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Highlights:
e The performance of a desiccant wheel activated at low temperature was evaluated.
e Process airflow rate and air regeneration temperature were considered variables.
e A decoupling of the outlet process air conditions was obtained.

¢ Moisture removal capacity and sensible heat ratio can be controlled.

ABSTRACT

Desiccant wheels, DW, can be used to control the indoor air conditions in buildings and industrials
environments. The control of the outlet process air conditions of a DW can be obtained by
controlling the moisture removal capacity, MRC, and sensible heat ratio, SHR. The objective of
this work is to obtain MRC and SHR of a DW activated at low temperatures when the process
airflow rate and air regeneration temperature are varied. Two secondary objectives are to obtain
the influence of the variation of the process airflow rate and air regeneration temperature on the
outlet process air conditions and the relationship between MRC and SHR. Three empirical and
simulated case studies are carried out.

The results show that a decoupling of the outlet air temperature and humidity ratio can be obtained
when the process airflow rate and air regeneration temperature are varied. This decoupling allows

several MRC values for a constant SHR value, and vice versa, to be obtained, achieving ranges



of 7 kg h™ and 0.25, respectively. These results suggest that a control strategy for DW activated
at low temperatures, would allow MRC and SHR to be controlled by setting the process airflow

rate and air regeneration temperature.

Keywords: desiccant wheel; low temperature activated systems; moisture removal capacity;

sensible heat ratio; design of experiments

Nomenclature

A area [°C g kg™']

AR area ratio

B estimated parameter

CC cooling coll

DOE design of experiments

DW desiccant wheel

EA exhaust air

F centrifugal fan

FC flow conditioner

EH electric heater

HC heating coil

HR relative humidity [%]

K number of parameters

MA mixed air

MB mixing box

MRC moisture removal capacity [kg h™']
N number of experimental tests
OA outdoor air

P pressure [Pa]

PT pitot tube

0 heat transfer [kKW]

RA recirculated air

SH steam humidifier

SHR sensible heat ratio

T temperature [°C]

t time [s]

14 volumetric airflow rate [m® h?]
X input variable

14 estimated output value
Greek letters

A increase

P density [kg m]

© humidity ratio [g kg™]

Q specific mass airflow rate [kg s* m~]
Subscripts

d dew point




inlet

i

L latent

0 outlet

p process

r regeneration
S sensible

Superscripts
‘ mixed outlet process air conditions

1 INTRODUCTION

Desiccant systems present an alternative solution to refrigeration vapour compression systems,
commonly used for dehumidification and humidity control in rooms with high latent loads.
Refrigeration vapour compression systems reduce the air temperature to condense its moisture,
although these systems present some problems in the combined treatment of sensible and latent
loads in rooms [1]. Furthermore, refrigeration vapour compression systems working under partial
load conditions, presented a reduced latent capacity compared to nominal latent capacity [2].
Desiccant dehumidifier systems differ from refrigeration vapour compression systems in the way
moisture is removed from the air. Desiccant dehumidifier systems adsorb water vapour from the
air reaching an area of low vapour pressure at the surface of the desiccant [1]. These systems
combined with refrigeration vapour compression systems, called hybrid HVAC systems, proved
to be especially useful in the decoupling of sensible and latent loads in buildings [3,4].

In HVAC systems, control strategies are required to achieve the independent control of
temperature and humidity. The aim of a control strategy is to improve the performance of the
system, while satisfying user’s thermal comfort [5]. Many HVAC systems based on DW using
two-stage dehumidification achieved a fine tuning of humidity ratio [6-8]. However, this control
would not guarantee independent control of temperature and humidity. Other HVAC systems with
DW combined with a enthalpy wheel were studied to control indoor conditions [9]. This system
did not have capacity to control indoor humidity during some critical periods.

Previous research studies on DW control strategies were carried out with the aim of saving energy
by setting the regeneration section with a purge sector [10]. Another control strategy approach is

based on the rotation speed of a DW [11,12]. The control system would be much more energy



efficient using the variable airflow rate [13]. The rotation speed and the regeneration temperature
were also used as a control strategy [14]. Nevertheless, these works have not satisfactorily
clarified the capacity to decouple the outlet process air conditions, temperature and humidity ratio,
especially as regards the quantitative effect of both variables.

