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ABSTRACT

Rotary air-to-air energy exchangers (also called energy wheels) transfer both heat and
moisture between supply and exhaust airstreams in buildings. In this thesis, it is hypothesized that
the transient step response characteristics of an energy wheel are uniquely related to the steady-
state cyclic response of the wheel. The primary objective of this research is to study the transient
response of a humidity/temperature sensor and measure energy wheel performance with a new
test procedure that uses only transient response characteristics.

In this thesis, the transient characteristics of a humidity/temperature sensor and an energy
wheel to a step change in relative humidity and temperature are investigated through two types of
measurements. One test uses a small airflow, at controlled temperature and humidity conditions,
passing through a small section of a porous wheel while measuring the outlet conditions after the
inlet conditions are suddenly changed. For a step input, it is shown that the outlet
humidity/temperature sensor data correlate with an exponential function with two time constants.
Since the transient response characteristics of the humidity/temperature sensor must be known to
predict the response of the wheel alone, a second test is required that is similar to the first test
except that the wheel is removed. This test is used to obtain the transient response of the sensor
alone. Data from these tests show that both the sensor and the sensor plus wheel have two sets of
two time constants. An analysis is presented to determine the transient response of the wheel
alone using the correlated properties of the sensor alone and the sensor with a wheel upstream.

The challenge undertaken in this research was the development of a more flexible, lower
cost test facility than that presented in ASHRAE Standard 84-1991(Method of Testing Air-to-Air
Heat Exchangers). In future work, this new laboratory experimental test facility should be
adapted to test most types of energy wheels. The configuration allows a wide range of mass flow
rates, inlet supply air temperatures and relative humidities.

Uncertainty analysis is used for each transient test for the sensors and air-to-air energy
wheels to specify the sensor and wheel plus sensor characteristics. This uncertainty analysis
shows that accurate sensor calibration under equilibrium conditions and the start time for the
humidity sensor step change is crucial to achieve low uncertainties in the transient behaviour of
sensor and energy wheels. Knowing the uncertainty in the characteristics of the sensors and the
wheel plus sensors the uncertainty in the transient response of the wheel alone is predicted.
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The first time constant of the humidity sensor is found to be about 3 seconds, while the
second time constant is found to be about 100 seconds. It is found that the predicted response of
the wheel alone gives time constants that are about 6 seconds and 140 seconds. Other researchers

can use this information presented in this thesis to estimate the effectiveness of an energy wheel.
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1. INTRODUCTION

1.1.  Background

Energy wheels are typically made of a corrugated material (e.g., aluminium or plastic)
that is coated with a thin layer desiccant (e.g., silica gel, molecular sieve or salts) through which
supply and exhaust air flow in a counter flow arrangement. When warm moist air passes through
the wheel on the supply side, the air transfers heat and moisture to the matrix, and then this heat
and moisture are transferred from the matrix to the air on the exhaust side (see Figure 1.1). In this
manner, the energy wheel transfers heat and moisture between the two air streams. Heat and
moisture exchange using an energy wheel has been shown to be cost effective for ventilation air
heat and moisture exchange in many new and retrofitted commercial buildings. For the energy
cost concern, the HVAC industry has developed several ventilation air energy recovery devices,
such as heat pipes, thermosiphons, and energy recovery wheels over the last two decades.
Heating and cooling ventilation air often accounts for 20% to 40% of the total heating, ventilating,
and air conditioning energy used in commercial buildings (Ciepliski, 1997). Architects and
engineers make great efforts to reduce building energy costs, such as applying higher efficiency
HVAC devices and so on. The air-to-air energy exchanger is one approach to recover energy
exhausted from buildings and transfer it to the ventilation air. In recent years, energy wheels have
been the most actively investigated by industry and researchers due to their ability to cost-
effectively transfer both heat and moisture. This has resulted in several patents and many research

papers.
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Figure 1.1 Air-to-air energy wheel transferring heat and moisture between supply and exhaust air
streams. (ASHRAE HVAC Systems and Equipment, 1992)

The existing standard method of testing air-to-air energy exchangers, ASHRAE Standard
84-1991, implies that expensive laboratory equipment and a large laboratory are required to
provide the large air flows, heating and cooling capacities necessary to obtain accurate test data.
In the thesis work of Ciepliski (1997) and Shang (2002), this standard was followed, but the
configuration of their laboratory experimental test facility was complicated. It was constructed
with large air ducts, including fans, orifice plates, flow straighteners, dampers, swirl vane mixers
and tracer gas ports. In the past, it took one or two people about three weeks to construct the
whole experimental set-up and calibrate all the sensors. Three hours were needed to collect all
experimental data for each test. All their experimental data were obtained in steady-state
operating conditions. Accurate measurements of moisture transfer are difficult because the
difference in supply and exhaust air absolute humidities are fairly small for ARI tests. ARI
developed a certification program (ARI Test Standard 1060) based on ASHRAE Standard 84-
1991. The testing and certification of commercial air-to-air energy wheels need very expensive
equipment. An investment of over US$1 million in the test facility can be expected to provide the
large airflows and heating and cooling capacities required to obtain accurate test data.
Consequently, there are few labs that have done any testing and only one can test large equipment.
Testing according to these standards is very expensive (e.g., US$5,000 per test). In order to
reduce these costs and testing time and also avoid the difficulties they experienced in maintaining
steady-state test conditions, a new test procedure is proposed and investigated in this thesis. The
general objective of this research is to develop a small-scale test facility that can be used to

accurately determine the effectiveness of large energy wheels without requiring large equipment



(fans, ducts, and heating and cooling equipment), and instrumentation systems to measure and
determine the mass flow rates, bulk temperature and humidities recorded over about 30 minutes
of steady-state operating conditions. Effectiveness is the most important characteristic for energy
wheels. It is the main performance characteristic measured in the ASHRAE Standard and ARI
Standard.

The schematic of the new test facility is much simpler than the standard one required in
ASHRAE 84-1991. In the laboratory, it takes only one or two days for one person to set up the
experimental equipment and one or two hours to record all the test data. The energy wheel does
not rotate in the new experiment. The experimental data, such as relative humidity and
temperature, are measured at inlet and outlet test sections. The inlet air conditions experience a
transient step change after the equilibrium stage is reached in about 30 minutes, and the transient
response of the air conditions in the outlet section are recorded. The two air streams pass through
energy wheels in a parallel flow pattern. Therefore, the transient characteristics of the humidity
sensors used in this new experiment are studied and the transient response of energy wheels is
measured with the same sensors.

The rate of response of a temperature or humidity sensor clearly depends on the physical
properties of the sensor, the physical properties of its environment, as well as the dynamical
properties of its environment. The dynamic characteristics of instruments measuring the energy
wheels’ behaviour are to be fully investigated and understood before studying the dynamic

behaviour of an energy wheel.

1.2.  Research Concept

The general hypothesis of this research is that the steady-state cyclic characteristics of an
energy wheel (i.e., performance characteristics such as effectiveness) will be predictable using
the transient response characteristics of the wheel. The specific hypothesis of this thesis is that
the humidity and temperature response of the energy wheel will require the measured transient
response characteristics of the sensors used as well as the measured transient response
characteristics of these same sensors downstream of an energy wheel. The expected outcome of
this thesis research will be a device to achieve transient step changes in airflow properties and the
methods to analyze and determine the transient response characteristics of wheels and sensors.
The changes in operating conditions will be facilitated by changing the inlet temperature and

3



humidity conditions to the humidity sensor in a step fashion. Such a step change in operating
conditions is somewhat similar to the changes that occur in a rotating energy wheel every 180
degrees of wheel rotation, where inlet conditions change every 1 to 2s for a wheel rotating at 15

to 30rpm and exposed to supply or exhaust air every half cycle.

1.3. Literature Review

Guided by the research concept, the literature on transient humidity and temperature
measurement are presented in this section. Humidity measurement is the most important
measurement for regenerative wheels that transfer water vapour and temperature measurement is
essential when heat is transferred. Rotary regenerative heat exchangers have been in use since the
1950’s. Experimental test results and numerical models of these heat exchangers have been

presented in more than 30 papers (Besant 2000 and 2003, Ciepliski, 1998 and Simonson, 1999).

1.3.1. Measurement of Transient Humidity Changes

Accurate humidity measurement and control is essential in a wide range of industries
including food processing and storage, fertilizer processing and storage, detergent processing and
storage, horticultural and animal environments, and human environments (Ciepliski, 1997).
ASHRAE Fundamentals (2001) provides an overview of humidity measurement and some of its
applications.

In this research work, polymer film electronic hygrometers (capacity type humidity
sensors) are used to measure transient relative humidity and temperature changes. These devices
consist of a hygroscopic organic polymer deposited as a thin film on a water-permeable substrate.
Both capacitance and impedance sensors are available to measure the changes in electrical
properties (capacitance or resistance) caused by water vapour adsorption or desorption. These
hygrometers typically have integrated circuits that provide temperature correction, signal
conditioning and a display of relative and/or absolute humidity. The primary advantages of this
sensor technology are small size, low cost, and good steady-state accuracy over the range of
5%<RH<95%. Since other humidity measurement devices are less accurate for steady-state
applications (ASHRAE Fundamentals, 2001), only one of these types of sensors will be

investigated.



Several researchers for several research applications have studied the dynamic behaviour
of humidity sensors. Researchers have investigated the response characteristics of sensors made
of various materials with different physical geometries. These studies have shown that different
humidity sensors respond to a step-like input in quite a similar fashion. Marchgraber and Grote
(1963) reported that the response is characterized by a fast initial response followed by a slower
drift to equilibrium. In another study on the transient behaviour of a humidity sensor, Kuse and
Takahashi (2000) studied the transient behaviour of a tin oxide semiconductor humidity sensor
placed inside a large vessel undergoing a step-like humidity change. They found the transitional
behaviour of semiconductor sensors under a step change in humidity followed an exponential
curve with two time constants. The first time constant was a few hours and the second one was at
least ten times larger. In their study, the sensors were placed inside a large chamber compared to
the sensor size and exposed to a maximum airflow rate of 5L/min implying that the measured
time constants were most likely that of the container and not the sensor. Since the Kuse and
Takahashi investigation was done under very different conditions (i.e., lower air velocity) than in
many HVAC applications, a new study is needed to characterize the transient response of
humidity sensors exposed to higher air velocities.

The time constant of a sensor, defined as the time necessary to reproduce 63% of its total
potential reading change when subjected to a humidity step change, is approximately doubled
when the sensor is protected by a dust filter, which is used for the most accurate sensors. In this
case, moisture is transported in and out of space adjacent to the sensor by molecular diffusion of
water vapour in air between the filter and the sensor. The time constant of the sensor is also
influenced by the time necessary for the probe to adapt to temperature change in ambient
temperature (Lafarie, 1985).

In some recent medical research done by Tetelin et al. (2003), a fast response humidity
sensor was fabricated to equip a medical microsystem for diagnosis of pulmonary diseases. This
sensor was based on a capacitor made of a divinyl siloxane benzocyclobutene (BCB) film
between parallel plate electrodes. It was fabricated with compatible CMOS technology and it
exhibits a short response time. Their study showed an initial rapid increase in the water
adsorption in the BCB material followed by a rather slow approach to equilibrium. Their

adsorption versus time curves were fitted well by an exponential correlation with two time



constants. Humidity steps from 33% to 67%RH were applied to the sensors at 40°C and ambient
temperature.

The above works were all done in air. The response of four different electrochemically
prepared resistive conducting polymer sensors subject to exposure to various concentrations of
ethanol vapour has been investigated by Ingleby et al. (1999). Their correlations for the ethanol
versus time are compared with experimental results gathered when exposing the sensors to
different concentrations of ethanol vapour in air at different relative humidities. For this group of
polymers a double-exponential expression was used to model the generally longer time responses
and the drift demonstrated during exposure. Their correlations divided the response of the sensors
into two regions: the first was an initial response due to the exposure of the ethanol vapour; and
the second region was a long term response either due to the ethanol vapour or of the sensor
output caused by drift within the polymer.

Some other research papers have also shown that the transient response of humidity

sensors can be well fitted by a double exponential model (Delpha et al. 2000).

1.3.2. Measurement of Transient Temperature Changes

There are many types of temperature sensors that are used in a wide range of applications
(ASHRAE Fundamentals Handbook, 2001). Some examples are thermocouples, resistance
thermometers, liquid-in-glass thermometers and radiation pyrometers. Two different temperature
sensors are used in this research. One type is RTD sensor that is embedded in the humidity sensor
and the other is a type-T thermocouple. Other previous research on the transient step response of
temperature sensors are presented below.

Minkina (1999) recorded the step response of a NiCr-NiAl, 3mm diameter shield
thermocouple during the air temperature measurement within a chamber. Minkina presented non-
linear corrections to account for greater temperature changes. The non-linearity of the model was
indicated by the parabolic or exponential dependence of the time constant on temperature.
Minkina’s experimental results confirmed that the theoretical predication of the thermocouple
step responses as recorded during measurements of air temperature have a non-linear character.
An identification of the nature of the non-linear heat transfer process during thermocouple unit

step response measurement in an air medium is presented in Minkina’s research.



A simple experimental method was developed by Shammas et al. (2002) to study the
transient thermal characterization of semiconductor packages. They showed that the transient
thermal response of more complex structural devices has widely separated time constants. Their
results showed a very fast temperature decrease during cooling of the sensor, and these decay
versus time curves were fitted well by exponential correlation equations with two time constants;

the first time constant was about 0.02s and the second one was about 3s.

1.4. Research Objectives

The research objectives related to a new, small-scale test facility that is to be used with
energy wheels are:

1. To develop a transient test methodology to measure the humidity and temperature
downstream of an energy wheel or any other interactive device;
To design and construct an apparatus for this transient test;
To calibrate the instruments for steady-state operating conditions;

To test the instruments under transient operating conditions;

A

To determine the response of energy wheels to a step change in inlet air temperature
and humidity using data for the transient instrument test and data from the same
instrument downstream of an energy wheel;

6. To determine the uncertainty in the measured and analytically determined results.

1.5. Procedure or Methodology and Scope of Research

In this research work, a test methodology is to be developed using a small-scale test
apparatus to test humidity sensors under transient operating conditions. Two energy wheels, each
coated with desiccant (e.g., molecular sieve and silica gel), are to be tested using same sensors at
same operating conditions. Several steps will be necessary to carry out the research to meet the
objectives.

1. This research work required, as a first step, the design construction and

instrumentation of a test facility that would permit a rapid step change in test
conditions and the measurement of all the inlet properties and outlet temperature and

humidity.



2. The second step will be the calibration of all the test sensors at equilibrium used in the
test facility for steady-state conditions.

3. The third step will be the transient test of outlet humidity and temperature sensors at
various conditions and correlation of the measured data along with an uncertainty
analysis.

4. Two energy wheels with the same outlet sensors downstream will be tested under the
same transient step change conditions, and the transient response characteristics of
energy wheels alone will be derived from the measured experimental data. The
uncertainties of the measured and analytical data will be determined.

The final determination of the energy wheel effectiveness from the transient response
results is to be left to future work because it requires significant additional analysis of
experimental data and verification with test data and numerical simulations.

This thesis is divided into five chapters and three appendices. Chapter 2 presents the new
experimental test facility and instrumentation and steady-state calibration of the instruments used.
The transient characteristics of the humidity sensors at various test conditions are discussed in
Chapter 3. The uncertainty analysis of the test data correlations and the characteristic time
constants are presented in this chapter. In Chapter 4, results are presented and discussed for the
case where the same sensors are used to test two energy wheels each coated with a different
desiccant. The transient response of the energy wheels is determined together with the
uncertainty in wheel response. The conclusions are presented in Chapter 5 along with

recommendations for future work.



2. TEST FACILITY AND INSTRUMENTATION

The process of designing a test facility to accurately test the transient response of a
humidity/temperature sensor and an energy wheel begins with an apparatus that can create a step

change in the inlet humidity and temperature conditions.

2.1. Design and Description of the Test Facility

A rotary switch plate was designed to allow a rapid step change switch from one set of
inlet conditions to another (see Figures 2.1 and 2.2). The rotary switch plate can be operated
manually by rapidly rotating two inlet tubes 180 degrees relative to the clamping plates, the
energy wheel and outlet tubes which are stationary. In this way, the outlet humidity sensors and
thermocouples are subject to a step change in conditions. O-ring seals are used to minimize air
leakage between the inlet rotational plate and the clamping plate. Closed cell foam is used
between the clamping plates and the energy wheel to prevent air leakage between the clamping
plates and the energy wheel surface. Prior to each test, conditioned air is passed through the
wheel for a long time (at least 30 minutes) so that the apparatus and test section would be at
steady-state conditions. To initiate a transient step change in the outlet humidity, the inlet tubes
are quickly rotated 180 degrees with respect to the outlet tubes. Air temperatures and humidities
are measured at each inlet and outlet. The selected inlet air test conditions used in this thesis are
presented in Table 2.1. Tests show that this 180 degrees rotation takes less than one second, and
the step change in outlet tube humidity occurs in less than 0.2s, which is the time it takes for an
inlet tube to move one diameter distance across the face of the outlet tube. The details of design

are presented in Appendix A.



Figure 2.1 Photo of the test section for sensor transient calibration (with no wheel).
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Figure 2.2 Schematic of the test facility showing the flow lines, instrumentation and test wheel.

The laboratory-experimental test facility is shown in Figure 2.2 and Figure 2.3. This test
facility is significantly different than standard test facilities (e.g., ASHRAE Standard 84-1991).
Testing according to ASHRAE Standard 84-1991 uses counter airflow through rotating energy

wheels, while the equipment in this thesis is parallel airflow through non-rotating energy wheels.
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Table 2.1. Operating conditions for the sensor or energy wheel testing.

Operating Conditions Inlet Properties
Inlet #1 Inlet #2
ARH#0, AT=0
Temperature ~23°C ~23°C
Relative Humidity 3% ~ 6% 40%, 50%, 60%

Air flow rate

200, 100, 50L/min
(V=1.6, 0.8, 0.4m/s)

200, 100, SOL/min
(V=1.6, 0.8, 0.4m/s)

ARH#0, AT#0

Temperature ~23°C ~ 53°C

Relative Humidity ~40% ~6%

Humidity Ratio ~Tg/kg ~5.5g/kg

Air flow rate 200 L/min (V=1.6m/s) | 200 L/min (V=1.6m/s)
ARH=0, ATZ0

Temperature ~23°C ~ 18°C, 30°C, 40°C
Relative Humidity ~15% ~15%

Air flow rate

200 L/min (V=1.6m/s)

200 L/min (V=1.6m/s)

ARH#0, AT#0, AW=0

Temperature
Relative Humidity
Humidity Ratio
Air flow rate

~23°C

~29%

~5g/kg

200 L/min (V=1.6m/s)

~30°C, 36°C, 40°C
~19%, 14%, 11%
~5g/kg

200 L/min (V=1.6m/s)

Figure 2.3 Photo of the test section for energy wheel plus sensor test.
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An air compressor with a large storage tank provides air supply for the experiment.
Compressed air is passed through an industrial dryer, which reduces the inlet air relative
humidity to a low value, e.g., 6+1%RH. This flow is then split as in Figure 2.2 before it passes

through two mass flow controllers used to get the desired dry air mass flow rate through each




tube. The maximum flow rate capacity of each mass flow controller is 200L/min with uncertainty
of £2L/min. The two air streams are humidified before they are delivered to the test section. In
generating the required inlet air relative humidity for the moist air streams, three water tanks are
used as shown in Figure 2.2. By regulating each flow using the bypass control valves, a portion
of the dry inlet air is diverted from the main line to add a certain amount of water vapour.
Recombining the humid air from the water tanks with the dry air from the compressor
downstream of the control valves (Figure 2.2) results in the selected air relative humidities at
each inlet flow tube. A tube-to-tube heat exchanger is used to heat or cool one of the air streams
using hot water from an electrical heater or cold water directly from tap.

