Research Obijectives

The following tasks have been completed to achieve this research objective, and research
objectives that have been done are listed and the completed portions are checked.
v Develop a mapping method for energy recovery wheels

v Develop a detailed FDM numerical model of energy recovery wheels
v Implement dynamic Nusselt number

v Validate the numerical model
v Validate with experimental data
v Validate with literature data

v" Develop and validate a mapping method for energy recovery wheels
v'Identify the form of the mapping method
v Conduct validation against the numerical model

v Conduct validation against literature data

v Develop a mapping method for desiccant wheels

v Develop a detailed FDM numerical model for desiccant wheels
v Implement dynamic Nusselt number

v' Validate the numerical model
v Validate with manufacturer’s data
v Validate with literature data

v Develop and validate a mapping method of desiccant wheels
v"Identify the form of the mapping method
v Conduct validation against the numerical model

v Conduct validation against literature data
v" Conduct the performance evaluation and optimization of HVAC systems via implementing

the mapping method of the energy recovery wheel or desiccant wheels with transient

building energy performance simulation software
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v" Analyze an HVAC system integrated with an energy recovery wheel
v Develop a model of the target building and the HVAC system
v" Conduct optimizations of the energy recovery wheel
v Evaluate the performances and costs of the optimized energy recovery
wheel design in different climates
v Analyze an HVAC system integrated with a desiccant wheel
v Develop a model of the target building and the HVAC system
v Conduct optimizations of the desiccant wheel
v Evaluate the performances and costs of the optimized desiccant wheel

design in different climates

9.2 Conclusion

This research is dedicated to developing numerically efficient and robust performance
evaluation methods for energy recovery wheels and desiccant wheels, and utilizing them for
building energy simulations and optimizations.

An energy recovery wheel performance mapping method was established in the first phase,
and the mapping method has been proven to be capable of capturing the performance of energy
recovery wheels accurately and rapidly. An FDM model was built via Python, and the mapping
method was trained and validated based on the testing results from a wheel manufacturer and
experimental data from the works of open literature. The research in this phase was submitted to
the International Journal of Refrigeration. The FDM model and the mapping method are extended
to the performance prediction of desiccant wheels. A new form of the mapping method is
developed for desiccant wheels, and it has been trained and validated based on the data from
another wheel manufacturer and experimental results collected from the open literature.

The semi-empirical wheel mapping methods deliver performance predictions accurately
and precisely. Furthermore, the computational efficiency and the flexibility of varying wheel
design variables make the mapping methods suitable in building energy performance simulations
and optimizations. Several wheel performance prediction methods were proposed in other
literature; however, those methods tend to take excessive computational time; lack flexibility in
changing design variables of wheels (e.g., rotational speed, air face velocity, wheel depth)

simultaneously. Those characteristics make them not the most ideal approach for optimization.

132



A reliable commercial building energy model in the TRNSY'S software platform has been
built for simulating and predicting the performance of an energy recovery wheel/desiccant wheel
by using the mapping methods, then various case studies have been conducted to observe the trend
of optimal wheel designs in different climate zones. The energy consumptions of different
components (fans, wheel motors, heating, cooling, etc.) in the HVAC system are considered, and
wheel initial costs are estimated. Optimization outputs deliver economical designs of the wheels’
physical dimensions and operating conditions under representative climate zones in the U.S. with
dynamic weather simulation. The optimal energy recovery wheel and desiccant wheel designs in
different climates are identified, and analyzed also.

The performance mapping methods for energy recovery wheels and desiccant wheels are
proven to be applicable, and capable to deliver reliable outcomes expeditiously in dynamic
building energy simulation and optimization. The trend of optimal designs for energy recovery
wheels and desiccant wheels is observed among the optimization outcomes in different operating
conditions. The mapping method is an innovative and suitable tool for academic studies and
research and development activities in the industry on wheels and whole HVAC systems.

9.3 Future Work

The performance mapping methods for energy recovery wheels and desiccant wheels are
suitable tools for building energy simulation and optimization; however, further research may be
improved in the following directions.

The approach of the wheel purchase cost in the optimization approach can be improved.
The current cost model is developed via interpolation and extrapolation based on the work of Lewis
[66]; thus, the model may not be able to reflect the most accurate cost of a wheel, much less for a
different wheel manufacturer.

Since this research focuses on the application and optimization of the wheel, the model
only considers the wheel initial cost; other initial costs (e.g., ducts, air-conditioner, heating coil,
fan, etc) are not considered. According to the sensitivity study conducted in Section 7.4.3, the
optimization result is influenced by the initial cost and operating cost significantly. In addition,
simple payback analysis is utilized in the study as the optimization target; thus, maintenance cost,

inflation, and depreciation are not considered. A more accurate wheel initial cost model and a more
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detailed life-cycle analysis for future studies are recommended in order to obtain optimization
outcomes closer to reality.

The regeneration air temperature is set as constant in the desiccant wheel case study;
however, the regeneration air temperature can be one of the optimization variables, with more
diverse data sets (e.g., different regeneration temperatures) to train the mapping method; a more
optimal result may be obtained. The optimization algorithm can identify a lower regeneration
temperature, and the wheel is still capable to provide sufficient dehumidification capacity; thus,
the heating energy consumption can be further reduced. Moreover, if there is waste heat or “free
heating” (e.g., solar heat, geothermal, etc.) available, the desiccant wheel system would be a more
economically appealing option for dehumidification purposes.

Besides the above stated directions, more potential applications of the performance
mapping methods for energy recovery wheels and desiccant wheels can be explored with

researchers’ own interest.
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APPENDIX A. FINITE DIFFERENCE METHOD DERIVATION FOR
GOVERNING EQUATIONS
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FDM of the matrix mass balance
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APPENDIX B. TRNSYS MODEL DEMONSTRATION

The following figure shows the TRNSY'S model for the small office reference building with the

conventional vapor-compression HVAC system for the baseline case study.
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The following table illustrates the key modules and their functions in the small office reference

building baseline HVAC model.