Manufacturers often provide controls inside the system to modulate the reactivation energy of the
DW in response to changes in the moisture load. There are three common methods of controlling
dehumidification capacity [15]: (i) on-off reactivation control; (ii) reactivation energy
modulation; and (iii) variable air bypass. Each of these methods is effective, depending on the
degree of precision needed for the humidity control level in the building [15].

A schematic of a DW system with an air bypass is shown in Fig. 1. It requires a bypass air duct
and variable-position dampers for the face of the DW and for the bypass duct. The DW would
operate with unbalanced airflow rates to achieve the outlet process air conditions. This method is
preferred for industrial process applications, where control within £1 or 2% relative humidity is
essential [15]. Previous results also showed that if the outlet moisture must be very low, the
process airflow rate is quite critical and therefore this must be controlled [1].

Different experimental works have been carried out in order to study the influence of unbalanced
airflow rates in DW [16,17]. Other authors developed mathematical models of DW which allowed
its behaviour with unbalanced airflow rates to be analysed [18,19]. However, the methodology
used to fit these models requires a high number of experimental tests. Some physical
characteristics of the DW required by these models are not usually available.

It has been shown that the variation of process airflow rate allowed the psychrometric trend of the
process air stream and moisture removal capacity, MRC, to be modified [20]. The psychrometric
trend of the process air stream can be studied by sensible heat ratio, SHR, [21]. Several studies
on HVAC systems with DW analysed SHR [22,23]. Nevertheless, to modify MRC the air
regeneration temperature was more influential than the airflow rates [24].

MRC was considered to be the most appropriate parameter to analyse the performance of a DW
with unbalanced airflow rates [25]. The higher the temperature of the desiccant material, the

higher the MRC, and the easier it is to remove moisture. Thus, the regeneration air temperature



has a strong effect on MRC [26,27] . Therefore, a significant energy consumption is required to
regenerate the DW to obtain high MRC values. Energy savings are usually obtained when the
DW is regenerated using waste heat from other processes [28]. However, in some cases waste
heat energy is not available or the corresponding temperature level is not adequate. On the other
hand, previous studies on DW operated at low regeneration temperatures and reached acceptable
MRC values [29,30]. A DW activated at low temperatures could be integrated in refrigeration
vapour compression systems in a building or industrial environment [31,32]. In this paper, values
below 60°C were considered as low regeneration temperatures. The regeneration temperatures
usually used range from 60 °C to 120 °C [33,34].

The performance and the outlet process air conditions of a DW strongly depend on its control
strategy. Therefore, it would be interesting to know the behaviour of a DW activated at low
temperatures by setting the process airflow rate and air regeneration temperature, in order to
control MRC and SHR.

The objective of this work was to obtain empirically MRC and SHR of a DW activated at low
temperatures when the process airflow rate and air regeneration temperature were varied. To
obtain this, two secondary objectives were carried out: first, to study the influence of the variation
of the process airflow rate and air regeneration temperature on the outlet process air conditions,

and then to obtain the relationship between MRC and SHR.

2 METHODOLOGY

2.1 Experimental setup

An experimental test rig was built to analyse the performance of DW under different working
conditions. A schematic representation of the experimental setup is shown in Fig. 2. The process
and regeneration air streams were configured in a countercurrent flow. The facility is also
designed to bypass up to 40% of the process air stream without being treated by the DW. It has a
bypass air duct and variable-position dampers for the face of the DW and for the bypass duct. The

DW could operate with unbalanced airflow rates to achieve the outlet process air conditions.



The inlet temperature and humidity ratio of both process and regeneration streams were set using
cooling and heating coils (CC, HC), an electric heater (EH) and a steam humidifier (SH), located
for each air stream, upstream of the DW [35]. The process and regeneration airflow rates were set
using variable speed fans (F). Two Pitot tubes (PT) were used to measure the airflow rate and
four flow conditioners (FC) were installed to obtain stable airflow conditions, two upstream of
the airflow rate measuring point and two downstream. Furthermore, two mixing boxes (MB),
were used either to recirculate the process and regeneration air streams or to mix the exterior air
with the treated air. The characteristics of the equipment of the test facility setup are shown in
Table 1.

The DW is divided into two equal sections and rotates at a constant speed of 42 rph. The matrix
of the DW consists of alternate layers of flat and corrugated sheets of silica gel and metal silicates,
chemically bonded into a tissue of inorganic fibres. The dimensional sizes and operating
parameters of the DW are shown in Table 2.