The test section of this experiment is shown with a wheel mounted horizontally in Figure
2.3 and without a wheel for sensor only testing in Figure 2.1. The test section is comprised of two
51mm inside diameter flow tubes (Figure 2.4) for the transmission of air at various conditions to
the test section. These inlet tubes are aligned with two outlet tubes of the same size. When they
are aligned about 500 flow channels (each 1 to 2mm high and 3 to 4mm wide) of a typical energy
wheel allow air to flow from inlet to outlet. One of the supply inlet tubes delivers hot dry or cool
humid airflow and is insulated to reduce heat loss or gain. The two outlet tubes are insulated to
ensure that the properties of the air being measured are the same as the properties of the air
passing through the air tubes. The other supply inlet air tube does not need to be insulated
because it carries air at ambient temperature; therefore, there is minimal heat transfer between

this tube and the surroundings.
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Figure 2.4 Schematic of the test section with its rapid tube rotation capability between the two
inlets flow tubes.
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2.2. Instrumentation and Steady-state Calibration

Experimental instrumentation is needed for four sections (Figure 2.5). Each section
measures the same two quantities, temperature and relative humidity. The measurement sections
shown in Figure 2.5 are:

Section 1-Supply inlet; Temperature 1, Relative humidity 1

Section 2-Supply inlet; Temperature 2, Relative humidity 2

Section 3-Exhaust outlet; Temperature 3, Relative humidity 3

Section 4-Exhaust outlet; Temperature 4, Relative humidity 4.

Supply Air Inlet Exhaust Air Outlet

|:{>@:{>:{>G>:{>

Supply Air Inlet Exhaust Air Outlet

Figure 2.5 Scheme for humidity/temperature sensors or an energy wheel test in parallel flow
noting measurement locations (1-4) for temperature and humidity.

2.2.1. Humidity Measurement

In this thesis, an instrument manufactured by Vaisala is used to measure relative humidity.
Although, the main purpose of this instrument is to accurately measure relative humidity using a
thin-film polymer sensor, the instrument also contains a RTD temperature sensor. To reflect the
main function of this instrument, yet distinguish its dual function of measuring temperature and
humidity, this entire instrument will be referred to as the humidity/temperature transmitter or the
transmitter throughout the thesis. Therefore the humidity/temperature transmitter can measure
humidity with its humidity sensor and temperature with its temperature sensor.

Humidity measurement is difficult to obtain with high accuracy because it is sensitive to
temperature and airflow. The thin-film polymer humidity sensor in the humidity/temperature

transmitter used in this research adsorbs or desorbs moisture with changing relative humidity.
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This change in moisture content results in a change in electrical capacitance or impedance.
Factory calibration relates capacitance to relative humidity and the sensor outputs 0 to 1V
representing 0 to 100%RH. As noted previously, the humidity/temperature transmitter also
includes a temperature sensor and can therefore simultaneously measure temperature and relative
humidity. The accuracy of relative humidity measurement was claimed by Vaisala to be +1%RH
when used between 0 and 90%RH and +2%RH when used between 90 and 100%RH. Vaisala
lists the response time for 90% of at 20°C in still air with a dust filter as 15 seconds.

Steady-state calibration is required for the humidity/temperature transmitters. Sensor
calibration at equilibrium is necessary to determine the bias error of the transmitters at outlet
section, which will be used in the uncertainty analysis. The steady-state calibration is performed
with a chilled mirror sensor with a bias uncertainty of +£0.3°C in dew point and +1%RH at 20°C.
The steady-state calibration results are presented in Table 2.2 and they show that, after calibration,
the bias uncertainties of these outlet tube transmitters are +1.8%RH. Calibration is done for the
transmitters in the range of 10% to 95%RH. The steady state calibration of each transmitter is
done before and after the whole set of transient test and shows that there is essentially no change

between calibrations.

Table 2.2. Steady state RH calibration for two outlet transmitters.

Chilled Mirror Sensor Reading (%)
Sensor Reading (%) | Sensor #A | Sensor #B
10.5 10.4 10.6
21.7 20.6 20.8
32.3 31.1 31.2
41.1 41.0 41.0
52.0 52.4 52.2
62.5 62.9 63.1
71.7 72.9 73.0
83.2 83.8 84.0
94.6 94.3 95.4

2.2.2. Temperature Measurement

Temperature is measured using both the RTD temperature sensor in the

humidity/temperature transmitter and a T-type thermocouple. Previous calibration results in a
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thermocouple indicated an uncertainty of +0.1°C when the thermocouple wire is from the same
roll. The RTD temperature sensors at outlet section are calibrated at steady-state condition using
a dry-well calibrator with the accuracy of +0.1°C. The steady-state calibration results are
presented in Table 2.3. It is found that the bias uncertainties of these outlet tube sensors are
+3.0°C after calibration, and the bias uncertainty of these RTD temperature sensors at room
temperature (20°C) is less than +0.3°C. For most experiments operating at room temperature, the

bias uncertainty is not significant for these outlet tube RTD temperature sensors.

Table 2.3. Steady-state temperature calibration for two outlet transmitters.

Calibrator Sensor Reading (°C)
Reading (°C) | Sensor #A | Sensor #B
-18.0 -16.2 -16.5
-10.0 -8.5 -8.9
0.0 0.8 0.6
10.0 10.7 10.2
20.0 19.7 19.7
30.0 29.3 29.3
40.0 38.9 39.0
50.0 48.5 48.7

The comparison of the two different types of temperature sensor measurement is made in
Section 3.2.3. The locations of transmitters and thermocouples in the ducting for both the inlet

and outlet sections are shown in Figure 2.2.

2.3. Data Acquisition

Experimental data are recorded using a computer data acquisition system with the
resolution of 12 bits. Measurement signals from eight sensors are digitally converted using
Sciemetric Instruments Labmate data acquisition and controller and stored on a Compaq Pentium
computer using Maximon data acquisition software. The signals need to be collected are: 4
humidity signals and 8 temperature signals.

The hardware connection of the instrument and the data collection computer is done via a
Labmate data acquisition board. The thermocouples are connected directly to the data board,

while the humidity sensors are connected through copper paired cable.
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3. TRANSIENT SENSOR RESPONSE AND DATA ANALYSIS

The word dynamic implies change with time. Figure 3.1 shows a schematic of a dynamic
system with time variable inputs and outputs. For a heat exchanger or an energy wheel, the input
variables would include fluid temperature, pressure and velocity. The temperature, humidity, heat
transfer rate, pressure drop could be selected as the outputs. In this thesis, only the temperature

and humidity are measured as inputs and outputs.

\ 4
v

Dynamic system
Inputs (parameters, state variables) Outputs

\ 4
v

Figure 3.1 A dynamic system.

The objective of system analysis is to predict relevant performance characteristics of a
system operating under specified input conditions. The type of input signal used in this research
is a step function because it is one of the simplest types of inputs and because test results can be
obtained very rapidly. It is also the type of disturbance caused by the steady rotation of a wheel as
it cyclically switches from exhaust air to supply air exposure. To investigate the dynamic
behaviour of an energy wheel, the dynamic characteristics of temperature and humidity sensors
used to measure the outputs need to be studied first. In this chapter, the transient relative
humidity and temperature response of the humidity/temperature transmitter are measured under
various operating conditions. The transient temperature response of the thermocouples is also
investigated under the same conditions to compare with the transient temperature response of the
humidity/temperature transmitter. Theoretical correlations are determined to describe the
transient response of these sensors, and it is discovered that the correlations fit very well with
experimental data. The statistical average value of each coefficient in the theoretical correlations

is calculated and their uncertainties are analyzed.
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3.1. Transient Response of the Humidity/Temperature Transmitter

The transient response characteristics of the transmitter is given by its time constants for a
given step change input. Any recorded humidity data that show significant changes with time
must be corrected for the transient response characteristics of the humidity/temperature
transmitters. The inlet transmitters are not exposed to transient property changes during the tests.
The apparatus is operated at steady-state conditions for about 30 minutes prior to each test. This
preconditioning period ensures that the entire facility (transmitters, tubes and the energy wheel)
has reached steady state before the step change is introduced. Transient response testing of the
outlet transmitters is done using the test section configuration shown in Figure 2.1 with no wheel.
In this arrangement, the outlet conditions will change within 0.2s or less when the switch is done
because the inlet and outlet lines are directly connected very rapidly. Therefore, the
humidity/temperature transmitters in the outlet ducts will be subject to a nearly perfect step
change.

Before presenting the measured results, the nomenclature used to represent the data
measured by the inlet and outlet humidity/temperature transmitters must be established. During
the preconditioning period (Figure 3.2(a)), the inlet (i) and outlet (o) transmitters are
preconditioned to humid (w), cold(c) and dry (d), hot (h) conditions. Therefore, just before the
switch the humidity reading from the humidity sensor in the humid inlet (RH;) will equal the
reading of the sensor in the humid outlet (RH, ). Similarly, RH; =RH, 4, Ti=To. and Tin=Ton
prior to the switch. Therefore, outlet transmitters are labelled according to the conditions that
they are preconditioned (i.e., RH, 4 represents the outlet humidity sensor that is preconditioned
with dry air before the switch).

After the switch, the outlet sensors are interchanged so that they experience a step change
(Figure 3.2(b)). For the example in Figure 3.2, the outlet humidity/temperature transmitter that is
preconditioned with dry and hot air (RH, 4, Top) is exposed to the humid and cold inlet conditions
(RH;w, Tic) and thus RH,4 will increase and T, will decrease with time after the switch.
Similarly, the outlet transmitter that is humid and cold (RH,w, To.) before the switch is exposed
to dry and hot inlet conditions (RH; 4, T;n) after the switch. When presenting the measured results
of the inlet and outlet sensors in this thesis, a schematic of the test conditions that exist after the

switch, as in Figure 3.2(b), will be included to clarify the test conditions.
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(a)

RHy, Ty —— — py

(b)

0,W» To,c RHi,w, Ti,c e o ——-> RHo,d, To,h

RH; 4, T;p —» —»
@ RHog Ton RHies Tin ———» > RHoy, Too

Figure 3.2 Schematic of the transmitters showing the nomenclature for the inlet (i) and outlet (0)
humidity/temperature transmitters (RH, T) when they are exposed to hot (h), cold (c), humid (w)
and dry (d) test conditions (a) before, and (b) after the switch.

3.1.1. Humidity Change Only (ARH#0, AT=0)

The transient response of the outlet humidity/temperature transmitters are measured for
several step changes in relative humidity, such as 60%, 50% and 40%RH, while the airflow is
close to room conditions, e.g., 23°C. The dry side is always at 6+1%RH. In these tests, one
transient switch could be made every 30 to 40 minutes. Figure 3.3 shows the measured
transmitters’ response profile for one typical step change from 6% to 40%RH in about 2 minutes.
After the switch, the transmitter, RH,\, undergoes a decrease in humidity or desorption and the
transmitter, RH, 4, undergoes an increase in humidity or adsorption and they approach very
quickly to the inlet humidity conditions, RH;4 and RH; . In Figure 3.3, the transmitter, RH, 4,
indicates 39%RH 2 minutes after the switch, while the transmitter, RH, , indicates 6%RH or the
inlet condition 2 minutes after the switch. All tests are done three times at each testing condition
as given in Table 2.1. The time zero in Figures 3.3 to 3.10 is the time to start to record
experimental data, and the 180 degrees switch is made in a few seconds after the data was started

to be recorded.
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Figure 3.3 Measured inlet and outlet relative humidity without a wheel for a transient change in
humidity and no change in temperature (ARH#0, AT=0, V,;=1.6m/s and At=200s).

Figures 3.4 and 3.5 show relative humidity step change from 6% to 40% at half of the

airflow rate (100L/min, V,;=0.8m/s) and one quarter of the airflow rate (S0L/min, V,;=0.4m/s)

of the previous test (200L/min, V,;=1.6m/s).
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Figure 3.4 Measured inlet and outlet RH without a wheel for a transient change in humidity, but
no change in temperature at a flow rate of 100L/min (ARH#0, AT=0, V,;=0.8m/s).
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Figure 3.5 Measured inlet and outlet RH without a wheel for a transient change in humidity, but
no change in temperature at a flow rate of 50L/min (ARH#0, AT=0, V,;=0.4m/s).

It appears that there is no significant difference between Figures 3.3, 3.4 and 3.5, which
indicates that the transient response of the transmitters is not sensitive to air flow rate in the range

tested.

3.1.2. Humidity and Temperature Change (ARH#0, AT#0)

In this section, transient response of the outlet transmitters is presented for step changes in
both the temperature and relative humidity. Figures 3.6 to 3.7 present the humidity sensor data
with ARH#0 and AT#0, which is presented in Table 2.1.

Comparing Figure 3.6 with Figure 3.3 shows that the humidity transmitter responds much
slower when there is a temperature change (AT#0) than when there is no temperature change

(AT=0).
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Figure 3.6 Measured inlet and outlet relative humidity without a wheel for a transient change in
humidity and temperature (ARH#0, AT#0, V,,=1.6m/s).
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Figure 3.7 Measured inlet and outlet temperature without a wheel for a transient change in
humidity and temperature (ARH#0, AT#0, V,;,=1.6m/s).

3.1.3. Temperature Change Only (ARH=0 and AT#0)

Based on the above data for the test condition, ARH#0 and AT#0, the response of the
temperature sensor in humidity/temperature transmitter appears to have a large time constant.
Therefore this sensor needs to be further investigated during a step change in temperature alone

with no relative humidity change (ARH=0 and AT#0) to check its dynamic behaviour. Figure 3.8
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indicates a typical temperature response (from 21°C to 30°C) for these conditions (ARH=0 and
AT#0).

Figure 3.8 shows the response of the transmitters to a step change in temperature is quite
similar to that the temperature response in Figure 3.7. The time constants of these temperature
response and comparisons are presented in Section 3.2.3 and show that they have very similar

transient behaviour even when the humidity is changed.
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Figure 3.8 Measured inlet and outlet temperature without a wheel for a transient change in
temperature (ARH=0, AT#0, V,i=1.6m/s).

3.1.4. Conditions with Constant Humidity Ratio (AW=0)

To further explore transient performance of the transmitter, test conditions with ARH#0,
AT#0 and AW=0 are also investigated in this research work. Condition ARH#0, AT#0 and AW=0
has both temperature and humidity changes but a constant humidity ratio of about 5g/kg. Figure
3.9 presents a typical measured relative humidity response at condition ARH#0, AT#0 and AW=0,
which inlet conditions are T;=24°C, RH;,=27% and T;,=40°C, RH;s=11%. The measured
temperature response is shown in Figure 3.10.

Figures 3.9 and 3.10 indicate that measured the temperature and humidity dynamic
response for ARH#0, AT#0 and AW=0 are very similar with their response with the other
conditions (e.g., ARH#0, AT#0 and ARH=0, AT#0). The detailed results will be discussed in

following sections.
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Figure 3.9 Measured inlet and outlet RH without a wheel for a transient change in constant
humidity ratio (ARH#0, AT#0, AW=0, V,,=1.6m/s).
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Figure 3.10 Measured inlet and outlet temperature without a wheel for a transient change in
constant humidity ratio (ARH#0, AT#0, AW=0, V,;,=1.6m/s).

3.2. Transient Data Correlation

Figures 3.3 to 3.10 show that the output of the outlet humidity/temperature transmitters
(RHo4, RHow, Tocand T, 1) are not instantaneous changes, even though the inlet air humidity and

temperature change in a step fashion. The thermal time constant for a solid may be expressed as
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p

pVec

T , which is associated with the density, physical volume, surface area and specific heat

capacity of the solid, and also convection heat transfer between the solid and its surrounding air.
The outlet relative humidity also shows an exponential increase or decrease, which is due to the
moisture capacity and diffusion resistance of the sensing material and the air surrounding the
sensor. For an inlet humidity step change, two time constants are observed to give good

correlations for both humidity increase and decrease as will be described in the next Section

(3.2.1). For the moisture transfer, the first time constant,z = , 1s always the most important

and it is thought to be a consequence of air diffusion resistance. The correlations in Section 3.2.1
show that the second time constant is at least an order of magnitude greater than the first one
perhaps because of a slow diffusion process of water molecules into the transmitter as the
transmitter approaches equilibrium. Time constants for humidity/temperature transmitters are to
be determined by correlation using the exponential equations (3.1) and (3.2) for adsorption and
desorption. The correlations equations that best represent the transmitter response to inlet

humidity step change are presented in the Section (3.2.1).

3.2.1. Transient Relative Humidity Data Correlation

Moisture adsorption into the transmitter from the air (i.e., increasing relative humidity) is

assumed to follow the correlation equation:

Ag,
A,

0), =x, (1= +x,(1—e7"). (3.1)

For moisture desorption from the transmitter into the air (i.e., decreasing relative humidity)

the correlation equation is:

A0 (1) =122

A¢ B E(t)ads = xle_t/tl + x2e_t/t2 b (3'2)

where the coefficients x; and x, satisfy the same constraint equation for both adsorption and

desorption:
x, +x,=1, x,20,x,>0, (3.3)
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but with different values for each case. Other symbols are:

¢s - ¢si

A¢@, =change in relative humidity =

, where @, is the initial condition;

A¢ = maximum change in relative humidity =

¢5f - ¢si

and t, are the first and second time constants respectively.

, Where ¢5;f 1s the final condition; and t;

Figure 3.11 and Figure 3.12 show that the measured data agrees very well with the
correlation data for one typical test for ARH#0 and AT=0. The time zero in Figures 3.11 and 3.12
is not the time zero showing in previous Figures 3.3 to 3.10, it is the time point when 180 degrees
switch is made. The value of each coefficient, x;, x,, t; and t,, is obtained using a computer
software, TableCurve, for both adsorption and desorption and are summarized in Tables 3.1 and
3.2. The time constants do not seem to depend on the magnitude of the step change. For every
case, the 1* values are greater than 0.978. The r’ coefficient of determination is the most
commonly used goodness of fit measure for curve-fitting data. It is TableCurve’s default and

defined as follows:

2y SSE ’ 3.4)
SSM
where SSE = ZWi (¢,-z)",and (3.5
i=1
SSM = w,(z, - 2)". (3.6)

i=1

SSE is the actual least-squares measure of fit. The weighting factor (w;) is determined from the
sum of the squared residuals. The z; is the measured data and the estimated value of z; value is Z,.
In the SSM calculation, z is the mean of all the z; data. In equations (3.5) and (3.6), n is the total
number of data points. As the value of r* approaches 1.0 the fit is considered to be good while a
value close to zero indicate a very poor fit. In this research work the number of data points use

for each correlation was 1800 unless stated otherwise.
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Figure 3.11 Comparison between the measured RH of sensor RH, 4 and correlation equation (3.1)
(x;=0.94, t,=3.6s, x,=0.06, t,=110s) for ARH#0, AT=0 and V,;=1.6m/s (data from Figure 3.3).
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Figure 3.12 Comparison between the measured RH of sensor RHo,w and correlation equation
(3.2) (x;=0.97, t;=2.6s, x,=0.03, t,=250s) for ARH#0, AT=0, V,;=1.6m/s (data from Figure 3.3).