Module Name

Function Description

Type 15-3

Type 56

W_wall_1, 2, 3, 4, int
Mix_air

T _RA avg

W_RA avg

Qsen_RA _total
Qlat_RA total
AC_original (Type 921)
AC ratio_original
Heater_power_ratio_original
Dehumidification
OC_power

Cost_total

Read weather data

Communicate with building model

Calculate air conditions of each thermal zone
Calculate mix air conditions

Calculate overall return air temperature

Calculate overall return air humidity ratio
Calculate total sensible load of five thermal zones
Calculate total latent load of five thermal zones
Simulate a signal speed A/C

Ratio A/C power consumption

Ratio heater power consumption

Calculate the dehumidification capacity provided by A/C
Calculate operating power consumptions
Calculate operating costs
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The following figure shows the TRNSY'S model for the small office reference building

with the wheel integrated HVAC system for the energy recovery wheel case study.
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The following table illustrates the key modules and their functions in the small office reference
building wheel integrated HVAC model.

Module Name

Function Description

Type 15-3

Type 56

W_wall_1, 2, 3, 4, int
Mix_air

T _RA avg

W_RA avg

Qsen_RA _total
Qlat_RA total
AC_wheel (Type 921)
AC ratio_wheel
Heater_power_ratio_wheel
Dehumidification
OC_power
Cost_total
Optimization_targets
Wheel_mapping
Wheel_purge

Wheel _pd
Wheel_flowrate
Size_wheel

IC_wheel
Annual_accum

TRNOPT

Read weather data

Communicate with building model

Calculate air conditions of each thermal zone
Calculate mix air conditions

Calculate overall return air temperature

Calculate overall return air humidity ratio

Calculate total sensible load of five thermal zones
Calculate total latent load of five thermal zones
Simulate a signal speed A/C

Ratio A/C power consumption

Ratio heater power consumption

Calculate the dehumidification capacity provided by A/C
Calculate operating power consumptions

Calculate total cost (operating cost & initial cost)
Input wheel information

Simulate wheel performance by the mapping method
Calculate wheel purge section

Calculate air pressure drop across the wheel
Calculate supply airflow rate for the wheel

Calculate equivalent wheel diameter

Calculate the initial cost of the wheel

Calculate accumulated operating cost and averaged initial cost
over the study period (1 year)

Communicate between TRNSY'S and GenOpt
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The following figure shows the TRNSY'S model for the supermarket reference building

with the conventional vapor-compression HVAC system for the baseline case study.
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The following table illustrates the key modules and their functions in the dry storage of

supermarket reference building baseline HVAC model.

Module Name

Function Description

Weather data
Building

SA

MA

sen_cal
lat_cal
Qcooling_determine
Reheat_cal
Type 921
P_AC ratio
OC_power
Cost total

Read weather data

Communicate with building model

Calculate required supply air condition

Calculate mix air conditions

Calculate required supply air condition for sensible load
Calculate required supply air condition for latent load
Determine if overcooling-reheating process required
Calculate reheating power consumption

Simulate a signal speed A/C

Ratio A/C power consumption

Calculate operating power consumptions

Calculate operating costs
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The following figure shows the TRNSY'S model for the supermarket reference building

with the wheel integrated HVAC system for the desiccant wheel case study.
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The following table illustrates the key modules and their functions in the dry storage of

supermarket reference building with the wheel integrated HVAC system for the desiccant wheel

case study.

Module Name

Function Description

Weather data
Building

SA_1st

SA_2nd

MA

sen_cal

lat_cal
Qcooling_determine
Q_preheat
Reheat_cal

Type 921

P_AC ratio
OC_power
Cost_total
Desiccant_optimization
wheel_mapping
wheel_pd
wheel_flowrate
Size_wheel
IC_wheel

Heat Wheel_mapping
Annual_accum

TRNOPT

Read weather data

Communicate with building model

Calculate required supply air condition

Calculate required supply air condition with wheel outlet condition
Calculate mix air conditions

Calculate required supply air condition for sensible load
Calculate required supply air condition for latent load
Determine if overcooling-reheating process required

Calculate preheating power consumption

Calculate reheating power consumption

Simulate a signal speed A/C

Ratio A/C power consumption

Calculate operating power consumptions

Calculate operating costs

Input wheel information

Simulate desiccant wheel performance by the mapping method
Calculate air pressure drop across the wheel

Calculate supply airflow rate for the wheel

Calculate equivalent wheel diameter

Calculate the initial cost of the wheel

Simulate heat wheel performance by the mapping method
Calculate accumulated operating cost and averaged initial cost
over the study period (1 year)

Communicate between TRNSY'S and GenOpt
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Energy recovery ventilators are often employed in buildings to decrease the energy consumed by their
HVALC systems, and 1o improwe owerall indoor air quality. Several stsdies in the open literature have de-
weloped physical ar empirical models to simulate the pﬂi’m of energy recovery wheels. However,
ithese models are often nally or mquire =p 1
data poinks i tain and ecenste the pedmpraimhnmdek also temd to lack Becibil-

epwond: ity far varyimg all of the available wheel design parameters. Hence, developing 2 mapping method with
Energy recovery whesl better computational eficiency amd fexibility is the goal of this ressarch. A finite difference numeri-
Finite difference model «cal mode] for simulating the performance of an energy wheel has been developed and validated using
mw experimental test results from independent laboratories. This model was then employed o provide an

extensive data set for the development of an energy wheel pedformance mapping method. After validat-
iing this new mapping approach, the method predictions were compared against imdependent data sets
from two different Laboratories, and additional sources avzilshle in the literature, o identify its umiver-
sality. The mapping method delwers good agresment betwesn the peedictions and validation data, and
requires only a small sumber of data points to train, which i ome of its novel contributioss. Another
wnigue coatribution of the proposed mapping method is that once the model i trained it can predict
ithe pedormance characteristics for other whesks with different physical design geomeiries and operating
conditians, provided only that the desiceant material is the same.
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The U5 Energy Informarion Adminisration 2007 Annual En-
ergy Durlook reports thar energy use from heating, ventilation, and
il condinaning (HVAC) SySIEms represents abour 30% of the -
12l building ENETZY CONSUMpTON among LS. commercial buikdings.
Traditional vapor-compression refTigeration sysiems conrribuce to
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environmental impacs in different ways; firse of all, the HCFC and
HFC refrigerants used in these sysiems are czone-depleting andfor
global warming substances; and Listy, FefTigerarson SSiems coo-
Sume 3 Nigh POrtion of the energy thar i generated by fossil fuels.
As widely acknowledged. Tossil Tuel combustion releases polluting
chemicals, such as Carbon Monaxide {CD), Mirrogen Cwides (NOy)
and Sulfur Oxides (30x), which have harmiul aTeos on homan
health, in addition 0 Carbon Demide (C05), which is considered
as The baseline measure against which other greenhouse gases are
compared (115 Energy Informarion Administragion 2007)