The measured variables in this test rig, the type of sensor and its accuracy are shown in Table 3.
The sensor locations are shown in Fig. 2. The temperature and humidity at each measuring point
were collected at three different points along the horizontal axis, taking the average of the three
measurements [14].

Each state point was taken under steady-state conditions and all the measured values were average
values over a period of 20 minutes with sampling time steps of 3 seconds [35]. The maximum

values of standard deviations of the mean are shown in Table 4.

2.2 Design of experiments

The statistical technique of design of experiments, DOE, was used to fit an empirical regression
model which was used to predict the outlet air process temperature and humidity ratio in the DW
system with bypass air, Tpo’ and wpo’, Showing a similar setting to Fig. 1. In addition, DOE allowed
the influential variables on Tp,’ and wpo’ to be identified and analysed [36]. The number of
required experimental tests can be reduced if they are optimally designed. Usually, several

candidate models can be proposed. The choice between these candidate models is a trade-off



between complexity and precision. The fit of the model and its further statistical analysis were
supported by the software Statgraphics Centurion XVI [37].

In this work, a DOE was carried out with five input variables: inlet air process temperature, Tp;,
inlet air process humidity ratio, mpi, process specific mass airflow rate, Qi ratio of inlet mass
velocity to the channel length [38], inlet air regeneration temperature, T, and inlet air regeneration
humidity ratio, wri. The output process variables were the outlet air process temperature of system,
T, and outlet air process humidity ratio of system, wp,’. The effect of the five input variables
was studied using a Box-Behnken design approach [36]. This design was carried out at low air
regeneration temperatures defining two grids to cover the range of validity of the process and
regeneration air streams, as shown in Fig. 3. Nine inlet states for the process airflow, P1 to P9,
and nine inlet states for the regeneration airflow, R1 to R9, were selected. The resulting process
grid was not rectangular, in order to obtain the widest range of validity.

The values of the nine inlet states for the process and regeneration airflow are shown in Table 5.
The inlet air process temperature ranged from 17.5 °C to 29.5 °C and the humidity range from 12
g kg™ to 21.5 g kg™. Furthermore, the process specific mass airflow rate values were varied in
three levels, 13.45 kg s m™ (Qpi1), 17.48 kg s m™ (Qpi2) and 21.51 kg s m (Qpis). The inlet
air regeneration temperature range was from 34 °C to 42.5 °C and the humidity range from 13 g
kg™ to 22.5 g kg™. The regeneration specific mass airflow rate was fixed at a constant value for
all tests, 21.51 kg s* m.

A total of 46 experimental tests were carried out, including 6 repetitions of the tests combining
the interior points, P5, RS and Qui2, and 25 degrees of freedom. The combination of tests are
summarized in Table 6.

The performance of the process was evaluated by analysing the responses (Y), which are
dependent on the input variables. The relationship between the responses and the input variables
was examined using second order polynomial equations. The generalized second order
polynomial equation model is expressed by Eq. (1). Where Y is the estimated output value, X are
input variables, bi, b and bj; are the estimated parameters of linear, quadratic and the second-

order terms, respectively, and by is the average response in the model.
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In order to check if the selected model accurately describes the observed data, the R? value was
obtained, and a lack-of-fit test of the model was carried out. This test was performed by comparing
the variability of the current model residuals to the variability between observations at replicate

settings of the factors.

2.3  Strategy to control outlet process air conditions

In this work, three case studies were carried out to analyse the outlet process air conditions of a
DW when the inlet air regeneration temperature and process airflow rate were controlled. Case
study I was tested experimentally and case studies Il and Il1 were carried out for different inlet
air conditions using the empirical model fitted with the technique DOE. This technique allows to
fit the model by using a low number of experimental tests. The analysis of the outlet process air

conditions for a wide range of inlet air states was carried out using the empirical model.

2.3.1 Case study |

The decoupling potential of the outlet air process temperature and humidity ratio were evaluated
in case study | by varying three levels of T, and three levels of Q;, see Table 7. The remaining
input variables were fixed at constant values. In order to quantify the decoupling of the outlet
process air conditions of the DW, a psychrometric area, Ao, was obtained. The psychrometric area
was calculated from the contour of the outlet process air states, where the main axes of
psychrometric chart were considered the dry bulb temperature, horizontal axis, and the humidity

ratio, vertical axis.