Table 3.1. Adsorption coefficients (x;, X;) and time constants (t;, t;) in equation (3.1) that
describe the transient humidity response of the humidity/temperature transmitter with ARH#0,
AT=0, V,;,=1.6m/s during three trials at different wet side humidity conditions.
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Inlet conditions X1 ti(s) X ta(s) 1’
dry side: T; 4=23°C, ®; 4~6% 0.94 3.6 0.06 110 | 0.983
wet side: Tjw~ 23°C, @;,=40% | 0.96 2.8 0.04 70 | 0.987
0.89 3.2 0.11 100 | 0.991
dry side: T; 4=23°C, ®; 4~6% 0.95 3.5 0.05 105 | 0.990
wet side: Tiw~23°C, ®;=50% | 0.94 | 32 | 0.06 | 95 |0.978
0.90 3.0 0.10 80 | 0.994
dry side: T; 4=23°C, ®; 4~6% 0.92 3.6 0.08 90 | 0.995
wet side: T;w= 23°C, ®;,=60% | 0.88 2.4 0.12 75 1 0.998
0.85 2.9 0.15 90 | 0.995

Table 3.2. Desorption coefficients (x;, X2) and time constants (t;, t;) in equation (3.2) that
describe the transient humidity response of the humidity/temperature transmitter with ARH#0,
AT=0, V,i=1.6m/s during three trials at different wet side humidity conditions.

Inlet conditions X1 ti(s) X ta2(s) 1’

dry side: T;¢=23°C, ®;4~6% 097 | 2.6 | 0.03 | 250 | 0.988
wet side: Tiw= 23°C, ®1,=40% | 0.97 | 3.0 | 0.03 | 430 | 0.993
0.96 | 2.9 | 0.04 | 260 |0.990
dry side: T;¢=23°C, ®; ~6% 0.97 | 22 | 003 | 280 |0.992
wet side: Tiw= 23°C, ®,~50% | 0.97 | 2.7 | 0.03 | 190 | 0.992
097 | 2.9 | 0.03 | 380 | 0.992
dry side: T;¢=23°C, ®; ~6% 096 | 23 | 0.04 | 140 | 0.994
wet side: Ti.w= 23°C, ®1,=60% | 0.95 | 2.4 | 0.05 | 100 | 0.996
096 | 2.8 | 0.04 | 180 | 0.990

To investigate the goodness of the experimental data agree with the correlation data with
only one time constant, X; is set as 1 and x; is set as 0 in equations (1) and (2). It is found that the
measured data do not agree with the correlation data as well for ARH#0 and AT=0 because 12 is
much lower with this correlation. Figures 3.13 and 3.14 show one typical test data set for both
adsorption and desorption, r* is found to be 0.92. Therefore, the transient response of the sensor is

correlated using by equations (1) and (2) with two time constants.
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Figure 3.13 Comparison between the measured RH of sensor RH, 4 and correlation equation (3.1)

with one time constant (x;=1, t;=4.3s, x,=0) for ARH#0, AT=0 and V,;=1.6m/s (data from Figure
3.3).
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Figure 3.14 Comparison between the measured RH of sensor RHo,w and correlation equation
(3.2) with one time constant (x;=1, t,=2.9s, x,=0) for ARH#0, AT=0, V,;=1.6m/s (data from
Figure 3.3).

Based on the information in Tables 3.1 and 3.2, it is discovered that the
humidity/temperature transmitter responds quickly to a relative humidity step change. The first
time constant is usually less than 4s in adsorption and less than 3s in desorption. It takes the

transmitter about 15~20s (5 times the first time constant) to reach about 90% of the total step
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change, which is quite similar with quotation by the manufacturer. It also shows that the first time
constant plays the most important role in humidity response.

Comparing the results in Tables 3.1 and 3.2 shows that the constant coefficients (x;, X2)
change by a maximum 0.12. The first coefficient (x;) is larger than 0.9 and x; is less than 0.1 for
most cases. The second time constant is much greater than the first time constant. The average
value of the time constants and coefficients are needed to describe a generalized expression for
the transmitter’s response and it will be determined later by using the data in these tables. The
results in Tables 3.1 and 3.2 confirm that the transmitter responds faster when moisture is
released from the transmitter than when moisture is adsorbed in the transmitter. The results also
show that the coefficients (x;, X») and time constants (t;, t;) are nearly the same regardless of the
inlet humidity.

To investigate the sensitivity of the coefficients to the test time, each coefficient, x;, X2,
tjand tp, is determined using data over the time of 0<t<5s, 0<t<10s and 0<t<20s. Table 3.3 and
Table 3.4 gives one typical example of the coefficients in the three different time intervals for

ARH#0, AT=0.

Table 3.3. Adsorption coefficients (x;, Xx;) and time constants (t;, t) in equation (3.1) that
describe the transient humidity response of the humidity/temperature transmitter with ARH#0,
AT=0, V,i=1.6m/s during three time intervals with one wet side humidity condition.

Inlet conditions:

dry side: Ti,dz23°C, q)i,dz6% X1 ti(s) X2 ta(s) 1‘2

wet side: Tiw= 23°C, @;,,=40%
0<t<5s 0.89 3.0 0.11 3.0 0.997
0<t<10s 0.97 2.8 0.03 | 6870 | 0.998
0<t<20s 0.96 2.8 0.04 | 1E20 | 0.999

Table 3.4. Desorption coefficients (X;, X;) and time constants (t;, t;) in equation (3.2) that
describe the transient humidity response of the humidity/temperature transmitter with ARH#0,
AT=0, V,i=1.6m/s during three time intervals with one wet side humidity condition.

Inlet conditions:

dry side: Ti,dz23°C, q)i,dz6% X1 ti(s) X2 ta(s) 1‘2

wet side: Tiw~ 23°C, ;,=40%
0<t<5s 0.96 2.5 0.04 | 2E23 | 0.998
0<t<10s 0.97 2.5 0.03 | 8E19 | 0.995
0<t<20s 0.93 2.3 0.07 75 0.999
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Comparing the data in Tables 3.1 and 3.2 with the data in Tables 3.3 and 3.4 indicates that
the first time constant does not change significantly when the time interval (or test time) changes.
The first time constant is the most important because its associated coefficient, x;, is greater than

0.90 in most cases.

To study the sensitivity of the transmitter response to variations in the airflow rate for
ARH#0, AT=0, the transient response coefficients are presented in Tables 3.5 to 3.8 for the
airflow rates of 100L/min (V,;=0.8m/s) and 50L/min (V,;=0.4m/s).

Table 3.5. Adsorption coefficients (x;, Xx;) and time constants (t;, t) in equation (3.1) that
describe the transient humidity response of the humidity/temperature transmitter with ARH#0,
AT=0, V,;;=0.8m/s during three trials at different wet side humidity conditions.

Inlet conditions X] ti(s) X5 ta(s) 1’
dry side: T; 4=23°C, ®; 4~6% 096 | 3.7 | 0.04 | 160 | 0.993
wet side: Tiw= 23°C, ®;,=40% | 0.97 5.1 0.03 | 360 | 0.988
0.93 3.1 0.07 | 100 |0.994
dry side: T; 4=23°C, ®; 4~6% 096 | 53 0.04 | 210 |0.989
wet side: Tiw= 23°C, ®;,=50% | 0.95 3.8 0.05 | 130 | 0.996
094 | 3.0 | 0.06 | 100 |0.996
dry side: T; 4=23°C, ®; 4~6% 094 | 3.8 0.06 | 130 |0.993
wet side: Tiw=~ 23°C, @;,=60% | 0.94 | 3.7 | 0.06 | 120 | 0.992
0.96 | 3.1 0.04 | 100 | 0.998

Table 3.6. Desorption coefficients (x;, X;) and time constants (t;, t;) in equation (3.2) that
describe the transient humidity response of the humidity/ temperature transmitter with ARH#0,
AT=0, V,;=0.8m/s during three trials at different wet side humidity conditions.

Inlet conditions X1 ti(s) X ta(s) 1’

dry side: T; 4=23°C, ®@; 4=6% 0.97 3.7 0.03 | 530 | 0.991
wet side: Tiw~ 23°C, ®;=40% | 0.97 34 0.03 | 430 | 0.990
0.97 3.8 0.03 | 440 | 0.992
dry side: T; 4=23°C, ®; 4=6% 0.96 3.2 0.04 | 190 | 0.992
wet side: Tiw~ 23°C, ®;,=50% | 0.96 33 0.04 | 170 | 0.995
0.96 3.0 0.04 | 160 | 0.994
dry side: T; 4=23°C, ®; 4~6% 0.96 2.5 0.04 | 150 | 0.992
wet side: Tiw= 23°C, ®;w=60% | 0.97 3.5 0.03 | 280 | 0.994
0.96 2.1 0.04 | 150 | 0.986
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Table 3.7. Adsorption coefficients (x;, X;) and time constants (t;, t;) in equation (3.1) that
describe the transient humidity response of the humidity/ temperature transmitter with ARH#0,
AT=0, V,;=0.4m/s during three trials at different wet side humidity conditions.

Inlet conditions X| t1(s) X t2(s) r

dry side: T; 4=23°C, ®; 4=6% 097 | 3.9 | 0.03 | 100 |0.992
wet side: Tjw~ 23°C, ®;,=40% | 0.99 | 3.7 | 0.01 | 2400 | 0.994
0.99 | 4.1 | 0.01 | 2400 | 0.994
dry side: T; 4=23°C, ®; 4=6% 095 ] 36 | 005 | 70 |0.988
wet side: Tiw~ 23°C, ®;,=50% | 0.98 | 3.6 | 0.02 | 580 | 0.991
096 | 32 | 0.04 | 50 [0.994
dry side: T; 4=23°C, ®; 4~6% 095 ] 3.0 | 0.05 | 50 |0.997
wet side: Tiw~ 23°C, ®;w=60% | 0.96 | 3.1 | 0.04 | 90 |0.997
096 | 3.0 | 0.04 | 50 ]0.991

Table 3.8. Desorption coefficients (x;, X;) and time constants (t;, t;) in equation (3.2) that
describe the transient humidity response of the humidity/ temperature transmitter with ARH#0,
AT=0, V,;;=0.4m/s during three trials at different wet side humidity conditions.

Inlet conditions X1 ti(s) X ta(s) 1’
dry side: T; 4=23°C, ®; 4~6% 097 | 3.4 | 0.03 | 460 | 0.987
wet side: Tiw= 23°C, ®;,=40% | 0.97 | 3.0 | 0.03 | 360 | 0.987
096 | 2.7 | 0.04 | 180 | 0.991
dry side: T; 4=23°C, ®; 4~6% 097 | 3.6 | 0.03 | 340 | 0.993
wet side: T;w= 23°C, ®;x,=50% | 0.97 | 3.3 | 0.03 | 250 | 0.993
097 | 2.8 | 0.03 | 390 | 0.989
dry side: T; 4~23°C, ®; 4~6% 097 | 34 | 0.03 | 420 | 0.991
wet side: T;w= 23°C, ®;,=60% | 0.97 | 3.2 | 0.03 | 180 | 0.994
097 | 3.2 | 0.03 | 370 | 0.990

The first time constants in Tables 3.5 to 3.8 indicate that the airflow rate has no
significant impact on the first time constant. The first time constant for adsorption ranges from
2.4 to 3.6s at 200L/min, 3.0 to 5.3s at 100L/min and 3.0 to 4.1s at SOL/min. For desorption, the
ranges are 2.2 to 3.0s at 200L/min, 2.1 to 3.8s at 100L/min and 2.7 to 3.6s at 50L/min
respectively. Since all the ranges overlapped, it appears that the response of these transmitters to
a step change in humidity is not sensitive to the airflow rate. This agrees with the results of Brion
(1986) who found that the response of a polymer humidity sensor was flow rate independent.
Figure 3.15 presents the first time constant versus airflow rate for both the adsorption and
desorption cases further demonstrating that the airflow rate seems to have a limited effect on the

first time constant over the range of flow rate tested.
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Figure 3.15 First time constant versus airflow rate for both adsorption and desorption with
ARH#0 and AT=0.

The results presented in Tables 3.1 to 3.8 are all obtained under testing conditions with
only humidity change but no temperature change; however, to fully understand the behaviour of
the humidity/temperature transmitter, inlet air conditions with temperature difference need to be
studied. Here, the inlet temperature conditions of 23°C to 53°C (see Table 2.1) are applied. The
results presented in Tables 3.9 to 3.10 indicate that the temperature has a very large impact on the
relative humidity reading. The adsorption time constants are still larger than the desorption time
constants, but the time constants are much larger in the case with AT#0 (i.e., the transmitter
responds to a step change in relative humidity much slower than it does with no temperature
change). Comparing the adsorption cases, the first time constants in Table 3.9 (i.e., with AT#0)
are about 40 times larger than those in Table 3.1 and the desorption first time constants in Table
3.10 (i.e., with AT#0) are at least 10 times larger. This indicates that the temperature plays an
important role in transient relative humidity measurement. Three tests are completed in order to
determine the average values of each constants, x;, X,, t; and t, for adsorption and desorption.
The detailed results are given in Tables 3.9 and 3.10 as following. For every test, the r* values are
equal to or greater than 0.987, which indicates correlation data agree very well with experimental
data. In this situation, the humidity/temperature transmitter needs at least 10 minutes to reach the
inlet condition when relative humidity increases and about 5 minutes when humidity decreases.

The adsorption first time constants are at least 3 times greater than desorption first time constants.
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It means the process of moisture absorbed in sensor is a much slower procedure in this
circumstance. The transient temperature behaviour of the temperature sensor in the transmitter is

discussed in Section 3.2.2.

Table 3.9. Adsorption coefficients (X;, X;) and time constants (t, t;) in equation (3.1) describing
the transient humidity response of the humidity/temperature transmitter with ARH#0, AT#0 and
Vairzl .6m/S.

Inlet conditions X1 ti1(s) X5 t2(s) 1

cold side: T, <23°C, &, <36 |00 | 139 [ 0.01 ] 1800 [0.997
hot side: T..53°C., 5% |0:95 | 122 | 0.05 [ 385 [0.999
’ T 0.99 | 136 [ 0.01 | 1085 | 0.999

Table 3.10. Desorption coefficients (x;, X2) and time constants (t, t,) in equation (3.2) describing
the transient humidity response of the humidity/temperature transmitter with ARH#0, AT#0 and
Vair=1.6m/s.

Inlet conditions X1 t1(s) X2 t2(s) 1’

cold side: T,=23°C, P,<36% 0.93 38 0.07 | 606 |0.992

. o 0.91 36 0.09 | 398 |0.987
e~ - 4=59
hot side: Tiyr=33"C,P15% 0.92 40 0.08 | 450 |0.991

The operating condition of ARH#0, AT#0 and AW=0 is used to study the transient
characteristics of the humidity/temperature transmitter exposed to both air streams are the same
humidity ratio (5g/kg). The results in Tables 3.11 and 3.12 show the first time constant is about
120s, which is similar with the result in Table 3.9 (ARH#0, AT#0). Although the first time
constant for desorption is greater when AW=0 than when AW#0, both conditions show a very

similar behaviour due to the simultaneous step change in temperature.
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Table 3.11. Adsorption coefficients (X, X;) and time constants (t, t;) in equation (3.1) describing
the transient humidity response of the humidity/temperature transmitter with ARH#0, AT#0 and
AW=0, V,;=1.6m/s during three trials at different wet side humidity.

Inlet conditions X| t1(s) X t2(s) r

dry side: T;~23°C, ®;,=29% | 0.98 | 96 | 0.02 | 550 | 0.996
wet side: T;y=30°C, ®;¢~19% | 0.98 | 100 | 0.02 | 3870 | 0.997
W=5g/kg 098 | 103 | 0.02 | 1400 | 0.997
dry side: T;~23°C, ®;,=29% | 0.99 | 117 | 0.01 | 1950 | 0.997
wet side: T;;=36°C, ®i~14% | 0.99 | 119 | 0.01 | 1620 | 0.997
W=5g/kg 0.95 | 103 | 0.05 | 560 | 0.985
dry side: T;~24°C, ®;¢~27% | 0.99 | 125 | 0.01 | 2580 | 0.997
wet side: T;;=40°C, ®;~11% | 0.99 | 130 | 0.01 | 3860 | 0.996
W=5g/kg 098 | 123 | 0.02 | 1400 | 0.997

Table 3.12. Desorption coefficients (x, X») and time constants (t;, t2) in equation (3.2) describing
the transient humidity response of the humidity/temperature transmitter with ARH#0, AT#0 and
AW=0, V,;=1.6m/s during three trials at different wet side humidity.

Inlet conditions X1 ti(s) X5 ta(s) 1’
dry side: T;=23°C, ®;4,=29% | 0.80 87 0.20 250 | 0.997
wet side: T;4,=30°C, ®;4=19% | 0.89 70 0.11 450 | 0.996
W=5g/kg 0.89 78 0.11 450 | 0.990
dry side: T; ~23°C, ®;=29% | 0.88 70 0.12 530 | 0.996
wet side: T;,=36°C, ®; 4~14% | 0.89 67 0.11 500 | 0.996
W=5g/kg 0.91 66 0.09 490 | 0.994
dry side: T;~24°C, ®;4~27% | 0.89 65 0.11 640 | 0.996
wet side: T;,=40°C, ®;4=11% | 0.90 64 0.10 | 430 | 0.995
W=5g/kg 092 | 67 | 0.08 | 750 | 0.996

Since the humidity/temperature transmitter response does not appear to depend on the
magnitude of the relative humidity step change, the coefficients (x;, X;, t; and t;) are statistically
averaged for Gaussian distributions weighed according to the standard deviation of each
coefficient, which is given by the curve fitting computer program, TableCurve. The average is
calculated such that the results with the lowest uncertainty are weighted more according to

equations (3.7) and (3.8) (Taylor, 1982). Using the data in Tables 3.1 to 3.12, the weighted
average time constants (Z, E) and coefficients (x_l,g) are determined using equations (3.7) to

(3.10) (Taylor, 1982) and the results are presented in Table 3.13.
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where S is the fit standard error of the curve fitting for experimental data.

The information in Table 3.13 demonstrates the generalized relative humidity response of
the humidity/temperature transmitter. These results confirm that the first time constant in
adsorption is greater than that in desorption and the transient response of this polymer humidity
sensor is quite similar over the range of flow rates studied. The results also show that the
transmitter responds very slowly to a step change in humidity when AT#0. In these causes the

first time constant is about 2 minutes and the second time constant is about 10 minutes.
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Table 3.13. Average coefficients describing the transient humidity response of the
humidity/temperature transmitter.

Test Conditions | Coefficient | Adsorption | Desorption
X 0.91 0.97
o (s) 3.1 26
Vai=1.6m/s X, 0.09 0.03
6,(s) 90 290
X 0.95 0.97
e [(s) 3.6 3.1
V.i=0.8m/s X, 0.05 0.03
t,(s) 140 310
X 0.99 0.97
e (s) 3.6 31
Vair=0.4m/s X, 0.01 0.03
t,(s) 630 340
X 0.99 0.93
il;ff 0 1,(s) 130 40
Vair=1.6m/s X, 0.01 0.07
t,(s) 660 500
ARH#0 X 0.98 0.89
AT#0 t,(s) 120 70
AW X, 0.02 0.1
V.ir=1.6m/s —
1,(s) 1800 480

The statistical average values provided in Table 3.13 indicate that the
humidity/temperature transmitter has a similar exponential response with and without a
temperature change, but the time constants change significantly when there is a step change in
temperature. The averaged response is such that the transmitter will record at least 90% of the
humidity change during the first 15s (five times the first time constant) when there is no
temperature changes (AT=0) regardless of the airflow rate, while the remaining 10% will take at
least 8 minutes (five times the second time constant). When there is a change in temperature

(AT#0), it takes the transmitter at least 3 minutes (five times the first time constant) to record
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about 90% of the humidity change, the remaining 10% change will take about 30 minutes (five
times the second time constant). It is found that the humidity/temperature transmitter needs at
least a 10 times longer time period to respond a step change in relative humidity when AT#0 than

when AT=0.