The inEEgration of energy TECOVEry VEnmilarors (ERV'S) int HYAC
SYSTEMS PRESEnCs an OpPPOTUNIGY [0 fefuce the iMpact of these w5
IS On The envifonment. ENErgy recovery Venrilarion is a merhod
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YW Hamg amd W, Trws Haresm
MNomenclarure
[ Separarion factor, ul
cp Specific hear, Jkg-TK-1
dy Hydraulic diameter, m
h COMVECTIVE Near transfer coemcient, Wm-2K-1
hm Comvective mass rransfer coefficient, kgm —25—!
L Wheel deprh, m
m Air mass flow rate, kgs—!
I Time, s6c
T Temperamre, °C ar K
u Air face velocity, ms—!
w HUmMBiry Farss (water vapor (dary iry'), keeg—"

Greek Lemers
Maisture I0ading in desiccant compasite, kgeg—"
MXimium MOisture Kading in G2sicCant composite,
kgeg-1

Hear of adsoqpeion, Jkg—!

Densiry, kgm—=

TE
I

00Es
‘Wheel desiccant
Wer air
Wheel marrix
Wheel rotation speed
Exhausted air
‘Dundoor air
Rerurn air
Supply air

'.GEEE@EW“E =

of harvesting the energy (both sensible and Latent) contained in
SUNIUST 3iF leaving 3 buikling of space, and recycling is energy
coneent o pre-condition the ourdeor air entering the building or
Mmﬂ,ﬂ! q]pmpﬂaeappliminumm"‘s has I']‘IEFI]—
BNl m Signincantly reduce e energy consumed by building
HVAC systems. ERV SystEms can be implemented in residential
buildings, commencial buildings, and indusmial Tacilites. ASHRAE
0.1, which is the generally accepred building design and construc-
THON STANGard for energy eMCiency. presents me appropriae spec
iflcations for ERV That can 3ssist @ achieve those godls
[AMSI/ASHRAE/IES Standard 2016).

An energy recovery “wheel” is a oype of ERV. Energy recov-
ery wheels are rypécally made from marerials thar exhibic a good
balance berween thermal conducrivity, thermal mass, stctural
strengrh, and weight (rypically Aluminum), with the addition of a
dESICCANT COMING 0 Afdress LATent ENeTEy Transport. The pysical
CONSCmacTion of 3 wheel is similar o thar of 3 long srip of cand-
board rhar has been rodled-up inio 2 wheel, where the comugared
channels form passages that air can mavel through. The wheel gen-
efally OErates by roLating ChrOUgh 3 SUpPply 3if STream and an ex-
NJUsT 3if STeam as shown schemarically in Fg. 1, The energy re
covery wheel collecss energy (both sensible and larent) from the
return air and urilizes it 10 pre-condition the incoming outdoor aic

Lireronure review

The concept of iMPIEMENTNE 3 Thermal wheel was inroduced
by Fredrik Ljungsrim in 1920, Abundant research and develop-
mem activities have been dedicared 1o undersianding thermal
wheel piysical behavior and analyzing and oprimizing their design
for nearty a cemtury. Simonson and Besann (1958) developed a new
approach 1o solving the governing equarions for energy wheels.
The governing equarions, which are dependent on the enthalpy
and relarve humidity of the air and the desiccant, were modited

160

imsernnsiona journal of Refrigerasion 123 [2027) 1023-100
Bapaly as

1540

et aie
1EAG

Ulte pakerm

Fig. L Desiccam based energy recovery wiheel's working theory.

m depend on the temperarure and humidity ravio of the air and

the desiccanr. Furthermore, in Simonson’s appcrm,ﬂ!p'eming

eqUALIONs were decoupled; hence, they can be solved separately

m simplily the fnite difference model SOMTION procEss. Simon-

S0M'S PINEMING eqUarions have been widely uilized in ressarch
The years.

Ge et 2l [2008) compared different mathemarical models that
have been developed for PEMOMmance prediclions of energy recm-
ey wheels and 0esCCInD wheels The papeT CAlEgorizes models
based on ions, governing and meth-
ods; and S0Ms the Models M TWO M3jor ypes: gas-side resis
rance [GSR) models and gas and solid-side resistance (GSSR) mod-
els. In the GSR model approach, hear and mass diffusion within
the desiccant material irsell & noT considered, DU Mear conduc-
T#00 WiLhin the subsirate is included. The temperamure and humid-
iy ratio within the desiccant from the surface layer m the inner
Layer are assumed identical. The GSRE model compromises acor-
ragy for relatively simple governing equarions thar can be sobved
more quickly. The G55SR marhemarical model inciudes second-order
hear and mass [ransfer erms wirhin the desiccant in the govem-
ing equations, which refines the precision of this model. However,
while the GSSR madel can affer 3 mofe accurate prediction of en-
ETEY recovery wheel perfonmance, the compurational Hme i sig-
nificanty longer.

Thai er al [2008) includes detailed iformarion related m the
numerical Simularion Serings 10T an eneTgy recovery wheel and a
desiccant wheel. Zhai's paper also presents physical paramerers for
an energy recovery wheel along with adsorprion isotherms. This
INOTMarEon can be urilized by other researchers to validare their
EMETEY TECOVETY Wheel Or desiccant wheel nUmerical models.