2.3.2 Case study Il
In this case study five inlet process air conditions were defined, states P1-P5, see Fig. 3. The
combination of three levels of T., @i and Qpi was used to analyse the outlet air process

temperature, Tpo’, and the outlet air process humidity ratio, wpo’, see Table 8. Qi was fixed at a



constant value, 21.51 kg s™ m™. The results of outlet process air conditions were quantified by

the aforementioned variable A..

2.3.3 Case study Il

In practice, inlet process air conditions could vary over time, for example, when these conditions

are influenced by outdoor air. In order to analyse the outlet process air conditions of the DW

system when inlet process air conditions vary, a third case study was performed. In this case, three

inlet process air areas were selected. These areas are related to three climatic conditions, see Fig.

4.

- Areal: inlet process air conditions with low temperature and low humidity ratio values

- Area IlI: inlet process air conditions with high temperature values and low humidity ratio
values

- Arealll: inlet process air conditions with high temperature and high humidity ratio values.

All areas have the same dimensions, 16.6 °C g kg*. The limit condition values of the process input

areas are summarized in Table 9.

The outlet process air conditions of the DW system for variable inlet air conditions were

quantified by an area ratio between outlet and inlet air area, AR, expressed by Eq. (2). The inlet

and outlet air area values were obtained from the contour of the inlet air states and outlet air states,

respectively.

.S
S

AR

T (2)

=

2.4  Moisture removal capacity and sensible heat ratio

In a DW, the variation of outlet air process humidity ratio, wp.’, from a given inlet air process
humidity ratio, wpi, causes the desiccant capacity to be modified. Therefore, the moisture removal
capacity, MRC, of the DW in the three case studies was obtained. ASHRAE defines MRC as a

primary figure of merit for desiccant wheel performance [39]. MRC was defined as:

MRC =p -V - (wp; — wp,') 3)



Similar desiccant capacities in a DW are possible, so MRC was analysed regarding the sensible
heat ratio, SHR, expressed by Eq. (4). Where Qs is the sensible heat transfer of the process air
stream and @, is the latent heat transfer of the process air stream. SHR values range between 0
and 1.

Qs

SHR:* 4
Qs+ 0, )

3 RESULTS AND ANALYSIS

3.1 Experimental case study I

Experimental tests were carried out to analyse the variation of outlet process air conditions in a
DW controlling T and €. The results of the outlet process air conditions of the DW for case
study | are shown in Fig. 5. States 1 to 3 show the outlet air states when T was varied from 34
°C to 42.5 °C, tests 1 to 3, see Table 7, and the remaining input variables were fixed at constant
values, see Fig. 5a. States 3 to 5 show the outlet air states when Qj; was varied from 21.51 kg s
m= to 13.45 kg s m, test 3 to 5, see Table 7, and the remaining input variables were fixed at
constant values, see Fig. 5a. These outlet process air states are shown in Table 10. It can be
observed that Tp,” increased and wp,” decreased when T, and Qi were increased, although
different slopes were obtained.

The combination between the values of T and Qi defined in Table 7, resulted in an area of outlet
process air, see Fig. 5b. The area obtained is equal to 8.26 °C g kg™. Any air state within the
shaded area can be obtained by setting the T, and €y values in the specified range and fixing Tp;,
wpi, ®ri and Qi at constant values, as shown in Table 7. The variations of the outlet air process
temperature and humidity ratio from a fixed inlet state were 5.33 °C and 3.85 g kg?, respectively,
see Table 10. These results show that this strategy allows the outlet process air conditions to be
controlled in a DW setting Ty and Q. Similar results can be obtained experimentally from
different inlet process air states. In general, it is possible to vary the outlet process air conditions

in a DW activated at low temperatures controlling T, and Qpi.
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3.2 Correlation model

An empirical model was obtained to predict the outlet air process temperature and humidity ratio,
in order to control MRC and SHR in a DW operating at low air-regeneration temperatures.

The results of the set of experiments were used to fit the parameters of a second order model
expressed by Eq. (1). The corresponding estimated parameters, which show the relationship
between the output process variables, Tpo’ and wpo’, and the set of process variables, are shown in
Table 11. Where X; are linear variables, quadratic variables or their interactions, bs...bss are the
regression coefficients, showing the weight each one has in the equation, and by is the average
response in the design of experiments. It can be observed that the coefficients with the highest

weight were b, for Tyo’, and bs for mpo’, wpi and T variables, respectively.