3.2.2. Transient Temperature Data Correlation

In the previous section, the transient humidity data correlation is studied based on three
operating conditions. These results show the strong interaction between transient temperature and
humidity measurements. Since the humidity/temperature transmitter also has the ability to record
temperature, this section will present the transient characteristics of this RTD temperature sensor
that is part of the humidity/temperature transmitter. Figure 3.8 indicates that the temperature
sensor follows an exponential function with two time constants similarly as the capacitance based
humidity sensor that is characterized in Section 3.2.1. Thus, equations similar to equations (3.1)
and (3.2) are applied to transient temperature data.

First, based on heat transfer into the transmitter from the air (increasing temperature),

AT,
AT,

S0

e =1 (A=) 4 y,(1-e7), 3.11)

and secondly for heat transfer from the transmitter into the air (decreasing temperature),

AT
AT,

N

(Daee = 1" + 367", (3.12)

where the coefficients y; and y, satisfy the same equation for both temperature increasing and

decreasing,
y+y, =1, 20, y,20, (3.13)

but with different values for each case. Other symbols are:

AT, =change in temperature =

Ts_Tsi

, where T, is the initial temperature;

AT = maximum change in temperature =

T, -,

St

, where T, " is the final temperature; and t; and

ty are the first and second time constants respectively.
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The experimental data obtained at conditions of ARH#0, AT#0 and the curve fit shown in
Figures 3.16 and 3.17 agree very well. In all cases 1°>0.996 as can be seen in Tables 3.14 and
3.15 where the transient coefficients and r* are presented for all tests. These data show that the
transient response of the RTD temperature sensor in the humidity/temperature transmitter is
much slower than the transient response of the humidity sensor in the transmitter presented in
Section 3.2.1. The first time constants of the RTD temperature sensor are about 70s for both
temperature increasing and decreasing compared to about 3s for the humidity sensor in the

transmitter when AT=0.
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Figure 3.16 Comparison between the measured temperature of sensor T,. and correlation
equation (3.11) (y;=0.89, t;=65s, y,=0.11, t,=260s) for ARH#0, AT#0 and V,;=1.6m/s (data from
Figure 3.7).
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Figure 3.17 Comparison between the measured temperature of sensor T,n and correlation
equation (3.12) (y1=0.93, t,=72s, y,=0.07, t,=350s) for ARH#0, AT#0 and V,;,=1.6m/s (data from
Figure 3.7).

Table 3.14. Increasing coefficients (y;, y») and time constants (t;, t;) in equation (3.11) that
present the transient temperature response of the humidity/temperature transmitter with ARH#0,
AT#0, Vair=1.6m/s.

Inlet conditions Vi t1(s) V2 t2(s) r

ot s, 28°, 0,30 | 09| 78 (009 [ 90 T009¢
hot side:T; h3540C,¢i ~5% - - -
’ ’ 0.91 71 0.09 470 | 0.997

Table 3.15. Decreasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.12) that

present the transient temperature response of the humidity/temperature transmitter with ARH#0,
AT#0, V,i=1.6m/s.

Inlet conditions Vi t1(s) Y2 t2(s) 1’

cold side:T; =~ 24°C, @; w=36 % 8Z§ g; 883 43‘;8 gggg
hot side:T; y=54°C,®D; i=5% : ' '

091 ] 64 |0.09 | 310 | 0.997

Further experiments are completed with no relative humidity change, but with a step
change in temperature (ARH=0, AT#0). These conditions are tested in nine tests with three

different temperature differences as shown below, in Tables 3.16 to 3.19.
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Table 3.16. Increasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.11) that
present the transient temperature response of the humidity/temperature transmitter with ARH=0,
AT#0, V,i=1.6m/s.

Inlet conditions Vi t1(s) y2 t2(s) 1’

cold side:T,=23°C, P, =15% 0.94 78 10.06 | 410 | 0.995

. 0 090 70 010 380 0991
‘T =4 - 4~159
hot side:T; ,=40°C,®; ¢~15% . 1 ) )

0.91 68 [ 0.09 | 350 | 0.996
094 | 77 |10.06 | 570 | 0.997
0.93 72 1 0.07 | 560 | 0.997
0.95 66 | 0.05 ] 780 | 0.998
0.95 70 | 0.05 | 710 | 0.996
0.90 62 [ 0.10 | 440 | 0.994

cold side:T; ~21°C, ®;,,=15%
hot side:Ti,h%3 0°C,CDi,dz 15%

cold side:T; ~22°C, ®;,,=15%
hot side:Ti,thSOC,CDi,leS%

Table 3.17. Decreasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.12) that
present the transient temperature response of the humidity/temperature transmitter with ARH=0,
AT#0, V,i=1.6m/s.

Inlet conditions N t1(s) Y2 t2(s) r

cold side:T,=23°C, B, =15% 092 | 68 | 0.08 | 320 [ 0.996

. 0 094 ;5 006 450 0995
. L~ L~ 0
hot side:T;,=40°C,®; =15% . 1 ' .

096 | 73 [ 0.06 | 770 | 0.997
092 | 65 [0.08 | 360 | 0.997
094 | 73 | 0.06 [ 430 | 0.997
097 | 78 10.03 | 520 | 0.991
092 | 69 |0.08 | 430 | 0.997
093 | 76 | 0.07 | 580 | 0.998

cold side:T; =21°C, ®;,=15%
hot side: Tin=3 OOC,qu,dz 15%

cold side:T; =22°C, ®; ,=15%
hot side:Ti,hzl 8°C,CDi,d=1 5%

Table 3.18. Increasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.11) that
present the transient temperature response of the humidity/temperature transmitter with ARH#0,
AT#0, AW=0, V,;=1.6m/s.

Inlet conditions ! ti(s) Y2 t2(s) r’
dry side: T;~23°C, ®;,=29% | 0.90 | 68 | 0.10 | 540 | 0.997
wet side: T;4=30°C, ®;¢=19% | 0.93 | 78 | 0.07 | 510 | 0.997
W=5g/kg 090 | 71 | 0.10 | 400 | 0.996
dry side: T;~23°C, ®;,=29% | 0.89 | 66 | 0.11 | 360 | 0.999
wet side: T;;=36°C, ®i~14% | 093 | 79 | 0.07 | 400 | 0.995
W=5g/kg 092 | 66 | 0.08 | 410 | 0.994
dry side: T;~24°C, ®i~27% | 0.90 | 70 | 0.10 | 440 | 0.996
wet side: T;;=40°C, ®;~11% | 0.89 | 77 | 0.11 | 450 | 0.995
W=5g/kg 0.90 | 71 0.10 | 570 | 0.996
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Table 3.19. Decreasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.12) that
present the transient temperature response of the humidity/temperature transmitter with ARH#0,
AT#0, AW=0, V,;=1.6m/s.

Inlet conditions ! ti(s) Y2 t2(s) 1

dry side: T;¢=23°C, ®,=29% | 0.95 | 74 | 0.10 | 500 | 0.990
wet side: Tiy=30°C, ®;4~19% | 096 | 75 | 0.07 | 690 | 0.993
W=5g/kg 094 | 73 | 0.10 | 480 | 0.996
dry side: T;¢=23°C, ®,=29% | 0.93 | 73 | 0.11 | 340 | 0.998
wet side: T;;=36°C, ®;=14% | 0.92 | 69 | 0.07 | 400 | 0.995
W=5g/kg 092 | 69 | 0.08 | 420 | 0.994
dry side: T;¢=24°C, ®,¢27% | 0.94 | 76 | 0.10 | 450 | 0.995
wet side: Tiy=40°C, ®;¢=11% | 0.93 | 72 | 0.11 | 400 | 0.996
W=5g/kg 0.94 | 76 | 0.10 | 440 | 0.998

The data in Tables 3.14 to 3.19 show that the first coefficient (y;) is usually slightly larger
than 0.9 and y; is less than 0.1. The first time constant is about 70s and second time constant is
about 450s for both a temperature increase and decrease. Since the temperature response does not
appear to depend on the magnitude of the step change, the coefficients (yi, y2, t; and t,) are
statistically averaged by same method using equations (3.7) to (3.10). Using the data in Tables

3.14 to 3.19, the weighted average time constants (Z, E) and coefficients (y_l,y_z) for each

parameter are determined and the results are presented in Table 3.20. The average temperature
response in each case is such that the sensor will record 90% of the humidity change in about
350s (five times the first time constant), while the remaining 10% will take more than 30 minutes

to be recorded.
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Table 3.20. Average coefficients describing transient temperature response of the temperature
sensor in the humidity/temperature transmitter.

Test Conditions | Coefficient | Increase | Decrease
Vi 0.94 0.90

P 4 (s) 69 70

AT=0 1

Vair=l.6m/s yz 006 010
t, (s) 630 620
» 0.91 0.92

ARF0 t, (s) 72 67

AT=0 1

Vair=l.6m/s yz 009 008
£, (s) 750 370
» 0.91 0.94

ARH#0 B4

AT0 t,(s) 72 73

AW=0 Vv, 0.09 0.06

Vairzl .6m/s —
1, (s) 470 460

According to the discussion in the previous sections, the transient humidity and
temperature response of the humidity/temperature transmitter can be described in equations based
on various operating conditions, which are listed in Table 3.21. These equations express the
generalized dynamic behaviour of this humidity/temperature transmitter when it is exposed to

airflow with a step change in relative humidity and temperature simultaneously or independently.
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Table 3.21. Transient characteristics of the humidity/temperature transmitter under various

operating conditions.

Operating Conditions

Transient Response of The Transmitter

ARH#0, AT=0,
Vair:O . 8 m/S

AA;S () e =0.91(1—e 1)+ 0.09(1-e /)
ARH#0, AT=0,
Vair=1.6m/s AAZS () ges =0.97(A=e )+ 0.03(1—e ")
Ag,

() s =0.95(1—e )4+ 0.05(1—e M)

A ¢S0

AAjs () 4es =0.97(1 - e*t/ll) +0.03(1 - e~1310 )

ARH#0, AT=0,

AAjs () yas =0.99(1 - e—t/3.6) +0.09(1 - e~ 1/630 )

V.air=0.4m/s AAZS () g =0.97(A—e 1) +0.03(1 - e )
7255 () yis = 0.99 (1 — e /130 )4 0.09 (1 — /%)
AAZS (e =0.93(1—e )4 0.07(1—e ™)

ARH#0, AT#£0 AT

V.i=1.6m/s T (D = 0.94(1 - e ™)+ 0.06(1-e )
AATTS (D gee =0.90(1—e ")+ 0.10(1— e /%)

t). =0. —e +0. —e

AATY:.Y e 0 91(1 t/72 O 09(1 t/750

ARH=0, AT#0 0

Vair=1.6m/s AT

ATX (t)dec =0.92 (1 _ e—r/67 )+ 0.08 (1 _ efz/370 )
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ARH#0, AT#0, AW=0
Vair: 1.6m/s

AAZS () gss =0.98(1—e )+ 0.02(1-¢ ")
A¢‘, —1/70 —1/480
V(””’” =0.89(1-e™)+0.11(1-e ")

AT,

AT ()ime =0.91(1 - e ™Y+ 0.09(1—e 470

AA;S (1)e =0.94(1—e 7))+ 0.06(1 — /)
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3.2.3. Comparison of Transient Temperature Measurement

In this section, the transient response of the RTD temperature sensor, which is integral to
the humidity measurement device manufactured by Vaisala, is compared to that of a Type-T
thermocouple. It is expected that the thermocouple will have a faster response than the RTD
temperature sensor in the humidity/temperature transmitter because the thermocouple has less
capacitance than the RTD temperature sensor. Figures 3.18 to 3.20 compare the transient thermal
response of the RTD temperature sensor and the thermocouple during three different test
conditions. In these figures, the curves TC,. and TC,} represent the thermocouple temperature
response. These figures confirm that the temperature sensor in the humidity/temperature

transmitter responds slower than the thermocouple.

________________________

RH; ,=36% RHo g
6 Ti,c=24C ] To,h —
I
g RH; «=5% RH,
‘é& T.n=54C L Toe
[0]

600 800 1000 1200 1400
time(s)

Figure 3.18 Comparison of measured outlet temperature without a wheel for a transient
temperature response of the transmitters and the thermocouples for ARH#0, AT#0 and V,;=1.6
m/s.
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Figure 3.19 Comparison of measured outlet temperature without a wheel for a transient
temperature response of the transmitters and the thermocouples under ARH=0, AT#0 and V,;=1.6
m/s.
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Figure 3.20 Comparison of measured outlet temperature without a wheel for a transient
temperature response of the transmitters and the thermocouples under ARH#0, AT#0, AW=0 and
Vairzl .6 m/S.

Since Figures 3.18 to 3.20 indicate that the transient response of the thermocouple follows
an exponential function with two time constants, equations (3.11) and (3.12) can be used again.
The time constants obtained using TableCurve are presented in Tables 3.22 to 3.27. The first time

constants for both an increasing and decreasing temperature are about 4s, which is about 15 times
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smaller than the first time constant of the RTD temperature sensor for the same operating

conditions. However, the coefficient y; is for the thermocouple and is usually less than 0.9.

Table 3.22. Increasing coefficients (y;, y») and time constants (t;, t;) in equation (3.11) that
represent the transient temperature response of the thermocouple with ARH#0, AT#O0,
Vair=1.6m/s.

Inlet conditions Vi t1(s) V2 t2(s) 1’

cold side:T; = 24°C, ®;, <36 % 091] 3.5 | 0.09 | 720 | 0.980

: . 0.78 | 3.6 | 022 | 100 | 0.981
‘T. .~ . 0
hot side:T;=54°C,P;.4=5% 087] 33 | 0.13 | 210 | 0.975

Table 3.23. Decreasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.12) that
represent the transient temperature response of the thermocouple with ARH#0, AT#O0,
Vair:1.6m/s.

Inlet conditions Vi ti(s) | y2 | ta(s) 1’

cold side: T, o= 24°C, P, =36 % 0.84 | 44 [ 0.16 | 110 | 0.982

. . 0.86 | 3.3 | 0.14 | 130 | 0.987
-T. .~ . ~§0
hot side:T;=54°C,P;.4=5% 086 | 3.5 |0.14 | 110 | 0.985

Table 3.24. Increasing coefficients (y;, y») and time constants (t;, t;) in equation (3.11) that
represent the transient temperature response of the thermocouple with ARH=0, AT#0,
Vair=1.6m/s.

Inlet conditions yi | tu(s) | y2 | tas) r

cold side:T,=23°C, B, =15% 081 | 2.7 [ 0.19 | 170 | 0.977

. 0.68 | 49 | 032 | 150 | 0.970
hot ‘Tin~4 © ,P;g=159
ot side:Tyy=40°C.®u=15% =3T3 17027 T 110 10.992

0.67 | 7.1 |0.33 | 140 | 0.970
0.78 | 3.1 | 0.22 | 150 | 0.960
064 | 41 | 036 | 120 | 0.982
0.56] 5.1 | 0.44 | 120 | 0.950
084 81 | 0.16 [ 210 | 0.970
0.59] 53 | 041 | 140 | 0.950

cold side:T; ~21°C, ®;,=15%
hot side:Ti,th 0°C,CDi,dz1 5%

cold side:T; ~22°C, ®; =15%
hot SideiTi,}F 1 8°C,CDi,dz1 5%
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Table 3.25. Decreasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.12) that
represent the transient temperature response of the thermocouple with ARH=0, AT#O0,

Vair: 1 . 6m/S.

Inlet conditions y1 | ti(s) Y2 t2(s) 1’
cold side:T; ~23°C, ®; w=15% gg; gj 8?2 1(5)8 ggg:
hot side:T; hz40°C,CDi ~15% - - - -

’ ’ 0.65| 58 | 035 | 110 | 0.988
cold side:T; =21°C, ®; w=15% 82; gg 8411? igg 83;3
hot side:T; h3300C,¢i ~15% - - - -

’ ’ 0.81 | 4.0 | 0.19 | 130 | 0.975
cold side:T; =22°C, ®;,=15% 822 ‘7‘2 (0)52 ?28 83;(7)
hot side: T; =1 80C,¢i ~15% - - - -

’ ’ 0.87 | 5.8 | 0.13 | 560 | 0.960

Table 3.26. Increasing coefficients (y;, y2) and time constants (t;, t;) in equation (3.11) that
represent the transient temperature response of the thermocouple with ARH#0, AT#0, AW=0,

Vair: 1 . 6m/S.

Inlet conditions ! ti(s) Y2 t2(s) r’
dry side: T;~23°C, ®;,=29% | 0.83 | 4.1 | 0.17 | 180 | 0.982
wet side: T;4=30°C, ®;¢=19% | 0.63 | 6.0 | 037 | 180 | 0.980
W=5g/kg 0.88 | 3.7 | 0.12 | 320 | 0.990
dry side: T;~23°C, ®;,=29% | 0.65 | 9.6 | 0.35 | 140 | 0.982
wet side: T;;=36°C, ®;¢~14% | 0.85 | 3.1 | 0.15 | 170 | 0.987
W=5g/kg 061 | 55 | 039 | 120 | 0.985
dry side: T;~24°C, ®;~27% | 0.63 | 6.2 | 0.37 | 160 | 0.986
wet side: T;;=40°C, ®;~11% | 0.86 | 3.1 | 0.14 | 270 | 0.985
W=5g/kg 0.64 | 7.7 | 036 | 180 | 0.992

Table 3.27. Decreasing coefficients (y;, y2)
represent the transient temperature response

Vairzl .6m/s.

and time constants (t;, t;) in equation (3.12) that
of the thermocouple with ARH#0, AT#0, AW=0,

Inlet conditions Vi ti(s) V2 ta(s) 1’
dry side: T;~23°C, ®;,=29% | 0.82 | 3.3 | 0.18 | 140 | 0.980
wet side: T;4=30°C, ®;4=19% | 0.83 | 3.8 | 0.17 | 170 | 0.990
W=5g/kg 0.50 | 3.3 | 050 | 140 | 0.991
dry side: T;~23°C, ®;,=29% | 0.83 | 3.2 | 0.17 | 130 | 0.992
wet side: T;4=36°C, ®;¢=14% | 0.54 | 7.9 | 046 | 120 | 0.985
W=5g/kg 0.83 | 29 | 0.17 | 170 | 0.995
dry side: T;~24°C, ®;~27% | 0.82 | 3.6 | 0.18 | 130 | 0.980
wet side: T;,=40°C, ®;=11% | 049 | 7.5 | 0.51 | 120 | 0.988
W=5g/kg 0.81 | 34 | 0.19 | 130 | 0.982
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The statistically averaged values of the coefficients (y;, y2, t; and t;) describing the
transient response of the thermocouple are obtained using equations (3.7) to (3.10), and are given
in Table 3.28. These results also show that the transient temperature response of the
thermocouple is much faster than the response of the temperature sensor in the
humidity/temperature transmitter. The first time constant of the thermocouple is about 3 to Ss,
which is at least 15 times smaller than that of the RTD temperature sensor in

humidity/temperature transmitter.

Table 3.28. Average coefficients describing the transient temperature response of the
thermocouple.