Due 10 [he compleiny and [ime-Consuming narure of sohving
the governing equarions for an energy wheed, several siudies in the
literarure have developed diferent types of algebraic efficiency Tac-
©r methods, Van Den Bulck e al. (1985) proposed a sohumion m
his probiem by applying an efferTiveness-number of Tansler units
{&-NTU) merhod to the governing equations. Beccali er al [2002)
established a simple and straightlorward empirical moded thar can
be used [0 estmare the performance of 3 desiccant wheel Their
model is known a5 "Model 547, An empirical equation which is
further reduced in complexity was Ler imvested by Beccali et al
(2002), which calculares the performance of a desiccant wheel via
only 0 Paramerers, bur their Jpproac Mequires EXIensive dara
points for maining m Tully develop irs preds ilirses for a
desiccant wheel Anmnellis et al. (2015) also deveboped efficiency
Paramerers 107 GesiCcant wheel performance predictson. The ouE-
ber condition was estimared based on the emciency of 3 wheel,
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and the COMELAToN berween the model and me experimental data
Was identified. Panaras er al. (2010) introduced 3 model of 3 sim-
plifled efMciency facor o represent the performance of desiccant
wheeks based on Jurinak formulas, The efficiency facors developed
by Panaras er al. (2000) only TEqUETe 3 fewW Measurements, so the
madel is easy 10 ran.

Zendehboudi (2016) introduced a model via 3 SUpporT vector
nnr:rimmpnzﬂinma performance of desiccant wheels, and nsed

gEneTic AIFONChM 0 decTease SiMUlAtion time The model is a
rm'uuiun af the following independent variables: wheel rownonal
speed, inber air emperature, and inber air humidity rato of the
process siream; and generares the Todlowing ourpars: ourler air
emperarure and homidiny rano of the process siream and regen-
EfaTion SITEam, Moistire removal capacity, and sensitle energy r-
tio. Other researchers have urilized arificial neural netwark (AMN)
methods [ map Mme performance prediction of energy wheels.
Parmar and Hindaliya (2011) implemented an ANN method o pre-
dict the ourler air and humidity ratio in the process
air stream. Koronaki et al. (2012) developed and mained a black
DB MOdel Vid the ANN methor. The Key parameters of experimen-
£l K 6 Predict SLA0e CONMTIons of ThE if in e Process and re
generation streams inchude process air inler temperamre, humidiy
rario, and airflow rare; and regeneramson air inker temperature, hi-
midity ratio, and airflw rate. Jani et al. (2016) introduoced another
ANM-Daset model for predicting the ourlet conditions of Emper:
TUrE ARl MUY ratio in the Process air stream, The ANN method
approaches defiver accurate results, bur require exmensive data for
the mraining process,

Different methodalogies for per wiheel oprimiza-
ton sudies have been proposed. De Anmnellis et al, (2014 ; 2000)
CcONAUCTEd CPGMIZAton dnd parametric studies that were focused
oh MEimiZing the sensible effectaveness of an ERY while mink
mizing pressure drop under dilferent inlet air conditions. An opri-
mizarion of energy recovery wheels based on the amificial neural
nenwork (ANN) method was propased by Comina et al. (2019). The
JCHOr Targers developing 3 model that Predicls TWO OUIPUTS (3iF
IBMPETATUre and hUmidity raro of the CUEler process stream). The
inpur layer contains the inder air remperarure/humidity ratio of the
prnm&mlmmemmiﬂnmln,airﬂmm_mmﬁ—
rional speed. However, the ANN model needs 1o be trained wim a
LArge AMOUNT Of 4al3 That includes the full range of diferent phys
ical dimensions to be considered. Zendehboudi and Li {2018) pro-
posed a generic algorithm for desiccant wheel oprimization. Regen-
EaTiON [EMPerature, SUMTace area ratio, rotanonal speed., and diam-
efer are selecied 3s the most influential design variables. In Zen-
denboudi's paper, qUAAGIGC SqUATIONS Thal Comsist of four design
variables Feresent the CUMET EMpPErarure and humidity ratio for
desiccant wheels. Monetheless, not all physical dimensions or oper-
aring conditions of 3 wheel (e.g. wheel depth or moational speed)
were considered in this approach.

Ohjecrives

of the merhods owrlined in the above sTUdEES 2nd 10 lack
a general level of flexibility because they are nor capable of pre-
dicring rhe performance characeristics when one or more of the
physical dimensions of a wheel (e.g., wheel diameter, depeh, or Iy
draulic diamerer of a flure), or operating conditions (eg., airflow
e of wheel roarional speed) are changed. I 3 design parame-
BT OT an operating sering of the energy recovery wheel changes,
many of the models found in the cument literarure need m be re
Ccalulated of TEEined With new experimental dara o determine
the pew pefformance charaoeristics. For paramerric studses imah-
ing different geomertries of energy recovery wheels, this approach
Wwill Take 3 sigmiflicang amount of time o esablish and run ail of
the NECEssary design perturbarions, which makes e use of these
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existing models disadvantageows fof camying our exensive opti-

The primary chjective of this paper is [ present the results
of a research efform whose ourcome has been the development
of a novel algebraic mapping method thar can rapidly and acow
rately predicc e performance characiersstics of a wide range of
EMETEY TECOVETY Wheels. Lnlike previous mapping approaches, te
madel form in this paper i sufcientdy flecible thar it can pre-
dict the pedformance of energy wheels with difterent physical di-
mensins, including: wheel depeh, wheel diamerer, and fluee di-
mensions; and under mamy different operating conditions; inchud-
ing, rotarional speed, and airflow rare. A major benefit of the work
presented in this paper is that the algebraic moded can be rained
with only a small number of data points, which signiflcantdy re-
duces the overhead associared with experimental westing to obeain
the necessary dara. The efforts spent on developing rhis mapping
method have the pHential @ provide an eTecrive, economical s&-
WEEOn T0f OPGMIZation analyses and paramerric smdies of ERV'S or
ERV-ineegrared air handing unirs since the compurarional complex-
ity of the model is significantly reduced,

Mumerical model development and validarion
Model development

Fig. 7 showss a close-up view of a single flute in an energy re-
covery wheel; and is illustrative Tor identilying the dependent vari-
ables of iNTErESt in PrecicTing the Performance CAracTeristcs of
the wheel The five variables, and Their assock
ared GOVEIMINg eqUATions, in The model, are the 2if EEmperature Ty,
marix ure Tm, of the air Wy, absolue
humidity of the marrix Wy, and the maoisture loading of the desic
CaNC )y (Zhai et al., 2008; Ge et al. 2008). The MaErx is 3 combi
Natian of A thin 3ir AIM on Op of the MESICCINT [Eether With the
air in the desiccant layer. The desiccant on energy recovery wheels
is thin (25 m 65 micrens typically) and the Biot number is sig-
nificancly smaller than 0 (Zhai er al, 2008), hende, a “lumped™
IEMperarure and NUMidity fa60 in the MAry are assumed. The
assumprions Tor simplifying the overall analysis are referred o as
the gas-side resistance (GSK) model proposed by Zhai et al. (2008)
and Ge et al. [2008),