Test Conditions | Coefficient | Increase | Decrease
n 0.86 0.87
ARH#0 4
AT#0 t, (s) 3.5 3.6
AW#0 v, 0.14 0.13
Vairzl .6m/s —
1, (5) 330 120
» 0.76 0.80
ARH=0 () 5.1 5.1
AT=0 S
Vai=1.6m/s Y2 0.24 0.20
1, (5) 130 160
n 0.83 0.82
ARH#0 4
AT#0 t, (s) 4.1 33
AW=0 v, 0.17 0.18
Vairzl .6m/s —
1, (5) 180 140
3.3. Uncertainty Analysis

There is no such thing as a perfect measurement and this all measurements contain
inaccuracies. The word accuracy refers to the closeness of agreement between a measured value
and the true value. The degree of inaccuracy or the total measurement error is the difference
between the measured value and the true value. The total error (or uncertainty) is the sum of the
systematic (or bias) error and random (or precision) error. The bias error (B) is the fixed or
constant of the total error. Bias errors are often more difficult to quantify because they depend on
the entire sequence of calibration for each instrument used in an experiment. The random
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component (P) of the total error is sometimes called the repeatability, repeatability error, or
precision error. It is observed in repeated measurements that do not and are not expected to agree
exactly.

According to ASME PTC 19.1-1998, bias errors and precision errors are both assumed to
be independent with respect to each independent variable Xj, i=1, 2, 3, ... j. Bias and precision
uncertainty limits are kept separate for each measurement so that the two values can be reported
separately. The bias, B, is combined with the total precision, P, at the 95% confidence level to

form the root-sum-square uncertainty, U:

U=[B*+P*]"?, (3.14)
which is reported with all results for any experiment aimed at obtaining a specified result, X, or
average result that is derived from several samples, X ,le.,

X+UX). (3.15)

Variations in instrument readings, Xj, tend to follow a random distribution. The sample
standard deviation of a large number of readings, N, characterizes this distribution and is called

the precision index, S:

N 1/2

Z(Xi _})2

S=|= | 3.16
Y (3.16)

where the mean value is defined by

X, . (3.17)

The precision index can be reduced by using this average in place of individual measurements

giving the precision index of the average as
S, =S/\IN . 3.18)
Consider a general case in which an experimental result, f, is a function of » measured variables

Xii
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=X, X,,..X,), 3.19)

then the equivalent of (3.16) is

i 1/2
S, = [Z(@SX,- )2} , (3.20)
where
0, =of |oX, (3.21)

is the sensitivity coefficient.

The precision error is defined as

P=1S-, (3.22)
where t is the student t for the 95% confidence level.

Therefore, the uncertainty is given as

U=[B*+(S,)°1". (3.23)

The relative humidity calibration correction is investigated because the inlet air tubes are
operated manually and the data acquisition program records data every second, therefore it is
difficult to determine the exact time that the conditions change. These have a large effect on the
humidity/temperature transmitter because it has a small first time constant (3s) for ARH#0 and
AT=0. Therefore, it is necessary to estimate the switch time to reduce the uncertainty of the first
time constant. It is known that the correction of the starting time is between 0 and 1s because the
data are recorded every second and the starting time is selected to be 1s prior to the first data
point that begins to change from the previous steady-state conditions. During any test, the starting
time (or switch time) may be from 0.1 to 1s prior to this first detected change. To determine the
best estimate for this starting time offset, the starting time is increased from the normally
assumed value in the range of 0.1 to ls. These data are then curve-fitted to the exponential
equations and the offset that gives the best curve fit (i.c., highest r*) represents the best estimate
of the starting time. TableCurve and equations (3.1) and (3.2) are used to obtain the value of 1’ for
each set of test data. Figure 3.21 shows three test examples used to determine the starting time

corrections for the transmitter humidity response measurement. The peak value of 1* for test 1 is
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99.6% corresponding to a start time of 0.6s, which is greater than the normal start time or 0.4s
prior to the first noticed change in the outlet humidity. For test 2, the greatest r* is 99.3% at 0.5s,
while 1’=99.4% at 0.1s for test 3. These data imply that the starting time correction is different for
each test. Once the greatest value of 1* is found for each test, the correction is applied for each

test. As well, this same method of starting time correction is applied to the wheel plus sensor data.

gg — & test 1 I\
88 —mtest 2 \
87 A test3

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

offset in start time (s)
Figure 3.21 Determination of Correlation corrections for starting time based on r* value.

The results in Figure 3.21 indicate an uncertainty in the switch time of less than 0.2s. This
offset and associated uncertainty has a larger effect on the first time constants, which is about 3s
for ARH#0 and AT=0, than on the larger second time constants. This uncertainty of the response
start time is considered to be the bias error in the starting time of the step change for each test.
This is used to compute total uncertainty of time constant. Hence, the total uncertainty of time
constants is computed using equation (3.23).

Based on the discussion above, the uncertainties of time constants and coefficients for

sensor’s humidity and temperature reading are calculated and presented in Tables 3.29 to 3.30.

Table 3.29. Uncertainty of each coefficient describing the transient humidity response of the
humidity/temperature transmitter.
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Test Conditions | Coefficient | Adsorption | Desorption
x, £U(x,) 0.91£0.03 | 0.97+0.01
ﬁff ° 42U @) 31404 | 2.6303
V.i=1.6m/s X, 2U(x,) | 0.09+0.03 | 0.03+0.01
f 2U()(s) 90+10 290+90
x, £U(x;) | 0.95%0.01 | 0.97+0.01
il%:Hf 0 LEU)G) 3.640.6 3.140.4
V..=0.8m/s X, +U(x,) | 0.05£0.01 | 0.03+0.01
62U, )(s) 140+60 310+110
x, #U(x,) | 0.99+0.01 |0.97+0.003
f;:H(T 0 L AU @)G) 3.610.4 3.140.3
V..=0.4m/s x,+U(x,) | 0.01£0.01 |0.03£0.003
6 2U(L,)(s) 630+130 340480
x, +U(x;) | 0.99+0.06 | 0.93+0.02
il;ff 0 F_i U(t,)(s) 130+23 40+5
V.i—=1.6m/s X, +U(x,) | 0.01£0.06 | 0.07+0.02
6, 2U(L,)(s) 660180 | 5004270
ARHZ0 x, +U(x;) | 0.98+0.01 | 0.89+0.03
ATH0 (AU )(s) 120410 7046
AW=0 x, +U(x,) 0.02+0.01 | 0.11+0.03
Vair=1.6ms 6, 2U(t,)(s) 1800+950 | 480+110

Table 3.30. Uncertainty of each coefficient describing the transient temperature response of the

humidity/temperature transmitter and the thermocouple.
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Test - Humldlty/Temperature Thermocouple
Conditions Coefficient Transmitter
Increase Decrease Increase Decrease
y_liU(ﬁ 0.94+0.03 0.90+0.02 | 0.86+0.17 | 0.87+0.03
ARH#0 t_iU(t_)(s) 69+11 70+10 3.5+04 3.6%1.5
AT#0 S A
Vo=16m/s | ¥, £UO,) 0.0610.03 0.10+£0.02 | 0.14+0.17 | 0.1340.03
E + U(Z)(S) 630180 620£130 330180 120430
J’_l + U(m 0.91+0.02 0.92+0.01 | 0.76+£0.07 | 0.80+0.08
ARH=0 1+ U )(s) 72+5 67+3 5.1+1.5 | 5.1%0.8
AT#0 1
Vo=16m/s | ¥, £UO,) 0.09+0.02 0.08+0.01 | 0.24+0.07 | 0.20+0.08
EJ_FU(E)(S) 750+110 370100 130120 160£110
ARE=0 J’_l + U(m 0.91+0.01 0.94+0.01 | 0.83+£0.09 | 0.82+0.12
AT#0 ZiU(Z)(S) 72+4 73+2 4.1+1.7 3.3+1.5
AW=0 y_z + U(y_z) 0.09+0.01 0.06+£0.01 | 0.17£0.09 | 0.18+0.12
Vair=1.6m/s E + U(Z)( s) 470+50 460+70 180+50 140120

The information in Table 3.29 and Table 3.30 demonstrates the average value of each
coefficient and its uncertainty to describe transient temperature and humidity response
characteristics of the humidity/temperature transmitter and the thermocouple. For the transient
humidity response of the transmitter, the relative uncertainty of first time constant (Table 3.29) is
from +8% to £18%; for the transient temperature response of the transmitter, the relative
uncertainty of first time constant is from +3% to +16%, but the relative uncertainty of the first
time constant for the thermocouple response is greater, e.g., +11% to +45% (Table 3.30).

In this chapter, the transient characteristics of the humidity/temperature transmitter and
the thermocouple have been studied. It is found that the humidity/temperature transmitter
responds very fast (the first time constant is about 3s) to a step change in relative humidity with
no temperature change but very slowly (the first time constant is about 2 minutes) with a
temperature change. Hence, the humidity/temperature transmitter is recommended to
measurement transient humidity change without a temperature change. The thermocouple
responds very quickly to a step change in temperature and its first time constant is about 4s, but
the humidity/temperature transmitter responds slowly to a step change in temperature and the first

time constant is about 70s.
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4. TESTS ON ENERGY WHEELS

In this chapter, the humidity/temperature transmitters, characterized for transient response
alone, are used to measure the transient response of energy wheels using these transmitters
downstream of the wheel. Two energy wheels (both 100 mm thick) coated with different
desiccants are tested. All tests are done under the first two operating conditions as shown in
Table 2.1 (i.e., ARH#0, AT=0 and ARH#0, AT#0). Three tests are presented at three different
positions on each wheel face and three typical sets of data are obtained without and with a
temperature change. In the experiment in this thesis the wheel is stationary and the conditions of
the supply air entering the wheel are changed in a step fashion. Therefore, the wheel matrix
releases or stores heat and moisture following the step change in inlet air conditions.

A secondary purpose of the chapter is the evaluation of the accuracy of the experimentally
determined energy wheel transient humidity and temperature response considering the accuracy
of each inlet and outlet air property measurements including the transient response characteristics
of the outlet sensors as quantified in Chapter 3. Typical test data are shown graphically in Figures

4.1 to 4.6.
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Figure 4.1 Measured inlet and outlet relative humidity for a molecular sieve energy wheel

exposed to a step change in relative humidity with no change in temperature (ARH#0, AT=0 and
Vair=1.6m/s, wheel width=100mm).
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Figure 4.2 Measured inlet and outlet relative humidity for a silica gel energy wheel exposed to a
step change in relative humidity with no change in temperature (ARH#0, AT=0 and V,;=1.6m/s,
wheel width=100mm).

Figure 4.1 and Figure 4.2 are one set of measured data on a molecular sieve wheel and a
silica gel wheel and present the measured relative humidity downstream of the energy wheel
following a step change in inlet humidity under isothermal conditions (ARH#0, AT=0). The
results show that the data from sensors (RH, 4and RH,,) are slightly different for the two wheels.
For instance, the RH, 4 sensor reads 29%RH 30s after the step change for the molecular sieve
wheel; while the sensor reads 35%RH for the silica gel wheel at the same time. The RH,,, sensor
reads 12% and 8%RH for the molecular sieve wheel and the silica gel wheel respectively, 30s
after the step change. This shows that the desiccant, molecular sieve and silica gel desiccant have
different characteristics of absorbing and desorbing moisture.

Figures 4.3 to 4.6 show the measured inlet and outlet humidity and temperature
conditions that demonstrate the transient response of the two energy wheels for ARH=34% and
AT=30°C. The measured transient temperature response of the molecular sieve wheel is very
similar to the response of the silica gel wheel. However, the measured humidity data in Figure
4.3 is significantly different from that presented in Figure 4.1. First of all, the transient humidity
response is very slow when AT#0; secondly, the measured outlet data (RH,, and RH, 4) does not
reach the inlet conditions (RHiy and RHi4) at steady-state conditions, especially for the
adsorption case. The measured temperature data in Figures 4.4 and 4.6 also show a difference
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between the inlet and outlet readings at steady state. This temperature difference is due to heat
conduction through the wheel matrix. Further analysis of the heat conduction is presented in
Appendix B. This analysis shows that the heat conduction through the matrix will result in a
temperature difference between the inlet and outlet conditions of about 5 to 6°C when the
temperature difference between the inlet air streams is 30°C. This agrees reasonably well with the
measured data in Figures 4.4 and 4.6. This temperature difference also causes the RH difference

between the inlet and outlet conditions because relative humidity is associated with temperature.
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Figure 4.3 Measured inlet and outlet relative humidity for a molecular sieve energy wheel

exposed to a step change in relative humidity and temperature (ARH#0, AT#0 and V,,=1.6m/s,
wheel width=100mm).
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Figure 4.4 Measured inlet and outlet temperature for a molecular sieve energy wheel exposed to
a step change in relative humidity and temperature (ARH#0, AT#0 and V,=1.6m/s, wheel

width=100mm).
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Figure 4.5 Measured inlet and outlet relative humidity for a silica gel energy wheel exposed to a
step change in relative humidity and temperature (ARH#0, AT#0 and V,=1.6m/s, wheel

width=100mm).
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Figure 4.6 Measured inlet and outlet temperature for a silica gel energy wheel exposed to a step
change in relative humidity and temperature (ARH#0, AT#0 and V,~=1.6m/s, wheel
width=100mm).

4.1. Measured Outlet Relative Humidity Response of Energy Wheels

The measured outlet conditions are presented and calculated using exponential functions
similar to the functions used to calculate the response of the sensor alone. To distinguish between
the correlations for the sensor alone, the subscript symbol w+s is used for the correlations of the
wheel and sensor and upper case symbols are applied for each coefficient. The relative humidity
transient data correlations presented below are based on the tests of the two energy wheels

A ¢w+ S

(w+s)o

presented previously. The correlation equation for the normalized outlet humidity (

)

during moisture adsorption into the wheel from the air (i.e. increasing relative humidity) is:

A
—fw;@m=XKLwWH+XAMeWU, (4.1)

A¢( w+s)o

A¢W+S

(w+s)o

and the correlation equation used for the normalized outlet humidity ( ) during moisture

desorption from the wheel into the air (i.e. decreasing relative humidity) is:

A
Poss (1), = X&' + X, 42)

A¢(w+s)o
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where the coefficients X; and X, have different values of adsorption and desorption and satisfy

the equation:
X, +X,=1, X,>0and X, >0, 4.3)

the other symbols are:
A¢w+s = ‘¢w+s - ¢(w+s)i

A¢(W+S)o = ‘¢(W+S)f - ¢(w+s)i

second time constants of wheel plus sensor response respectively.

, where g, is the initial condition;

, where ¢, - is the final condition; and T, and T, are the first and

Figures 4.7 and 4.8 show a typical comparison between the adsorption and desorption
data and the correlation equation (4.1) for a molecular sieve energy wheel. The time constants (T},
T,), coefficients (X;, X») and r* values are summarized in Tables 4.1 to 4.4 for three random
measurement positions on wheel face with test conditions of ARH#0 and AT=0. The coefficients
and time constants obtained from the mathematic computer software, TableCurve, are nearly the
same at all three measurement locations. This suggests that the number of flow tubes of the wheel
matrix in each test is large enough to get a reasonable representative average response of the

wheel regardless of where the switch plate device is placed on the wheel.
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Figure 4.7 Comparison of the measured and correlated normalized outlet humidity for a
molecular sieve wheel exposed to an increase in relative humidity (ARH#0, AT=0 and
V.ir=1.6m/s in Figure 4.1).
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Figure 4.8 Comparison of the measured and correlated normalized outlet humidity decrease for a
molecular sieve wheel exposed to a decrease in relative humidity (ARH#0, AT=0 and V,;,=1.6m/s
in Figure 4.1).

In order to determine the exact switching time, the procedure outlined in Section 3.3 is
used in this chapter to analyze the measured data. This analysis shows that the uncertainty for t=0
is £0.2s. This uncertainty is included in the uncertainty analysis for the time constants that will be

presented in Section 4.4.

Table 4.1. Adsorption coefficients (X;, X;) and time constants (T;, T,) in equation (4.1)
describing the transient humidity response of a 100mm thick molecular sieve wheel plus the
humidity/temperature transmitter (ARH#0, AT=0, and V,;=1.6m/s).

Inlet conditions X, Ti(s) X5 Ta(s) r
dry side: T; 4=23°C, ®; 4~6% 0.71 7.1 0.29 140 0.994
wet side: T w= 23°C, @;,=40% | 0.77 6.8 0.23 110 0.992
0.78 7.8 0.22 120 0.993
dry side: T; 4=23°C, ®; 4~6% 0.68 6.6 0.32 130 0.997
wet side: T;w= 23°C, ®;,=50% | 0.68 7.2 0.32 140 0.996
0.68 6.5 0.32 140 0.991
dry side: T; 4=23°C, ®; 4~6% 0.67 6.3 0.33 130 0.997
wet side: Tiw= 23°C, @;,=60% | 0.67 5.7 0.33 130 0.997
0.66 7.3 0.34 140 0.993
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Table 4.2. Desorption coefficients (X;, X;) and time constants (T;, T>) in equation (4.2)
describing the transient humidity response of a 100mm thick molecular sieve wheel plus the
humidity/temperature transmitter (ARH#0, AT=0, and V,;=1.6m/s).

Inlet conditions X Ti(s) X5 Ta(s) 1’
dry side: T; 4=23°C, ®; 4~6% 0.81 7.0 0.19 90 0.991
wet side: Tiw= 23°C, @;,=40% 0.86 8.5 0.14 120 0.988
0.90 8.6 0.10 190 0.980
dry side: T; 4=23°C, ®; 4~6% 0.83 7.2 0.17 100 0.988
wet side: T w= 23°C, @;4=50% 0.84 7.7 0.16 100 0.990
0.84 8.1 0.16 100 0.989
dry side: T; 4=23°C, ®; 4~6% 0.83 6.4 0.17 90 0.989
wet side: Tiw= 23°C, @; w=60% 0.86 7.7 0.14 100 0.991
0.83 7.0 0.17 90 0.988

Table 4.3. Adsorption coefficients (X;, X;) and time constants (T;, T,) in equation (4.1)
describing the transient humidity response of a 100mm thick silica gel wheel plus the
humidity/temperature transmitter (ARH#0, AT=0, and V,;;=1.6m/s).

Inlet conditions X Ti(s) X5 Ta(s) r
dry side: T; 4=23°C, ®; 4~6% 0.90 5.9 0.10 120 | 0.982
wet side: Tiw= 23°C, ®;,=40% | 0.87 5.5 0.13 100 | 0.991
0.88 8.0 0.12 150 | 0.991
dry side: T; 4=23°C, ®; 4~6% 0.88 5.9 0.12 120 | 0.975
wet side: T; = 23°C, @, ,,=50% | 0.89 5.4 0.11 120 | 0.973
0.85 6.1 0.15 110 | 0973
dry side: T;4=23°C, ®; 4~6% 0.84 5.8 0.16 110 | 0.989
wet side: Tiw= 23°C, ®;xw=60% | 0.80 5.4 0.20 120 | 0.986
0.78 7.0 0.22 140 | 0.995

Table 4.4. Desorption coefficients (X;, X;) and time constants (T;, T,) in equation (4.2)
describing the transient humidity response of a 100mm thick silica gel wheel plus the
humidity/temperature transmitter (ARH#0, AT=0, and V,;,=1.6m/s).

Inlet conditions X Ti(s) X2 Ta(s) r
dry side: T; 4=23°C, ®; 4~6% 0.96 6.2 0.04 300 | 0.992
wet side: Tiw~ 23°C, ®;,=40% | 0.95 6.7 0.05 200 | 0.986
0.93 7.3 0.07 120 | 0.985
dry side: T; 4=23°C, ®; 4=~6% 0.96 6.2 0.04 400 | 0.989
wet side: Tiw= 23°C, @i w=50% | 0.96 7.3 0.04 260 | 0.980
0.96 7.5 0.04 100 | 0.990
dry side: T; 4=23°C, ®; 4=6% 0.92 4.7 0.08 210 | 0.992
wet side: Tiw~ 23°C, ®;=60% | 0.95 7.4 0.05 210 | 0.991
0.93 8.4 0.07 170 | 0.991
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Comparing the results in Tables 4.1 to 4.4 and Tables 3.1 to 3.2, which are all obtained
with no temperature change (ARH#0 and AT=0), it can be seen that the first time constant of the
combined energy wheel and sensor is about 2 to 3 times larger than the first time constant of the
sensors alone. The reason for this is that the moisture storage capacity of the energy wheel is
large, while the moisture storage capacity of the humidity/temperature transmitter is quite small.