There are four primary gvemning equarions, which include an
energy balance on the air Eq. (1); an energy balance on the ma
mix Eq. (2); 3 MOiSUre mass balance on the ar Eq. (37 and a
MASTUre Mass balance of the marrx Eq. (4). There are fve un-
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Tabile L.
Fnite QISETEnce Method REprESEnCaTion S AETNEEIVES In the SIVEMINg sqemions.
Dertaxive Fmire difference method
1= order time 3P _ —Pimg) + Pt P =Ty, T, Wy, Wi
1= ook Enc — T3y ] SEa, ) — Qb @ =Ty Wy, W
Miase §=m=\ st} — BRG]+ B )~ B0, 1)
e T e
2 oser space Enerance R _ Sy - B ) + B ) P
Middie R _ By g0 - a.nﬁ','.- 1+ RiXq. 0
3 = 1]
Exir :I=Ih| ,.qj—aﬁa,.'1.q]+nm.lﬁ
knawn variables in the energy wheel; however, there are only four Tabie 2
primary governing equations. Therefore, one additional equation is En perimereal condhioms for wheek.
iNToduced F close the protiem Tormulaton. Eq. (5) REpresents te Wheed 1 Wheel 2 Wheel 3
general adsorpuon isoherm of the desiccant. et condizion Summer, wiszer  Smmmer  Smmmer
1
The finite diflerence numerical model is developed largely ”"‘""""’”;3 E'm ;f';’ l:'“
based on the procedures that are cutkined in te work of Zhai et al ety bmwars e ama
[2008), With ThE SXCEQLON Of e JPProach [0 Calculatng the con- Latent uncemainry (%) 13318 153 w6 EmE
VECTIVE DEar Transfer coemcient, Which is described below. The Alrflow ras mncerainey 024 o 042 Am4 4md

general Anite difference approach thar is used in this work for con-
veriing the gwerning equations from dilferential equarions w ak
gebraic equarions, which can be solved remporally and spatially, is
shawn in Table 1. ACCOTding o Chung and Lee (2009), the aurhor
menions thar the Musselr number of a i channel is sim-
ilar m thar of a sine-shaped channel. Local Nusselr number dara
10F 50502185 Triangular dUCTs With Varus VEmex angles ane staresd
in the paper by Lakshminarayanan and Haji-Sheikh (1292}, and
the local Musselr number for the energy wheel model in this ur
e WOTK is inTerprered from the Work of Lakshiminaray anan. Afeer
e CoMmPective hear transfer coefficient is derermined via 3 Mus-
selt number correlation, the convectve mass mansfer coefficient
is calculared via the Lewis number, which is rypecally assumed as
unity. A Significant magority of the papers mentioned in the lie-
STATUTE review also assume 3 Lewis of 1.0, inCluding Zhai er al
[2008), De Antonellis et al. (2014; 2010), Narayanan et al (2013),
Yadav and Yadav [2016), Edfandiari Mia and van Paassen [2006)
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EXperimental 1est dara from energy TECOVery wheels of three
different sizes are kised as the following (diamerers:depn)
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137:02, L0401 0:91:0.095 (m), and have been obiained from
oWo Separare laborarories; whose st facilities are boch con-
structed according to the AHRI 1060 (Sandard, 2013) wsting san-
dard. The experimenmtal conditions thar are specified by AHRI
1060 (Standard, 2013) include coCling SEason rests (To, = 35.0°C.
Wy = 0016 K 13 T = 230°C, Wy — 0.009
KfmarraporkBargsr 1) and heaving season tests (Tgy - 17°C
Wos = 0003 KiwaevaporkBampair'; Tia = 2L1°C, Wia = 007
Efwarervapor] -1} Thie experimental CONMitONS for each of the
different wheels thar were tested are listed in Table 2. At one lab-
oraroay, the temperamure sensors have £0.26°C of ermor; the rela
rive humidity sensors have +3% of error; the airflow rae sensors
have +2% of emor ANer propagating the measurement Uncertin-
85 Through the appropriae pedormance Caloulations, e pefcent-
age uncemainty in sensible hear transfer measuremenrs, the per-
CPMOLAge UNCeTIainny in the lamenr hear transfer measurements, he
PerCenmage UNCETIiNGy in airflow rave measurements of WO labo-
rataries are listed in Table 2.

Model volidorion

Fig. 3 presents mo parity plogs thar are drawn o visualize the
accuracy of the ourpur remperamre and absolure humidiny resuits
Derween the predicrions of the Anite difference model, developed
by the authors, and the experimental dara. The X-is of Fig. 3(a)
TEPrEsens e diference, in the SXpeTimental TESTS, herween mhe
oundoor air emperamre and the supply air emperarure, while that
of Fig. 3{b) shows the absolute humidity of the supply air leaving
e ENErgy recovery wheel The y-axes in Fig. 3(a) and 3(b) show
e COMesponding Predicrions in the values of the [Emperamre di-
ference and absolure humidity, respectively, from the fAnice differ-
ence model. Each of the axes in Fig. 3 has been normalized by the
MMM inker and OUTIer 3if TEMPeraure difersnce, and maxi
T QUICIET 3ir NOmidiy Famo. A Nussell nUmbeT COmection Tacmor
has been implemented in the code o adjuse the convecive heat
mmanster coefficient m improve the solurion accuracy. A COMrection
facmor of 0.9 has been found T0 give sarisfaomry results amoss all of
the simularions used in this research. The simulation results agree
with the ex perimental test data o within £10%; indicaring thar the
EMETEY TECOVETY Wheel model can deliver reasonabie resulrs that
IFTEE Wil acTual performance.