The effect of the measurement time interval (e.g., 0<t<5s, 0<t<10s, and 0<t<20s) on the
best-fit value of each coefficient, X;, X, T;and T,, is investigated in this chapter using the same
analysis presented in Section 3.2.1. Table 4.5 and Table 4.6 contain one typical example of each
coefficient for a silica gel wheel analyzed over the three different time intervals for ARH#0,
AT=0. The data in Tables 4.5 and 4.6 indicate that the first time constant does not change

significantly when the time interval changes when comparing to data in Tables 4.3 and 4.4.

Table 4.5. Adsorption coefficients (X;, X;) and time constants (T;, T,) in equation (4.1)
describing the transient humidity response of a 100mm thick silica gel wheel plus
humidity/temperature transmitter in different time intervals (ARH#0, AT=0 and V,;=1.6m/s).

Inlet conditions:

dry side: T;~23°C, ®; ~6% X, | Tis) | Xo | Tafs) | 1

wet side: Tiw= 23°C, ;,=40%
0<t<5s 0.56 7.9 | 0.44 7.9 0.966
0<t<10s 0.65 7.1 0.35 7.2 0.983
0<t<20s 0.98 6.8 0.02 | 6E20 | 0.989

Table 4.6. Desorption coefficients (X;, X;) and time constants (T;, T;) in equation (4.2)
describing the transient humidity response of a 100mm thick silica gel wheel plus
humidity/temperature transmitter in different time intervals (ARH#0, AT=0 and V,;=1.6m/s).

Inlet conditions:

dry side: T;~23°C, ®; ~6% X, | Tis) | Xo | Tafs) | 1

wet side: Tiw= 23°C, ;,,=40%
0<t<5s 0.60 7.0 | 0.40 7.1 0.987
0<t<10s 094 | 74 | 0.07 7.5 0.993
0<t<20s 0.98 6.2 | 0.02 | 2E20 | 0.991

Tables 4.7 and 4.8 include time constants and coefficients for these two energy wheels
exposed to a simultaneous change in relative humidity and temperature (ARH#0, AT#0).
Comparing the time constants in Tables 4.7 and 4.8 with those in Tables 4.1 to 4.4 shows that the
first time constants are much greater with AT#0, especially for the first time constant in
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adsorption, which is at least 20 times greater than that obtained with AT=0. As discussed

previously, it is believed heat conduction through the energy wheel affects the relative humidity

response reading.

Table 4.7. Coefficients (X;, X;) and time constants (T;, T,) in equations (4.1) and (4.2)
describing the transient humidity response of a 100mm thick molecular sieve wheel plus the
humidity/temperature transmitter (ARH#0, AT#0 and V,;=1.6m/s,).

Molecular Inlet conditions: hot, dry side:T;y=53°C, ®; 4~6%
sieve wheel cool, wet side:T; :~23°C, ®; ,=40%
X Tl(S) Xs T2(S) 1‘2
0.99 170 0.01 2400 0.998
Adsorption 0.98 160 0.02 1000 0.999
0.99 160 0.01 2300 0.999
0.89 43 0.11 290 0.999
Desorption 0.80 38 0.20 170 0.999
0.86 42 0.14 300 0.999

Table 4.8. Coefficients (X, X;) and time constants (T;, T,) in equations (4.1) and (4.2)
describing the transient humidity response of a 100mm thick silica gel wheel plus the
humidity/temperature transmitter (ARH#0, AT#0 and V,;,=1.6m/s).

Silica gel Inlet conditions: hot, dry side:T;,=53°C, ®; 4=6%
wheel cool, wet side:T; ~23°C, P, ,,=40%
X1 Tl(S) X2 T2(S) 1'2
0.99 150 0.01 1100 0.998
Adsorption 0.98 160 0.02 1500 0.997
0.98 150 0.02 1400 0.998
0.82 38 0.18 180 0.998
Desorption 0.87 45 0.13 250 0.999
0.86 43 0.14 240 0.999

4.2. Measured Outlet Temperature Response of Energy Wheels

In this section, the outlet temperature response of the two energy wheels is measured
using the humidity/temperature transmitter and an independent thermocouple. It is expected that
the transient temperature response of the energy wheel plus sensor will be slower than a sensor
alone, because of the larger heat capacity of the energy wheel. Also, heat conduction losses or

gains through the matrix core will occur for these test conditions causing very long time delay
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effects. Heat conduction inside the energy wheel is discussed in Appendix B. The equations used
to fit the measured temperature data are:

a) for heat transfer from the air to the wheel (increasing temperature)

AT
AT—W“(z)mC =Y, (1-e")+Y,(1-e""), (4.4)

(w+s)o
and b) for heat transfer from the wheel to the air (decreasing relative humidity)

AT,
0w = Ve +Y,e", (4.5)

(w+s)o

where the coefficients Y; and Y satisfy the same equation for both temperature increasing and

decreasing,
Y, +Y, =1, ¥,>0,7,>0, (4.6)

but with different values for each case. Other symbols are:

AT, =change in temperature =T, —T,.,|, Where T, is the initial condition;
AT, = maximum change in temperature :‘T(wmf =T 15| » Where T, - 1s the final condition,

and t; and t; are the first and second time constants respectively.

4.2.1. Humidity/Temperature Transmitter Temperature Data

This section presents the measured temperature data by the humidity/temperature
transmitter. These measured data include the transient response of the sensor and the wheel.
Figures 4.9 and 4.10 contain one example of the curve fitting for the molecular sieve wheel and
Table 4.9 quantifies the agreement demonstrating that r* is 0.988 or greater for all cases. The first
time constant is around 100s, which is greater than the first time constant of both the temperature
sensors as determined in Section 3.2.2 (i.e., 70s for the transmitter and 4s for the thermocouple).
Heat capacity effects inside the matrix of the energy wheel are the prime reason for these larger

time constants.
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Figure 4.9 Comparison of measured and correlated outlet temperature increase for a molecular
sieve wheel plus a humidity/temperature transmitter (Y;=0.94, T,=109s, Y,=0.06, T,=700s)
(ARH#0, AT#0 and V,;=1.6m/s in Figure 4.4).
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Figure 4.10 Comparison of measured and correlated outlet temperature decrease for a molecular
sieve wheel plus a humidity/temperature transmitter (Y;=0.96, T,=120s, Y,=0.04, T,=390s)
(ARH#0, AT#0 and V,;~=1.6m/s in Figure 4.4).

65



Table 4.9. Coefficients (Y, Y,) and time constants (T;, T,) in equations (4.4) and (4.5)
describing the transient temperature response of a 100mm thick molecular sieve wheel plus the
humidity/temperature transmitter (ARH#0, AT#0 and V,;=1.6m/s,).

Molecular | Inlet conditions: hot, dry side:T; y=53°C, ®; 4~6%
Sieve cool, wet side:T; ~23°C, ®;,=40%
wheel Y, Ti(s) Y, Ta(s) r
0.94 109 0.06 700 0.994
Increasing 0.94 103 0.06 610 0.993
0.94 101 0.06 620 0.991
0.96 120 0.04 390 0.994
Decreasing | 0.95 100 0.05 590 0.996
0.99 104 0.01 700 0.988

For the wheel coated with silica gel, the temperature response is very close to that of the
molecular sieve wheel. The coefficients are summarized in Table 4.10 and show that the first
time constants are all slightly less than 100s. It is thought that silica gel wheel has different

overall heat conductivity than the molecular sieve wheel.

Table 4.10. Coefficients (Y, Y,) and time constants (T;, T,) in equations (4.4) and (4.5)
describing the transient temperature response of a 100mm thick silica gel wheel plus the
humidity/temperature transmitter (ARH#0, AT#0 and V,,=1.6m/s).

Silica Gel Inlet conditions: hot, dry side:T;y=53°C, ®; 4~6%
wheel cool, wet side:T; ~23°C, ®; ,=40%
Yl Tl(S) Y2 Tz(S) 1'2
Increasing 0.96 98 0.04 560 0.991
0.96 97 0.04 620 0.992
0.93 92 0.07 480 0.992
Decreasing 0.95 95 0.05 550 0.993
0.95 97 0.05 570 0.993
0.95 94 0.05 510 0.994

The average value of each parameter (X, Xa, Y1, Y2, Ti and T,) is computed because the
wheel plus sensor response does not seem to depend on the magnitude of the relative humidity

and temperature change and these are summarized in Tables 4.11 and Table 4.12.
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Table 4.11. Average coefficients describing the transient humidity response of a molecular sieve
and a silica gel energy wheel plus humidity/temperature transmitter.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel

Conditions Adsorption | Desorption | Adsorption | Desorption
X, 0.70 0.85 0.85 0.95

ARH#0 T,(s) 6.8 7.7 6.4 6.9

AT=0 .

Va=1.6m/s | X 0.30 0.15 0.15 0.05
T, (s) 120 110 120 230
X, 0.99 0.87 0.98 0.86

ARH#0 T,(s) 163 41 156 44

AT#0 .

Va=1.6m/s | X 0.01 0.13 0.02 0.14
T, (s) 1100 240 1300 230

Table 4.12. Average coefficients describing the transient temperature response of a molecular
sieve and a silica gel energy wheel plus humidity/temperature transmitter.

Test Coefficient| Molecular Sieve Wheel Silica Gel Wheel

Conditions Increase Decrease Increase | Decrease
Y, 0.94 0.96 0.95 0.95

ARH#£Q T,(s) 104 103 96 95

AT#0 —

Vi=1.6m/s Y, 0.06 0.03 0.05 0.05
T,(s) 640 580 530 540

Based on the information in Tables 4.9 to 4.10, the transient humidity and temperature
response expressions for the energy wheels plus humidity/temperature transmitter are

summarized in Table 4.13.
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Table 4.13. Transient characteristics of the energy wheel plus the humidity/temperature
transmitter.

Operating Conditions | Transient Response of Wheel plus Transmitter

A molecular sieve wheel plus the transmitter:

A
A () i =0.70(1—e"*%) +0.30(1 - &™)

A¢(W+S)0
A
Ay 1), =0851—e"7)+0.15(1—e '™
A¢ des
ARH#0, AT=0, (e
Vai=1.6m/s A silica gel wheel plus the transmitter:
A
L =0.85(1—e**)+0.15(1 -
A¢ ads
(w+s)o
A
—A;W” (1) . =0.95(1 =€) +0.30(1 — ")
(w+s)o
A molecular sieve wheel plus the transmitter:
A
—A;W” (1), =0.99(1—e %) +0.01(1—e ")
(w+s)o
A
AZA(QM =0.87(1- e !4 )+0.13(1— e”/z‘“’)
(w+s)o
AT
e v (1), =0.94(1—e™1™) 4+ 0.06(1— %)
(w+s)o
AT
(04, = 0.96(1 - e'%)+0.04(1-e"*)
ARH#0, AT#0, (e
Vai=1.6m/s A silica gel wheel plus the transmitter:
A
Ay 1) . =0.981—e ") +0.02(1— e3P
A¢ ads
(w+s)o
A
AP () Z0.86(1— e ) +0.14(1 — 20
A¢ des
(w+s)o
AT
M—W“(r)m =0.95(1—e ") +0.05(1—e %)
(w+s)o

AT
M—W“(t)dec =0.95(1—e ") +0.05(1—e "**)

(w+s)o
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4.2.2. Thermocouple Temperature Data

The T-type thermocouple is also used to measure the transient temperature data of the
energy wheel in order to study the difference with the data measured by the temperature
transmitter. It is found that combined response of the wheel plus sensor is faster with a
thermocouple downstream of the wheel than with the temperature transmitter downstream. Figure
4.11 presents a comparison between the temperature data measured with thermocouples and
transmitters for ARH#0 and AT#0. The curves TC,.and TC,; indicate thermocouples response,

and T, and T, are temperature response of transmitters.
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Figure 4.11 Comparison of the measured outlet transient temperature response of a molecular
sieve wheel plus the transmitters and the thermocouples (ARH#0, AT#0 and V,=1.6m/s
width=100mm,).

The response of the energy wheel with a thermocouple follows the correlation equations
(4.4) and (4.5). The time constants and coefficients are obtained by curve fitting and presented in

Tables 4.14 and 4.15 for three measurement locations, the statistically averaged values are in

Table 4.16.

69



Table 4.14. Coefficients (Y, Y,) and time constants (T;, T,) in equations (4.4) and (4.5)
describing the transient temperature response of a 100mm thick molecular sieve wheel plus a
thermocouple with ARH#0, AT#0 and V,;=1.6m/s.

Wheel+ Inlet conditions: hot, dry side:T;y=53°C, ®; 4~6%

Thermocouple cool, wet side:T; ~23°C, ®;,~40%
Y Tl(S) Y, T2(S) 1‘2

0.85 29 0.15 250 0.996

Increasing 0.87 40 0.13 320 0.995

0.82 43 0.18 320 0.996

0.82 32 0.18 210 0.997

Decreasing 0.86 30 0.14 250 0.991

0.87 35 0.13 250 0.992

Table 4.15. Coefficients (Y, Y2) and time constants (T;, T,) in equations (4.4) and (4.5)
describing the transient temperature response of a 100mm thick silica gel wheel plus a
thermocouple with ARH#0, AT#0 and V,;,=1.6m/s.

Wheel+ Inlet conditions: hot, dry side:T; y=53°C, ®; 4~6%
Thermocouple cool, wet side:T; =23°C, ®; ,=40%
Y1 T](S) Y2 Tz(S) I'2
0.72 26 0.28 170 0.998
Increasing 0.81 28 0.19 210 0.996
0.74 29 0.26 200 0.997
0.80 25 0.20 220 0.996
Decreasing 0.71 25 0.29 180 0.997
0.80 26 0.20 210 0.996

Table 4.16. Average coefficients describing the transient temperature response of the energy
wheel plus the thermocouple.

Test Coefficient | Molecular Sieve Wheel Silica Gel Wheel

Conditions Increase Decrease Increase | Decrease
Y, 0.85 0.84 0.76 0.79

ARH#0 T (s) 37 32 28 25

AT#0 —

V.i=1.6m/s Y, 0.15 0.16 0.24 0.21
Fz(s) 300 230 190 200

The average first time constant for the transient temperature response of the energy wheel
plus the thermocouple is about 30 to 40s, which is about 10 times greater than that for the

thermocouple alone (3.5~3.6s).

70



4.3.  Analysis of Energy Wheel Data

The data and correlations in the previous section include both the wheel and sensor
response, but determination of wheel response alone is desired. To determine the transient
response of the wheel alone, the measured data are corrected to account for the transient response

of the sensor using Duhamel’s equation (Wylie, 1975) written in the form:
t

y() = J.A'(t —")F(t"dt', (4.7)
0

where for this application

¢W+ S

¢(w+s)0

() =—=—(@), (4.8)

is the normalized response of the wheel and sensor, and

A—ty=212%

Py A¢( ™Ml (4.9)

is normalized time derivative of the sensor response alone and F(t’) is the response of the wheel

A
alone. Therefore F(t’) is considered to be the unknown characteristic while h(t) and

(w+s)o

A

N

(¢) are known from the correlation equations. Equation (4.7) can be written as,

A, j ﬁ =5 (= )F()dt. (4.10)
A¢(w+v)0 0 a

To solve equation (4.10) for F(t) (i.e., the response of the wheel alone), the Laplace transform, £,

is applied. Using the convolution properties of this equation, the following equation results

(Wylie, 1975):
Lly@®)]=cC [IA'(t —t"YF(")dt'] = [ A'(¢) | L[F(b)]. (4.11)

This allows £ [F(t)] to be obtained as
LIF@O)]= LIy VL[ A'@)]. (4.12)
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The Laplace transform results in a solution in the transformed “s” space that must be transformed

back into real time using the inverse transform equation:
F(O)=LHLLyO VL4013 (4.13)

These transformations are quite complicated and therefore the commercial math package, Maple,
is used. The details are in Appendix C. The final equations for the time response of the wheel

during adsorption is

T—k+ -7
F () s :Xl(l—T—kle_’/Tl)+X2(1——Tze‘t/rz)+
UME 3 4
, (4.14)
Tk _Tk ; Tk Tk
kk k 2 1 2Ty e )
T e e B L |
3 3 1 3 3 5
and during desorption is
k k
(k=T = %) (k,—T, —-2)

F(t)des‘ :Xl—le_t/Tl +X2 —ze_[/Tz +

A T, -k, T, —k, , (4.15)
(1_ﬁ+k_2)( XITI + Xsz )e—t/k3

2
ky ki T,—k, T,-k,

where:
b=h+h (4.16)
k, =1,t, ,and (4.17)
b =xty 40t (4.18)

are characteristic constants used in (4.14) and (4.15).

In Appendix C, an analytical verification of these equations is presented for the simplified

case of Z=O, x_l =0, Z=1.0, which corresponds to a humidity sensor with only one time constant.
It shows that when klzg , ko=0 and k;=0, the equations (C.22) and (C.28) are identical with
equations (4.14) and (4.15). The equations are also verified for the case of x_1=X1, ZZXZ, ZZTI

and Z =T,. This represents the case of no energy wheel and therefore the response, F(t), should
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be the unit step for all times greater than zero. As shown in Appendix C, submitting x_l=X1,

Xz, =T, and t =T, in equations (4.14) to (4.18) results in F(t)=1, this confirms that these

equations are correct at least for this special case.
Each coefficient in equations (4.14) and (4.15) can be replaced by its average Value,X1 ,

X T1 , and ITZ, to describe a generalized dynamic response of an energy wheel. Applying

equations (4.14) and (4.15) the response of the wheel alone can be calculated directly from the

coefficients, x1 s Xou by by, X X T1 , and Fz The results are presented Figures 4.12 and

4.13 for the normalized transient relative humidity response for adsorption (Figure 4.12) and

desorption (Figure 4.13) of a 100mm thick molecular sieve wheel.
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Figure 4.12 Comparison of the measured sensor response and the measured wheel plus sensor
response with the predicted transient humidity response of the wheel alone for adsorption in a
molecular sieve energy wheel (ARH#0, AT=0 and V,;=1.6m/s).
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Figure 4.13 Comparison of the measured sensor response and the measured wheel plus sensor
response with the predicted transient humidity response of the wheel alone for desorption in a
molecular sieve energy wheel (ARH#0, AT=0 and V,;,=1.6m/s).

Figures 4.12 and 4.13 show that the sensor responds the fastest and that the wheel plus
sensor response is very close to the wheel alone, because the sensor has little impact on wheel
response. Equations (4.12) and (4.13) provide the relationship between the wheel response,
sensor response, and sensor plus wheel response. They do not indicate the time constants of
energy wheel response alone. To determine this, the computer program, TableCurve, is used

again to curve fit the data from equation (4.14) and (4.15) to find time constants (7, and z,) for

each energy wheel response as described as Equations (4.19) and (4.20):

Ag,

ng D = (- +a,(1-e"), (4.19)
A
h Z O = e +aye, (4.20)

where the coefficient a; and o, satisfy the equation,
a,+a,=1, a,>0 and «,>0, (4.21)

T, and 15 are the first and second time constants respectively.
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Tables 4.17 to 4.20 summarizes the time constants and coefficients obtained for these two

energy wheels with ARH#0 and AT=0.