¥ Hang ond W Trws Harsom
':ﬂ;'
T =
:_=‘II.N- _H.|
-
|
i
3
E na-
=
2 ouar
3 q by
3 P
nz Iy
E o = datawith arrarbar
e relbries
i
] 02 0.4 i [ L
Sormaizsd Uxpenmental A
da ]
o
LR
=
T
=
2 b
mn
g
= el
pan
3
E!
g0z )
% = data wilh eracbar
refereno:
1
0 nz 4 0. 03 !

Marmalized Fxpesimental 1-\"“ -7

Rg. 3 (3] () Py plos berween [Soreoy 43 (5-axs) and FOM simstarion

Development of 3 Mapping merhod
Mupping mehod form idenfiomion

Many studies discussed in the lIEfature review Section are de-
voted 10 establishing fnite difference models (FOM) T0 Predict the
perfformance of a seleaed energy recovery wheel within a limited
range of geometric paramesers; such as, wheel diameter, wheel
deprh, or flure size; or operating conditions; such as, wheel o
rion speed of airflow rare. Nonerheless, if 3 study wanms o @@ar
get another energy recovery wheel with different paramerers, the
madel needs 1 be recaloulared and validated UNAeT the NEw Com-
dirsons. FOT Paramernic SIdees o eNergy recovery wheels with dik-
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TErent geometries o OPeTAring SEMings, the Work of raining and
validaring the models for all the possible wheels will consume 3
memendous amount of rime. I another approach can acourarely
and quickly predicc the performance of energy recovery wheels
Willl dilTerent JenMmemies of Operaning Conditions, it will be ben-
eficial for academic sTudies as well 5 MEsEarch and development
acivities in the industry.

The physical processes of hear and mass mransfer far ocour in
an Eenergy MECOVETY Wheel iMVONVE COMpIEX [Tanspor phendmend,
S0 Using an FOM [ SimUlae energy recvery wheel operaron is
complicared and time-consuming. To identify an appropriare form
for a simple, algebraic mapping model, Buckingham's pi theorem
was wrilized in a first amempe o formulate 2 method o predics te
Wheel's PeTTOMMAnCe, hWEeVeT, (e oUlome of This Work demon-
strated thar the resulting dimensicniess groups were noc capabie of
ACCUTATel CAPIUTINE The COMerT PeTformance Characreristics over a
Widle range of DPeTating conditions and wheel geomeies.

The next approach for identifying 2 potential model form was
0 look ar basic efMciency and energy balance definitions rhar are
used in CUITenT iNdusTry Standards. Eq. (6) represents te emciency
of an energy TeCOVEry wheel 3s given in AHRI Standard 1060 “PeF
formance Rating of Air-o- Air s for Energy Recovery Ven-
rilation Equipment” {115, Energy Informarion Administrazion 2017;
Srandard, 3013}

o coXm —X=n )
X — Xm)

X =Tpor Wy

(8)

= Cpgity

This equation was used as a preliminary basis o establish the
mapping method. In AHRI 1060, the variable, ¢, is used 1o represent
e CAPacily FAE (the Product of mass fow fEe and specitc hear)
108 each of the srstreams. Thus, the eMCiEncy equation from AHRI
1060 can be wrirten in the folkmwing form of Eqs. (7) and (81

el
Tgm =Tgoa— 9!3%[%: {Teon — Tpm)

Wim Wy - -‘-’*% (Wyon ~ Wym) 8

WE Can readily NOTE THar This form fof the eMCiency eQuanons
s similar e the air temperamre and homidiny governing equaons
thar are shown in (1) & (3}, so we will use this general form a a
basis for developing a new mapping method. However, m finalize
the form of the equarion, the wheel rowational speed and wheel
depn also need [ be inregrated. THese TWO Variables are impor
TNl in develOfing an energy Tecovery wheel, DECAUse il is Ccom-
maon t change the wheel rotarional speed and the wheel depth
m design a producr thar fits a specific application’s requiremens.
Therefore, the aurhors felr it necessary thar the affeor of these owo
variables also be caprured in the model form. Additionally, the hy-
draulic diamerer of the fures will influence the comective hear
and mass mansfer coefficents, so these coeffcients will also be
characterized in the mapping method by introducing the ydraulic
diamerer. Il the energy wheel emoiency is combined in
pam with the AHRI 1060 eMciency Egs. (7) and (B}, and the gov-
erning Egs. (1) and (3], then Egs. (3) and {10) become general
forms for the semi-empirical mapping merhod thar are oheained.

()]

Ty =Ty Egp—lh:m foto) SO o ~Tym) 1)

Wyt =Wy — %ft&m}fﬂu}ﬁl}%{%m ~Wem) (D)
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general Tuncion formar can be developed. First, the raveling time
of a flute in one air sream is isolared. For easier observation, the
maveling time of a flue in one air sweam is moved TO the e
nand side of the equarion, and the Test of The TEMMs ane moved m
[he righe-hand side. Then, the TUNCHEN & normalized by s maxi-
ML Thiee [rials were conduored. For each mial, all non-isolared
variables (e.g. Tg, Wg, 1, dy, eic.) are held constant, while the iso-
Laved variable is alkowed @ vary across its ramge. This same vari-
able is0larion process is also performed 13mer 70T the ourdooT 3ir
face velocity and the wheel depth.

The funcrion thar relares the waveling time of a flure in one
airsmream o the su air was observed o be sub-
stantially linear in each of the mials that were conduoed, as clearty
seen in Fig. 4, with regression R2-values of 08607, 0.9951, and
08671, Therefore, 3 JeCisn was made thar the fundeonal form
relating the traveling rime of 3 flme in the airsream should be
menmnhyaﬁmlrumm;rmnhm {1y
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Fig. 5. Effiect of the ar face velociny on whesl pesformance.

The MNCToNS relating wheel performance ©o rowational speed,
Jitgmy). airfhow rame, fmg,), and wheel deprh, J{L). need 1o be de-
velpped. By mnning the energy recovery wheel fnire difference
madels, it is possible o isolare each variable and irs effeco on
the pelfoTMance resuirs. Using this approach, one inpur variable is
changed ar 3 rime while all orher inputs remain Nxed. The trend of
influence on the changing variable can be observed and the results
are then used wr iently the form of an empirical function for thar
variable.

Figs 4, 5, and & show the results of changing the different
variables, incloding the traveling time of a flme in the airsream
[which is a surmogate for wheel rorarsonal speed), oumdoor air face
velodity, and wheel depth, By observing the resulting parems, a
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Fumina ™ [Ty ~Tpsthyg uon
(oo Tgm), "8 B Jia h:.
_ Tpon —Tgm
F‘m_Tw]m

Fitema) = aitema +n (113
Mexr, the air face velocity was isolated o devermine the appro-
priate form of its funoion. The afTeor of the air face velocity on the
supply ir tEMperamre was also shown in Fig. 5 1 be subsmantially
linear, with regression R-values of 0.9757, 0.9585, and 0.9825 for
each of the mial cases smudied. Therefore, the form of the air face
velodiny funcrion was also selected 1o be a linear fundmion as given
in Eq. {12}

Toon — Tyt tow ey

T —Tomlg B [l hL

g —Tpm

(Tem Tyt g i oy
[T ftlm-}ftf-l

famy _
ff“ll)nnz
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TEE _TIEE
(Teon— T )mar

Fruo) = asugy +b (12)

Finally, the wheel deprh influence funcrion was isclaced for fu-
ther investigation. Fig. & clearly shows thar in each of the ial
ases the effect of the wheel depth on The SOpply dir TEMperd
Tre is NOT linear. Various approaches Were imvestigated 1o ider-
rily an appropriae functional form o caprure the relationship be-
mween wheel depth and wheel performance, including, polynomial,
power, and exponential TUNCGoNs. A TWo-IEM EXPonential regres-
SiON Was found T CONSISIENTY dEliver The DEST APPIaimarion, ex-
nibiting R*-values of 0.9956, 0.9990, and 0.9914, Theraore, e ap-
propriate form of me wheel depeh influence TUNCTION & Shiwn in
Eq. [13).
Tpou— Tyt non oy 1
Tpou—Tpmum 0 Fum) Fitom)

1

o) Fifama )

ity
TOma ™ (Tyon— Ty ) e
Toon —Tome), Ut
o Tem—Tpwm
(Tl-“_ W}nn
FIL) = ase™ + coe™ 13)

The comvective hear mansfer coeffcient for air fiowing within
a flume of the energy recovery wheel can be caloulaved, as shown
in Eq. (14). using an inegrated Mussell number comrelation, and
a characteristic length (eg. the flure hydraulic diameter). Since
all the seleCted TEgressions in the previows mials (ilustrated in
Figs. 4-f) have a high indicared R! value, it is assumed thar the
employed approaches capoure the relationships well In the map-
PiNg equations Tor BoCh air temperarure and hmidity rano predic-
rion, the influence funcrions of wheed rocaional speed, airflow rae,
and wheel deprh are idenrical. This is because the hear and mass
mansler processes af an energy recwvery wheel are linear processes
on a psychromerrsc cham. Hence, the form of the temperamre and
NUMidity Fatio Mapping methods share the same equation Tonmar,
aithough ey may have different CONSLanTs. Finally, the formar of
the mapping method for supply air wmperamre Eq. (15), and the
supply air humidity ratio Eq. (16) can be identifled.

he Nu - kg _0.51“”
dy dy

(14)

Toon =Toon — g (et + b o +ba){me™ + cse™t)

x“ﬁgm-rﬂ) (15)

D.50[084
Wzt = Wyon — & (L + By y0att + By

x (@ + et %fwﬂ ~Wym) [16)

Muapping method moiing @ validesdon

The proposed mapping method was primarily developed based
on the definition of eMciency employed by AHRI 1060, and the
EOVEMENE EqQUATIoNs for eneTgy recovery wheel hear and mass
mansfer. This approach alkows the mapping method m be con-
sidered as a semi-empirical relationship, The ANN approach pro-
posed by Jani et al [2006) requires 3 minimum of 10 data poins
Tor waining. while the mapping method propossd in the current
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Fig. 7. Semi-=mpirical performance mapping method confipering process.

work requires a minimum of only 8 data points for trining, so the
work of generaring data points by experimental esting m main the
meadel is further reduced, Additicnally, the model form proposed in
this work imvolves simple algebraic Squations thar are easily imple-
mented on nearly all computational pladorms.

Sohving for all of the unknown CONSIans simultanecusly in the
equarions of the mapping method can be challenging; however, a
Teasible approach & m devermine the coefficients for the funcrons
of each influence variable separamely. To achieve That, if is neces
saly [0 SEMErAE dald POiNs thar only Change one variable while
fxing all orher variables. For instance, il the fundson of the air
Tace velocity is selecred, boundary conditions for the FOM simula-
rion [or for experimental esrs) should be all the same orher than
e air face velority. The paramerers for the influence equarion as-
sociated with the airflow rare can then be mained. The same pro-
cedure will be repeared for derermining constants of the wheel
rouation speed Tunion, and the wheel depoh funcrion. The Tunc-
TiNEs of wheel MEnon speed and airflow rame are linear. It is eas-
BET [0 SONE These TWo TUNCTRnS s The funcron of wheel deprh
s more complex to solve, thuos, it is generally bemer m solve for
e COMSTANGs of this fOnCrion ATer AnMing those thal COFrespond
m the funcrions of the air face velocity and wheel depth. Fiz. 7 is
a flow charr thar owlines the approach fof maining the mapping
meerhaod.

Based on the range of experimental est dard that was used in
develoging and validating the finite difference energy wheel madel
for this study, it is possible @ identify the acceprabe application
range of the mapping method thar has been developed. The ex-
IMEME Cases EMployed in This Sudy are TEpresentatve of Typical
application ranges for energy Wheels in e indusmy. These ex-
MEME CASes Were inpun inro the FOM model, and the results were
compared against those generared by the mapping method with
e 5aMe iNpUIs. If The MEsOits 3gTee with each Orer I within
less than 10%, then the application range of the mMapping menod
was considered valid. The overall applicarson range of the mapping
method is given in Table 3.