Table 4.17. Adsorption coefficients (a;, o) and time constants (1, T,) in equations (4.19)
describing the transient humidity response of a 100mm thick molecular sieve wheel (ARH#0,
AT=0, V4i=1.6m/s).

Inlet conditions o 71 (S) o T (S) 1’
dry side: T; 4=23°C, ®; 4~6% 0.78 7.0 0.22 150 0.999
wet side: T;w= 23°C, ®;,=40% | 0.85 6.8 0.15 120 0.999
0.86 7.7 0.14 130 0.999
dry side: T; 4=23°C, ®; 4~6% 0.75 6.5 0.25 130 0.999
wet side: Tiw~ 23°C, ®;,=50% | 0.75 7.1 0.25 140 0.999
0.74 6.4 0.26 150 0.999
dry side: T; 4=23°C, ®; 4~6% 0.74 6.3 0.26 130 0.999
wet side: Tiw= 23°C, @;4w=60% | 0.73 5.7 0.27 130 0.999
0.73 7.2 0.27 150 0.999

Table 4.18. Desorption coefficients (o, 0p) and time constants (t;, T2) in equations (4.20)
describing the transient humidity response of a 100mm thick molecular sieve wheel (ARH#0,
AT=0, V,i=1.6m/s).

Inlet conditions o 71 () 0 T, (s) 1’

dry side: T; 4=23°C, ®; 4=6% 0.80 6.9 0.20 80 0.999
wet side: Tiw~ 23°C, ®@;,=40% | 0.85 8.5 0.15 110 | 0.999
0.90 8.7 0.10 180 | 0.999
dry side: T; 4=23°C, ®; 4~6% 0.82 7.2 0.18 100 | 0.999
wet side: Tiw= 23°C, ®iw=50% | 0.83 7.7 0.17 90 0.999
0.83 8.1 0.17 100 | 0.999
dry side: T; 4=23°C, @; 4~6% 0.82 6.4 0.18 90 0.999
wet side: Tiw~ 23°C, ®;=60% | 0.85 7.7 0.15 100 | 0.999
0.82 7.0 0.18 90 0.999
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Table 4.19. Adsorption coefficients (a;, o) and time constants (1), T2) in equation (4.19)
describing the transient humidity response of a 100mm thickness silica gel wheel (ARH#0, AT=0
and V,;=1.6m/s).

Inlet conditions o 71 (S) (V%) T (S) r

dry side: T; 4=23°C, ®; 4~6% 0.98 6.9 0.02 220 | 0.999
wet side: Tiw= 23°C, @i w=40% | 0.96 5.5 0.04 130 | 0.999
0.95 7.7 0.05 230 | 0.999
dry side: T; 4=23°C, ®@; 4=6% 0.96 5.8 0.04 170 | 0.999
wet side: Tiw~ 23°C, ®;,=50% | 0.97 53 0.03 190 | 0.999
0.93 6.0 0.07 130 | 0.999
dry side: T; 4=23°C, ®; 4=6% 0.92 5.8 0.08 130 | 0.999
wet side: Tiw~ 23°C, ®;=60% | 0.88 53 0.12 130 | 0.999
0.85 6.9 0.15 160 | 0.999

Table 4.20. Desorption coefficients (a;, o) and time constants (t;, 1) in equation (4.20)
describing the transient humidity response of a 100mm thickness silica gel wheel (ARH#0, AT=0
and V,;=1.6m/s).

Inlet conditions o 71 (S) o T2 (S) 1’
dry side: T; 4=23°C, ®; 4~6% 0.96 6.2 0.04 290 0.999
wet side: T;w= 23°C, ®;,=40% | 0.95 6.7 0.05 190 0.999
0.93 7.3 0.07 120 0.999
dry side: T; 4=23°C, ®; 4~6% 0.96 6.2 0.04 200 0.999
wet side: Tiw= 23°C, @;w=50% | 0.96 7.3 0.04 400 0.999
0.96 7.5 0.04 250 0.999
dry side: T; 4=23°C, ®; 4~6% 0.91 7.5 0.09 100 0.999
wet side: T;w= 23°C, ®;,=60% | 0.95 7.4 0.05 200 0.999
0.93 8.4 0.07 160 0.999

Comparing the coefficients and time constants for the wheel alone (Tables 4.17 to 4.20)
with those for the sensor plus wheel (Tables 4.1 to 4.4) shows that they are very similar. The first
time constants are particularly close and some of them are even equal. This confirms that the
dynamic response of the energy wheels is not altered by the use of a sensor with a very fast
response. If a sensor responds slower than an energy wheel, the result will be totally different and
thus a slow sensor will not be of much use in this research work. Similarly analyzed for each
coefficient, X;, X, Tjand T,, changing with different time interval (e.g., 0<t<5s, 0<t<10s,
0<t<20s), the coefficients (a;, oy, T; and 1), are also investigated as well in these time intervals.

The values are presented in Table 4.21 and Table 4.22 for one typical example of a silica gel
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wheel in the three different time intervals for ARH#0, AT=0. It is discovered that the first time

constant did not change much in this circumstance.

Table 4.21. Adsorption coefficients (o, o) and time constants (1) and 1) in equation (4.19)

describing the transient humidity response of a silica gel wheel in different time intervals
(ARH#0, AT=0, V,;;=1.6m/s).

Inlet conditions:

dry side: T;¢=23°C, ®; 6% o TG | w | ue) |

wet side: T;= 23°C, ®; ,~40%
0<t<5s 0.93 6.7 | 0.07 13.7 | 0.999
0<t<10s 0.89 6.8 0.11 12.0 | 0.999
0<t<20s 0.92 6.8 0.08 14.9 | 0.999

Table 4.22. Desorption coefficients (o, o) and time constants (t; and 1) in equation (4.20)

describing the transient humidity response of a silica gel wheel in different time intervals
(ARH#0, AT=0, V,;;=1.6m/s).

Inlet conditions:

dry side: T; 4=23°C, ®; 4~6% o 71 (S) o 1, (S) .

wet side: T;= 23°C, ®; ,~40%
0<t<5s 0.94 6.1 0.06 48 0.999
0<t<10s 0.95 6.1 0.05 51 0.999
0<t=<20s 0.95 6.1 0.05 77 0.999

The transient response of the two energy wheels during a simultaneous change in
humidity and temperature (ARH#0 and AT#0) is presented in Figures 4.14 and 4.15. These
graphs show a comparison of measured humidity and temperature response of the sensor alone,

sensor plus energy wheel and the energy wheel alone for this operating condition.
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Figure 4.14 Comparison of the measured sensor response and the measured wheel plus sensor
response with the predicted transient humidity response of a molecular sieve energy wheel in
adsorption (ARH#0, AT#0 and V,;=1.6m/s).
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Figure 4.15. Comparison of the measured sensor response and the measured wheel plus sensor
response with the predicted transient humidity response of in a molecular sieve energy wheel in
desorption (ARH#0, AT#0 and V,;,=1.6m/s).

Similarly as in the case with AT#0, Figures 4.16 and 4.17 show that the molecular sieve
energy wheel responds slower than the sensor and the energy wheel’s response is very close to
the wheel plus sensor response. It confirms that the transmitter has little effect on wheel response

under this test condition. The information in Tables 4.23 and 4.24 present the coefficients
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obtained by fitting the data using TableCurve. The first time constants in Tables 4.23 and 4.24

are very close or equal to those in Tables 4.7 and 4.8 (i.e., for the sensor plus wheel).

Table 4.23. Coefficients (o, o) and time constants (t;, 1) in equations (4.19) and (4.20)
describing transient humidity response of a 100mm thick molecular sieve wheel (ARH#0, AT#0
and V,;=1.6m/s,).

Molecular | Inlet conditions: hot, dry side:T; ,=53°C, ®; ¢~6%
Sieve cool, wet side:T; ~23°C, ®;,,=40%
wheel o T1(8) o T2(S) r’
Adsorption | 0.99 167 0.01 6800 0.999
0.99 160 0.01 1400 0.999
0.99 161 0.01 6600 0.999
Desorption 0.87 43 0.13 290 0.999
0.60 38 0.40 180 0.999
0.83 42 0.17 300 0.999

Table 4.24. Coefficients (o, 02) and time constants (t;, 72) in equations (4.19) and (4.20)
describing transient humidity response of a 100mm thickness silica gel wheel (ARH#0, AT#0 and
Vair: 1 6m/s)

Silica gel Inlet conditions: hot, dry side:T;,=53°C, ®; 4~6%
wheel cool, wet side:T; ~23°C, P, ,=40%
o T1(s) o T2(s) r?
Adsorption 0.99 150 0.01 3500 0.999
0.99 162 0.01 2400 0.999
0.99 150 0.01 2300 0.999
Desorption 0.58 36 0.42 170 0.999
0.83 44 0.17 220 0.999
0.81 43 0.19 220 0.999

Figures 4.16 and 4.17 present the temperature response comparison between the RTD
temperature sensor, wheel plus sensor and the wheel for a molecular sieve wheel. The energy
wheel responds to an inlet temperature step change slower than the sensor during 300s, but faster
after 300s. In these conditions, the wheel responds a little faster than wheel plus sensor for both
the temperature increase and decrease cases. The energy wheel responds to a step change in
temperature as slow as the energy wheel plus the RTD temperature sensor, and the first time
constant is usually greater than 90s, while the first time constant obtained with the same

condition is about 70s for the RTD temperature sensor alone. The transient temperature response
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of the energy wheel also follows the exponential function with two time constants. The following
equations describe the responses. For the temperature increase (heat transferred from the wheel

matrix to the air):

AT, —t/T, =t/
S0, = A=)+ Bl ), (4.22)

Wi

and for the temperature decrease (heat transferred from the air to the wheel matrix):

ATw -/t —t/7,
AT (D aec = Pre /n + p,e I (4.23)

wo

where the coefficient B; and [, satisfy the equation:
:81 + :82 =1, ﬂ] >0 and ﬂz >0, (4.24)

T, and 1, are the first and second time constants respectively.
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Figure 4.16 Comparison of the measured sensor response and the measured wheel plus sensor
response with the predicted transient temperature response of the wheel alone for temperature
increase in a molecular sieve energy wheel (ARH#0, AT#0 and V,;=1.6m/s).
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Figure 4.17 Comparison of the measured sensor response and the measured wheel plus sensor
response with the predicted transient temperature response of the wheel alone for temperature
decrease in a molecular sieve energy wheel (ARH#0, AT#0 and V,;=1.6m/s).

The time constants and coefficients are listed in Tables 4.25 and 4.26 for the correlations
in equations (4.22) and (4.23). The statistically averaged time constants and coefficients of

energy wheel humidity and temperature response are presented in Tables 4.27 and 4.28.

Table 4.25. Coefficients (B;, B2) and time constants (t;, T;) in equations (4.22) and (4.23)
describing transient temperature response of a 100mm thick molecular sieve wheel (ARH#0,
AT#0 and V,;=1.6m/s).

Molecular Inlet conditions: hot, dry side:T; y=53°C, ®; 4~6%
Sieve wheel cool, wet side:T; :=23°C, ®; ,=40%
P i(s) P2 a(s) r
Temperature 0.92 99 0.08 101 0.999
Increase 0.93 102 0.07 103 0.999
0.89 105 0.11 129 0.999
Temperature 0.74 101 0.26 103 0.999
Decrease 0.96 100 0.04 520 0.999
0.76 122 0.24 123 0.999
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Table 4.26. Coefficients (B;, B,) and time constants (t;, 12) in equations (4.22) and (4.23)
describing transient temperature response of a 100mm thick silica gel wheel (ARH#0, AT#0 and

V.air=1.6m/s).
Silica gel Inlet conditions: hot, dry side:T; y=53°C, ®; 4~6%
wheel cool, wet side:T; ~23°C, ®;,=40%
B (s) B2 T2(8) r
Temperature 0.99 90 0.01 90 0.998
Increase 0.97 92 0.03 92 0.997
0.98 92 0.02 92 0.999
Temperature | 0.96 95 0.04 470 0.999
Decrease 0.96 97 0.04 490 0.999
0.96 94 0.04 400 0.999

Table 4.27. Average coefficients describing the transient humidity response of the energy wheel.

Test Coefficientf Molecular Sieve Wheel Silica Gel Wheel

Conditions Adsorption | Desorption | Adsorption | Desorption
a, 0.78 0.84 0.93 0.95

ARH#£Q 7,(s) 6.6 7.6 5.7 6.8

AT=0 L

V=1.6m/s | % 0.22 0.16 0.07 0.05
7,(s) 130 140 140 290
a, 0.99 0.87 0.99 0.81

ARH#£Q 7,(s) 161 43 157 41

AT#0 L

V.=1.6m/s | % 0.01 0.13 0.01 0.19
7,(s) 2800 280 2300 200

Table 4.28. Average coefficients describing the transient temperature response of the
wheel.

.. Wheel | Molecular Sieve Wheel Silica Gel Wheel
Test Conditions
Increase Decrease | Increase | Decrease

o2 0.91 0.82 0.98 0.96
ARH#0 7,(s) 102 108 91 95
AT#0 —
Va=1.6m/s 5, 0.09 0.18 0.02 0.04

7,(s) 111 250 91 450
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Table 4.27 shows that the molecular sieve wheel has greater time constants and smaller
values of ¢, than the silica gel wheel. This means that the molecular sieve wheel responds slower

to a step change in humidity than the silica gel wheel for the same operating conditions.

The transient temperature response of the wheel determined from the thermocouple
measurements are presented in Tables 4.29 and 4.30. These results show that the predicted energy
wheel response has a first time constant of about 30s, which is much less than the first time
constant, 70s, of the temperature response of humidity/temperature transmitter for the same test
condition (see Table 3.34). According to the information in Tables 4.29 and 4.30, it is thought
that the temperature response of an energy wheel derived from measured thermocouple data is
much more convincible than that of measured date using the transmitter. Therefore, the
temperature response characteristics of an energy wheel would be expressed using the data based
on the thermocouple measurements. The average time constants and coefficients are calculated

and presented in Table 4.31.

Table 4.29. Coefficients (B;, B2) and time constants (t;, 12) in equations (4.22) and (4.23)
describing transient temperature response of a 100mm thick molecular sieve wheel determined by
the thermocouple measurement (ARH#0, AT#0 and V,;,=1.6m/s,).

Molecular Inlet conditions: hot, dry side:T;y=53°C, ®; 4~6%
Sieve wheel cool, wet side:T; ~23°C, ®; ,=40%
B i(s) P2 Ta(s) r
Temperature 0.89 37 0.11 38 0.996
Increase 0.91 28 0.09 29 0.990
0.97 43 0.03 200 0.999
Temperature 0.86 34 0.14 220 0.999
Decrease 0.89 31 0.11 270 0.999
0.90 35 0.10 270 0.999
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Table 4.30. Coefficients (B;, B2) and time constants (t;, 12) in equations (4.22) and (4.23)
describing transient temperature response of a 100mm thickness silica gel wheel determined by
the thermocouple measurement (ARH#0, AT#0 and V,;,=1.6m/s,).

Silica gel Inlet conditions: hot, dry side:T; y=53°C, ®; 4~6%
wheel cool, wet side:T; ~23°C, ®;,=40%
B T(s) B2 T2(s) r
Temperature |  0.55 21 0.45 50 0.999
Increase 0.74 29 0.26 29 0.989
0.66 25 0.34 60 0.999
Temperature | 0.82 25 0.18 210 0.999
Decrease 0.73 26 0.27 170 0.999
0.82 27 0.18 210 0.996

Table 4.31. Average coefficients describing the transient temperature response of energy wheels
measured by the thermocouple.

.. Wheel | Molecular Sieve Wheel Silica Gel Wheel
Test Conditions
Increase Decrease | Increase | Decrease

o2 0.92 0.88 0.65 0.79
ARH#0 7,(s) 36 33 23 25
AT#0 —
Vai=1.6m/s 5, 0.08 0.12 0.35 0.21

7,(s) 90 250 46 200

The equations in Table 4.32 demonstrate two energy wheels response to a step change in

relative humidity and temperature for two operating conditions. The transient temperature

response characteristics are described using the thermocouple measurement data.
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Table 4.32. Transient humidity and temperature response of energy wheels.

Operating Conditions

Transient Response of Energy Wheels

A molecular sieve wheel:

A
P, ) =0.78(1—e*°) +0.22(1 -
A¢ ads
A
22 ), =0.881—e ")+ 0.12(1—e '
A¢ des
ARH?EO’ AT:O’ wo
Vair=1.6m/s A silica gel wheel:
AA;W (t)ads = 0.93(1 _e—z/5.7) n 0‘07(1 _efz/14o)
A
¢w @),.=0.951- e—t/6.8) +0.05(1— e—z/290)
A¢ des
A molecular sieve wheel:
A
A¢¢w (t)ads = 099(1 _ e—t/161) + 001(1 _ e—t/2800)
A
AT
ATW (), =0.92(1- e_t/%) +0.08(1— e—t/90)
AT
ATW (t)dec = 088(1 - e_t/33) + 0 12(1 — e—t/250)
ARH?EO’ AT;&O, wo
Vair=1.6m/s A silica gel wheel:

Ag,
Ag

wo

A ¢w
A ¢wo

AT
ATW (), =0.65(1— e_’/23)+ 0.23(1 - e—t/46)

wo

(6) e =0.99(1— ") +-0.01(1 — /=)

() gee =0.81(1—€)+0.19(1 - ™)

AT
w7 Daee =0.79(1- e ) +021(1- ™)

wo
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4.4. Uncertainty Analysis

In this section, the uncertainty of each coefficient for the wheel plus sensor response and
the wheel response are presented. The analysis is the same as that described in Section 3.3 for the
uncertainty in the sensor alone, the bias uncertainty of the starting time is determined as +0.2s
and the repeatability of coefficients is also calculated. The same approach is applied to analyze
the uncertainty of the transient response of the wheel plus sensor and the wheel alone in the

following sections.