To visudlize 3 COMParison between the predicted performance
of the mapping method and the values available in rhe dara sers,
parity plots are shown for the supply air emperamre in Fig. &
and the humidity fGo in Fgo 9. The validation smody for the
wheels produced by manuraomrer A COnsis of 3 wal o 140 dat
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Table 1
(peraring rnge of the mapping method
Variabies vame
Temperaure [*C) -10 w2 &
Hummidiny rario (kghg ') 0001 w003
Alrfiow face speed (me ') 15-6
Eorarion speen (RFM) 1550
Wheel depth (m) 0115
it
2 Groupl
1 Ciroup 2
- s Lirpap 2
= = Groapd
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Experimantal QTE 1

Fg & Tempemnme ATy g hetwesn daa sers and mapping meshod predicion,
MAPE = EITE.

points from o independent laboratorses; a woral of 20 daa points
Tor manufacturer B; and 10 dara poins from De Anonellis eo al
(20141, As Figs. B and O show, the resulrs of prediction from the
mapping method and data sers agree very well with each other,
and the mean absolure predicTion errrs (MAPE) ame under 105
The parameters of the Mapping method for each data group in
these plors were determined through an opimization routine. In
using the oprimizarion approach o wain the coefMcients, the an-
thors moted thar the Algorithm could become wrapped in a k-
cal minimum when the saming guess values were distant from
the [rue value, Therefore, BCating initial values for the parameters
by isolating variables as mentioned previously is a preferable ap-
proach.

During this research, the mapping method was trained and vak-
idared using four separate sers of experimental daa to idengily the
universality of the proposed approach. The Arst and second dara
SE[E TEpIESENT TEST OaTa ITOM TWO independent LIbOFImmTies who
wested three dilferent sizes of energy wheels, which are produced
by mamufacurer & The energy wheels from this dama ser all em-
ploy identical desiccant material and flure geomerry. The third data
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Fig. 5. Wy, 5 berween data sevs and mapping method predicion, MAFE = LEIE

SET Was generaed by 3 SeleCmion ool provided by manufacurer B,
who produces energy recovery wheels thar embed different des-
ocant matetials, and uiilize different flure geomerries than man-
uracmurer A. The L3St (a3 58T COMEs [rom the published waork of
De Amonedlis et al {2014), who smdied energy recovery wheel per
fofmance.

One CRArameristic of e mapping merthod that was obsenved
during rhis procedure is thar the mrained mapping merhod is valid
for wheels with very different physical geomerries and operating
conditions provided rhar the desiccant marerial is idenrical through
all the case sTMfies. I OUNET WORS, the MApRing merhod doesnT
need to be remained even il the piysical geometries, operating
conditions, or dimensions of 2 wheel change. This unique charac-
EEristic gives the proposed mapping method a grear advancage for
CONAUCTING PArAMETTic Of DPIMIZarion STdes N ENeTEy TEcVery
wheels. Furthermare, the application of the mapping method is not
limited e one specific oype of energy recovery wheel. The mapping
method apglies to different wheels from different mamfacurers as
MINE 35 The BESi0Cant is the same.

Before concuding a disoussion on the mapping method, there
5 One Characrersnc thar meeds ©o be darifed, which is te in-
depengence of the Mapping Method results to the ITaining dara
poinTs. Theoretically, even if the [raining dara sers are different,
they shoukd bead 1o similar constants for the mapping method and
should no significantly affecr its performance predicrion. There-
fore, several different sers of [HEiNiNg dara pOinis were applied o
IT2in the Mapping merhod o evaluare its applicability and robust-
ness. The predicrions of the mapping method are compared with
the FOM model simulation resubt. As Table 4 shows, the mean ab-
SOIUTE PETCENTAEE EITOMS Of [he Jiference bemween the mapping

Tahile 4.
Snuty o the eferT of DRiNING G413 S8 selerTion £o prediion.
Ieration  al bl az 2 @A m o ') AT MAPE
]
1 S22 WA O7E LT LI -LES e -E1E 517
2 -2B4 1I5E 135 IRES LI5S LS D6 -EIE ETI
3 2272 11I5% 084 11891 015 LS 16 -1 546
4 .28 1LE 0B8R 142 05 LS 06 -1 SR
5 S2E4A 1T T3 1RE0 07 LS LS -3 RES
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method and the FOM simulation are 3l under 10% among differ
il (TAiNiNg data sers. HEnce, Wilh Fandom [Tining dara points,
the mapping method still deliveries precise and accurate predic
rions; however, it is aways good practice o selecr waining dara
POINTS Thar are separated by SOMe GiStance from one anocher o
efisure Thal aTifacs sUCh 35 Me3sUrement errar and UnCertaingy
don't have a significant impact on the final resulrs.

In this research, a detailed finire difference numerical model Tfor
an energy recovery wheel was developed and validared, and subse-
quently urilized for developing a semi-empirical performance mag-
ping method. Validation of the numerical model was Carmisd out
using experimental resulrs from diferenr manufacrurers, and from
oo dilfenent laboramories who follow the AHRI 1060 szandard test
procedures, ABditionally, the mapping mehod resulrs are valsated
against data published in the available lieTarure, The applicable
range of the mapping method is defined, and the process of con-
Hguring and maning model coeMcients for the Mapping method is
ourlined in the flow char of Fg. 7. The Characteristss and benefis
of the proposed semi-empirical perffoTmance mapping method are
as Tollows:
= The mapping method is very broad in its derivation and, as

such, Can account for most of the iMporant design parame-

1ers Of an energy recovery wheel. This feanre of inCorporating
atditional Aexibility ineo the model inpurs makes the mapping
merhod ideal for commercial usage (e, as a produm selection
tool), and in academic research (2., OPUMZation analysis). The
flexible inpur boundary conditions include the Tollowing ouE-

D0 TEDUTN 3iF CONQItONS [ 3§ temperature and humidity ravio),

EEOMELT Parameners of an energy recovery wheel (wheel di

amerer, depeh and flure dimensions), and operating condirions

(wheel rotational speed and airflow rare)

« The proposed mapping method is more efMficient in predicring
the perfommance Characieristics of diTerent energy wheel ge-
OmeETies and DpeTAtng Conditions Man other energy Tecivery
wheel models thar are availabde in the open liceramure. In ad-
dition, this new model can be mained with as few as B daa
poines, which reguces the mme and CosT 2ss0Ciansd with obrain-
ing suMCient dara o wain the model

The proposed mapping method for energy recovery wheel per-
Tormance predicrion conEmibues m the establishment of an eco-
nomical and userfriendly ol for gesign, analysis, and OPLMZE
tion of HVAC systems with integrated energy recovery wheets.
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