4.4.1. Uncertainty of Energy Wheel plus Sensor Response

To determine the uncertainty in transient coefficients for the wheel plus the sensor and the
wheel plus the thermocouple, the information in Tables 4.1 to 4.4, 4.7 to 4.10, 4.14 and 4.15 are
used to calculate the repeatability errors using equations (3.13) to (3.20), and the start time error,
+0.2s, is included to determine total uncertainty of the time constants. The total uncertainties of
each parameter are listed in Tables 4.33 to 4.35. The uncertainty of humidity response for the
wheel plus the humidity/temperature transmitter is presented in Table 4.33. For AT=0, the
relative uncertainty of the first time constant and the second time constant is less than +11% and
+30% in both adsorption and desorption; for AT#0, the relative uncertainty of the first time
constant is from 6% to £18% in adsorption and desorption, the uncertainty of the second time
constant is very large, but the second time constant does not play an important role because the
fraction factor, X, is very small, so the uncertainty is not a significant consideration. The
information in Tables 4.34 and 4.35 presents the uncertainty of the temperature response of the
energy wheel plus the RTD temperature sensor and plus the thermocouple respectively. In Table
4.34, the uncertainty of the first time constant is less than 8%, the uncertainty of the second time
constant is greater, from £15% to £67% for adsorption and desorption. In Table 4.35, the relative
uncertainty of first time constant is from +8% to £49% and the relative uncertainty of the second

time constant is from £26% to £35% for both the temperature increase and decrease cases.
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Table 4.33. Uncertainty of each coefficient describing transient humidity response for the energy
wheels plus the humidity/temperature transmitter.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel
Conditions Adsorption | Desorption | Adsorption | Desorption
X, +U(X,) | 0.70£0.03 | 0.85£0.02 | 0.85+0.03 | 0.95+0.01
ifggﬁo T +UT)s) | 6.80.5 7.740.6 | 6407 | 6.9+0.8
Vo=1.6m/s | X, £UX,) | 030+£0.03 | 0.15£0.02 | 0.15£0.03 | 0.05+0.01
T, +U(T,)(s) 120+8 110420 120£10 230+70
X, +U(X,) | 099+0.02 | 0.87+£0.11 | 0.98+0.02 | 0.86+0.07
igfo E_i U(Fﬁg) 163£10 4146 156+16 44+8
Va=1.6m/s | X, £UX,) | 0.01£0.02 | 0.13£0.11 | 0.02+0.02 | 0.14+0.07
T, +U(T,)(s) | 1100£1800 | 240+170 | 1300+470 | 230490

Table 4.34. Uncertainty of each coefficient describing transient temperature response for the
energy wheel plus humidity/temperature transmitter.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel
Conditions Increase Decrease Increase Decrease
7 + U(Y) 0.94+0.002 | 0.96+0.05 | 0.95+0.04 | 0.9540.003
ﬁfgﬁo T +U(T )(s) 1048 103430 9648 9543
Va=l.6m/s | L % U(Yz) 0.06+0.002 | 0.04+0.05 | 0.05+0.04 | 0.05%0.003
T, +U(T, )(s) 6404130 | 580+390 | 530+180 540+80

Table 4.35. Uncertainty of each coefficient describing transient temperature response for the
energy wheel plus the thermocouple.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel
Conditions Increase Decrease Increase Decrease
7 + U(Y ) 0.85+0.06 | 0.84%+0.07 | 0.76+0.11 | 0.79+0.12
ﬁffo T +U(T,)(s) 37418 3246 28+4 2542
Va=l.6m/s | L3 U(Y ) 0.15£0.06 | 0.16+£0.07 | 0.24+0.11 | 0.21£0.12
F + U(T )(s) 300+100 230160 19050 200+70
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4.4.2. Uncertainty of Energy Wheel Response

The uncertainty of each coefficient (o, oz, B1, B2, T1, and 1,) is presented in Tables 4.36 to
4.37 for a molecular sieve wheel and a silica gel wheel respectively which are tested with and
without a temperature change. The uncertainty of time constants includes the bias error, 0.2s, and
the precision error calculated using the data in Tables 4.17 to 4.20, 4.23 to 4.26, and 4.29 to 4.30.
This uncertainty analysis will be used for future work of studying the effectiveness of energy
wheels. The information summarized in Tables 4.36 to 4.38 presents the statistical average value
of each coefficient and its uncertainty for the transient humidity and temperature response of the
energy wheel alone. For the transient humidity response of the energy wheel (Table 4.36), the
relative uncertainty of the first time constant and the second time constant is less than +11% and
+24% for AT=0, respectively; for AT#0, the relative uncertainty of the first time constant and the
second time constant is less than £10% and £76% for the adsorption and desorption, respectively.
It is found that the uncertainty of the second time constant is also large but it is not very
important. The coefficients and their uncertainty describing the transient temperature response of
an energy wheel obtained from humidity/temperature transmitter measurement are shown in
Table 4.37 and their relative uncertainty is smaller than +35% for both temperature increase and
decrease. The information in Table 4.38 shows that the relative uncertainty is smaller than £50%
for the first time constant of transient temperature response of the energy wheel obtained from the

thermocouple measurement for the temperature increase and decrease cases.

Table 4.36. Uncertainty of each coefficient describing the transient humidity response of energy
wheels.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel

Conditions Adsorption | Desorption | Adsorption | Desorption
a_liU(a_l) 0.784£0.04 | 0.88+0.02 | 0.93£0.03 | 0.95+0.02

ARH#£Q 7, +U(r)s) | 6.6£0.5 7.6+0.6 5.740.6 6.8+0.5

AT=0 — —

V.=l.6m/s | @ *U(a,) 0.22+0.04 | 0.12+£0.02 | 0.07£0.03 | 0.05%£0.02
Z + U(Z)( s) 130£8 140+20 140£30 29070
a_liU(a_l) 0.99+0 0.78+0.06 0.99+0 0.81+0.05

ARHZ0 7, 2 U7, )(s) 161£9 4116 157+16 43110

AT#0 — —

vV tl 6m/s | @ tU(a,) 0.01£0 0.22+0.06 0.01£0 0.19£0.05
ZiU(Z)(S) 2800£1200 | 280+170 | 2300+1750 20070

88



Table 4.37. Uncertainty of each coefficient describing the transient temperature response of
energy wheels measured by the humidity/temperature transmitter.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel
Conditions Increase Decrease Increase Decrease
B +U(B) 0.91+0.05 0.82+0.05 | 0.98+0.02 0.96+0
ARH#0 El - U(fl)
ATH0 7, 2U(z,)(s) 10217 108131 9143 95+4
AW#0 ,3_2 + U(ﬂ_z) 0.09+0.05 0.18+0.05 | 0.02+0.02 0.04+0
Vairzl .6m/S —_— e
7, £U(7,)(s) | 111439 25090 9142 450+120

Table 4.38. Uncertainty of each coefficient describing the transient temperature response of
energy wheels measured by the thermocouple.

Test Coefficient Molecular Sieve Wheel Silica Gel Wheel

Conditions Increase Decrease Increase | Decrease
B +U(B) 0.92+0.08 0.88+0.05 | 0.65£0.2 | 0.79+0.1

ARH#0 gl — U(El)

AT#0 7, 2U (7)) 3619 3345 23+10 2542

AW#0 ﬂ_zi U(/B_z) 0.08+0.08 0.12+0.05 | 0.35+0.2 | 0.2110.1

Vair=1.6m/s Z + U(Z)( s) 90+40 250165 46139 200+60

Based on the discussion in Section 4.3, the transient temperature response should be
described using data in Table 4.38. Tables 4.36 and 4.38 summarize the coefficients and their
uncertainty of the transient humidity and temperature response of a molecular sieve wheel and a
silica gel wheel respectively for AT=0 and AT#0. This information will be used in the future

work to determine the effectiveness of energy wheels based on transient operating conditions.
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S. RESEARCH SUMMARY AND CONCLUSIONS

5.1. Research Summary

The general purpose of this research is to develop a new transient test procedure for an
energy wheel where humidity and temperature sensors downstream of an energy wheel would
detect the response characteristics of the wheel when a step change in the inlet humidity or
temperature conditions entering the wheel occurs. The specific purpose of this research is to first
determine the transient step change response characteristics of the humidity and temperature
sensors and then determine the transient response characteristics of the wheel alone.

The first challenge undertaken in this research is the development of a test facility that
maintains the high measurement accuracy needed for prediction of the transient characteristics of
a stationary energy wheel. Two small air streams flow parallel to each other flow through the
energy wheel prior to each test. Step-like changes in inlet air conditions are facilitied by
switching two inlet air tubes 180 degrees as quickly as practical to start each transient test. This
same test facility is used to obtain the transient response of each sensor when the energy wheel is
excluded from the test. Another challenge is the determination of correlation equations required
to describe the transient response of the humidity and temperature sensors. The experimental data
show that these responses could be fitted by a double-exponential time decay equation. It is found
that the energy wheel transient relative humidity response follows similar correlation equations,
albeit with much larger time constants.

Humidity measurement is the most important property measurement to determine the
performance of air-to-air energy recovery wheels that transfer heat and moisture. Humidity is
often a difficult property to measure accurately. Accurate steady-state calibration of humidity
sensors is crucial. By calibrating against a calibrated chilled mirror hygrometer, it is found that
the uncertainty of 1% to 2% RH could be obtained for the sensors tested.

Duhamel’s equation is used to theoretically determine the response of the measurement
system where sensors with known time responses are used downstream of the energy wheel. The
transient characteristics of each energy wheel are found as a solution to this equation using the

best fitting analytical correlations of the measured data.
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The uncertainty analysis used in an experiment is as important as the testing because the

uncertainty analysis shows the confidence bounds of the final result.

5.2.

Conclusions

This research is intended to design a new test method and facility to investigate the

performance of energy wheels under non-steady-state or transient operating conditions. The long-

term goal of the facility is to determine the effectiveness of energy wheels using measured data,

and incorporate the latest developments in air-to-air energy recovery technology and the

instrumentation to test these devices. The following conclusions may be deduced, based on this

new method using the newly designed test facility.

1.

This research work suggests the new test facility and method can be used to investigate
the transient response of humidity and temperature sensors, and the transient response
characteristics of an energy wheel can be predicted using these same sensors.

The first time constant is about 3s for transient humidity response of the capacitive
humidity sensor with AT=0 for the range of airflow rates studied in this thesis (50L/min to
200L/min). The relative uncertainty is about +10%. For the energy wheel alone, the first
time constant is about 6 to 8 seconds and the relative uncertainty is less than +11%.

This humidity measurement device, which includes both a temperature and humidity
sensor, responds very slowly to a step-like humidity and temperature change under
operating conditions with AT#0 because the transmitter has a large time constant. The
first time constant of the humidity sensor is about 40 to 130s under these conditions and
the first time constant for the temperature sensor is about 70s.

The T-type thermocouple responds quickly to a step change in temperature. The first time
constant is about 3 to 5s. The predicted temperature response of an energy wheel is
derived from the data measured with a thermocouple and its first time constant is about
30s.

The condition of ARH#0 and AT=0 is recommended to determine the latent effectiveness
of an energy wheel because both the sensor and energy wheel respond very fast under this
operating condition. Other conditions with AT#0 are not recommended to investigate
latent effectiveness of energy wheels because heat conduction inside the energy wheel
causes very slowly response of the energy wheel.
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6. A new data acquisition system is preferred so that the start time of inlet conditions
changing will be determined more accurately and the uncertainty of the start time will be

reduced, and the total uncertainty of time constants will decrease as well.

5.3. Future Work

In this thesis, the transient characteristics (time constants) of energy wheels are
determined. The effectiveness such as sensible effectiveness, latent effectiveness and total

effectiveness of an energy wheel will be studied in the future using the transient properties.
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APPENDIX A: DESIGN DRAWINGS

The design drawings for the test facility are presented in this appendix. The first drawing
is the layout and dimensions of the test facility with the components set apart but aligned (Figure
A.1), the second is the assembling of the inlet and outlet sections (Figure A.2), and the third
drawing shows the dimensions of the positioning holes (Figure A.3). The drawings are

dimensioned in inches.
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APPENDIX B: HEAT CONDUCTION INSIDE THE ENERGY WHEEL

When a temperature difference exists between two air streams flowing through an energy
wheel, heat will be conducted between the two air streams through the wheel matrix and also to
the other parts of the matrix. The heat transferred between two air cylinders inside the energy
wheel is calculated approximately in order to estimate how an energy wheel has an impact on the
sensors downstream and also to estimate the temperature difference between inlet and outlet

section. Figure B.1 shows the heat conduction physically inside the energy wheel.

heat conduction

DFED.%MM : . D==50.8rm
[ |

|4

I

alrFlow
e
ra

AoirFlow A

Figure B.1 Hot and cold airstreams flow through an energy wheel and heat conduction inside the
energy wheel.

The heat conduction between two cylinders in the matrix, assuming a uniform effective

conductivity, k,, in the wheel matrix and steady-state operating conditions can be calculated with
q=5Sk,(T,-T), (B.1)
where q is the heat transfer from the tubes, S is the shape factor, and T, and T, refer to the hot air

stream temperature and cold air stream temperature, respectively.

For this geometry, the shape factor, S, is given by (Incropera and Dewitt, 1996)

S = 27t (B.2)

- o 4w’ -D2-D2)
2D,D,

The effective thermal conductivity, k,, is expressed as
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k,=¢k, +(1-¢&k,, (B.3)
where ¢ is porosity of the energy wheel, which is approximately 0.85, £, =0.026 W/m-K and
k, =237 W/m-K. With these relations, equation (B.1) can be solved for any set of T, and T..

For the experiments in this thesis, the shape factor, S, is 0.23 and k,=35.6 W/m'K,
therefore the heat rate is given by,
q=Sk,(T,-T.)=22W,

when the temperature of hot and cold air is at about 53°C and 23°C. This heat transfer will
decrease the temperature of the hot air (53°C) and increase the temperature of the room

temperature air (23°C), by AT that can be calculated as follows

AT =9 (B.4)

where #&is mass flow rate of air, about 3.9x10° kg/s, and C, is specific heat of air (1.007
kJ/kg-K) at room temperature. For these conditions, the temperature difference between the inlet
and outlet (AT) is 5.7°C.

The discussion above confirmed that the outlet temperature reading does not reach the

inlet temperature condition (see Figure 4.4) and also affect the outlet relative humidity reading

either (see Figure 4.3).

98



APPENDIX C: CALCULATION OF WHEEL RESPONSE

C.1. Adsorption Case

The correlation equations for the wheel plus sensor response and the sensor response are:

A
A¢¢w+s (t)uds = X,(1- e_t/T‘)-i-X (l1-e f/Tz) (C.1)
(w+s)o
for the wheel plus sensor and
A — . )
ﬁ(r)m =xi(l-eM) +x2(1-e7), (C2)

for the sensor alone.

t
Applying Duhamel’s equation, y(¢) = ¢ P IA (t—t")F(t")dt', and the convolution
(w+s)o 0

method to solve for the transient response of the wheel alone (F(t)), gives equation (4.14) in the
main body of the thesis. The mathematics computer software, Maple, is used to compute the

Laplace transform of these equations. The Laplace transform of equation (4.9),

A'(t—t')—ag[Ags (t—1'")], in the main body is
LIA@)]=— - ’“1 , (C.3)
his+=) ta(s+=)
h 9]
where
Ag.
a Zb ads] / - /
A't [ i —— 7tt1 - —ttz’ C4
(1) Py et (C4)

A
and, likewise, the Laplace transform of equation (4.8), y(¢) = ﬂ(r) , 18

(w+s)o

Ag,., X, X, X X
¢W (t)ad\]__ _2_ ! - 21 .

ﬁ[A 1
¢(w+s)0 N s+ — s+ —

(C.5)

1 TZ
Substituting equations (C.3) and (C.5) into equation (4.13),
F(O=L L[ y(0) VL[ 4'(1)]}, gives
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EA N ¢
s g b b
. _ 1 T, .
F(t)ags=L X1 . X2 (C.6)
;1(S+_i) Zz(s+_i)
h i

The inverse Laplace transform of equation (C.6) is quite difficult so it is carried out using
the commercial math package, Maple. The final result in the time domain for the wheel response

during adsorption is:

k k
Tl_k1+72 kl—Tz—F2
F(1) 4 :Xl(l_Tkle_t/Tl)+X2(I—Tze—f/72)+
1 TR , =T,
) (C.7)
Tlikl_lez 7 T _Tzk1 Tk,
kl k2 k3 k32 1 ’ k3 ’ k32 —t/k;
o e T T ek
3 3 | — Ky ,-T,
where
b=h+s. (C.8)
k2 :E5and (C9)
k3 :x_lg—i_xztl ’ (CIO)

which are some of characteristic constants of the sensor; the others are X;, X,, T; and T>.

C.2. Desorption Case

The expressions of the wheel plus sensor response and the sensor response are slightly

different than for adsorption. They are:

A
¢w+s (t)des — Xle—f/Tl _+_Xze‘f/T2 , (Cll)
A¢(w+s)o
for the wheel plus sensor and
A L
AZS (t)des = xleit/tl +x2871/12 9 (Clz)

for the sensor alone.
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0 - Ag,

Using Maple to compute the Laplace transform of equation (4.9), A'(t —1t') =6_[A¢ (-1,
t N
then
LIAW] —— -, (C.13)
this+=) ta(s+=)
t )
where
Ag,
a[ ¢ (t)des] ; . ; )
A@)=—"0 =Tl D2 (C.14)
ot t t>
. Ag,. .
and to compute the Laplace transform of equation (4.8), y(¢) = ﬁ(t) , gives
(w+s)o
A X X
B T (C19)
A¢(w-¢—s)0 S+ — S+ —
1 T2

Inserting equations (C.13) and (C.15) into equation (4.13) gives the wheel response for

desorption,
Xl XZ
I
S+ S+
| _ 1 £
F(t)deS:L X1 X2
Zl(s+_l) 22(S+_i)
1 t2
k k
(kl_T;_iz) (kl_Tz_iz) k k XT X.T
=X, ———— et X, ————2 e (- (e 2 e (CL16)
T = ks T, =k, ks ks Ti=ky T,k

where ki, k; and ks are as defined previously in equations (C.8), (C.9) and (C.10).

C.3. Verification of The Energy Wheel Response Equation
To verify that the equations for energy wheel response presented in Section C.1 and C.2
are correct, a theoretical method has been used for the case of x_IZO, ZZO. This represents the

case where the humidity sensor has only one time constant, which is a special case of the actual
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case with two time constants. The solution to this special case is known analytically and it is used
to help verify the accuracy of the equations for F(t) developed in Sections C.1 and C.2. Two

cases are considered, adsorption and desorption.

C.3.1. Adsorption Case

If Z and x_1 are neglected, the correlation for the transient response of the sensor

becomes:
A - -, ;2
and
LIAWO] =, (C.18)
tr (S + T)
t>
where
A
a Z ()] 7
A)y=—"Fo =Tl (C.19)
ot 1

and the correlation equation for transient response of wheel plus sensor is

A
ﬂ(f)m =X, (1-eMy+ X,(1-e""). (C.20)
A¢(w+s)o
The Laplace transform of equation (C.20) is
A X X X X
I R 2
A¢(W+s)0 s s s+ — s+ —
1 TZ
Submitting equations (C.18) and (C.21) into equation (4.13) gives
LSRN SO S €
S8 el gl
o n T,
F (t, t, Jads = L~ ;2
- 1
2
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- X X
=_i Xl(l_e_t/rl)+X2(1_e_t/rz)+t2(—le_t/Tl +_Ze_t/T2)
X2 T T

1 2

- X X
{Xl (I-e™)+X,(1-e")+1, (?e-f/“ + T2e-f”2 )} : (C.22)

1 2
where, x_2 is taken to be 1.
Comparing equation (C.22) with equation (C.7), for the special case of x_1=0 and ZZO (a
single time constant in the sensor response), shows that the two equations would be identical

because k1=g , ko=0 and k;=0 in this case.

C.3.2. Desorption Case

If the Z and x_1 are neglected, the correlation equation for the transient response of the

Sensor becomes:
A _ —

Tﬁl(% =x2e”", (C.23)
and
LIAW)]=——, (C.24)

%) (S + T)

)
where
A
a[A;S (t)des] - -

A@y=—"F0 = Tl (C.25)

ot t>

and the correlation equation for transient response of wheel plus sensor is

A
ﬁ(r)m =X+ X, e (C.26)
A¢(W+S)o
Then the Laplace transformation of equation (C.26) is
A X X

J SR (C.27)

A¢(w+s)n S+ — S+ —

1 TZ

Submitting equations (C.24) and (C.27) into equation (4.13) gives
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F(t, 1, )ges= L =

Zz(s+_i)
i

¢ X
=——i{(X e +Xze”/T2)—tz(7le”/T' +T—2e*f/fz )}

X2 1 2

- X X
=—|(X,e + X,e )~ (ZLe/l 4 22y || (C.28)
T, T,

where, Z is assumed as 1.

Comparing equation (C.28) with equation (C.16) for the case of x_1=O and ZZO (ZZkl,
k,=0 and k;=0) gives the identical expression. In addition, for the special case of no energy wheel
(x_IZXl, ZZXz, ZZTl and ZZTz), the wheel response, F(t), calculated from equation (C.7) for

adsorption and from equation (C.16) for desorption is equal to the unit step for all times greater

than zero.
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