3.2.1 Statistical analysis

The ANOVA results of the empirical model obtained are summarized in Table 12. This table
shows each of the main estimated effects, the standard error of each of the effects, the statistical
parameter F-Ratio, which is the ratio of the mean square error to the pure error obtained from the
replicates at the design centre, and the statistical parameter P-value, which is used as a tool to
check the significance of each effect.

All variables were found significant at 95 % confidence level, as the P-values were lower than
0.05 in all cases. The results of the parameter P-value showed that the most influential variables
on the outlet temperature, Tyo’, were Ty, Tri and Qpi. Regarding the outlet humidity ratio, mpo’, the
most influential variables were wpi, Qpi, and wi. This suggested that if a fine tuning of outlet
process air conditions was necessary, the process specific mass airflow, Qyi, should be controlled.
Previous results of a DW with balanced airflow rates differ from the results obtained in this work
[40], where the specific mass airflow presented less influence compared to the inlet air process
and regeneration conditions.

Positive and negative effects for the different input variables were observed, see Table 12. These

signs indicate the influential trend of the input variables on the output process variables. Ty’ can

11



be increased, reducing oy and increasing Tpi, pi, Tri and Qpi, and wpo’ can be increased, reducing
T:i and Qpi and increasing Tpi, ®pi and wri.

P-values for lack-of-fit test for Tpo’ and wpe’ Were greater than 0.05, see Table 12. Therefore, the
selected design was found suitable for the observed data at 95 % confidence level. R? values of
98.23 % for Tpe” and 95.54 % for wp,” Were obtained, which indicates that the final prediction is
in agreement with the experimental results. In a previous work, where an empirical model of DW

with bypass air was fitted, lower R? values were found, 90 % for Ty’ and 92 % for wpo’ [41].

3.2.2  Effect of input variables on the outlet process air conditions

In order to find the relationships between input and output variables, two response surfaces and
contour line plots for the output process variables, Tpo” and wpo’, were analysed using the empirical
model obtained, see Fig. 6. Both output process variables are represented as a function of the
input variables T, and Qpi. The remaining input variables were fixed at constant values: T,=27.25
°C, wpi=16.75 g kg and ©i=16.75 g kg*. Similar trends of Tp,’ and wp,’ Wwere obtained for
different values of Tpi, mpi and w;i. It can be observed that Ty’ increased when T, was increased
and Qi remained constant. Ty’ values also increased when Qpi was increased and T, remained
constant, see Fig. 6a. Inverse trends of these two input variables were obtained for mp,’. Values
of this output variable were increased when T, and Qi decreased. In previous studies on DW with
balanced airflow rates, similar trends of the output variables with regard to T, were obtained
[40,42]. However, inverse trends of the output process variables with regard to €, were achieved,
where oy’ values increased [1] and Ty’ values decreased [42], as process airflow rates were
increased. These trends are caused by the fact that the outlet process air conditions of the current
DW system, were mixed with the bypass airflow and also, the regeneration and process airflow
rates were unbalanced.

The effects of interaction between T and Qpi, and Tyo” and wpo’, using the empirical model
obtained, were studied for three levels of T, and three levels of €, see Table 8. Both effects are
represented in Fig. 7. The same constant values of Ty, opi and oy, as those shown in Fig. 6, were

used. Low increments of Tp,” can be observed when Q; was increased and T, was fixed at a

12



constant value, see Fig. 7a. For example, an increase of Qp; from 13.45 kg s m2to 17.48 kg s™
m?3, and T=34 °C, yielded a lower increase of 1 °C for Tpo’. With respect to wpo’, it can be
observed that this output variable increased when Q; decreased and T, was fixed at a constant
value, see Fig. 7a. An increment of 1.4 g kg™ for wp,” was achieved when Qj; decreased from
17.48 kg s* m=10 21.51 kg s* m™®, and T=34 °C.

Greater increments of Ty, were obtained when T, was increased and € was fixed at a constant
value, see Fig. 7b. A rise of approximately 2 °C of Ty, was achieved for each level of T, and Q=
13.45 kg s m. Regarding mpo’, lower increments of this output variable were found after fixing
the Qpi at a constant value and varying T, see Fig. 7b. For example, an increase of T, from 38.25
°C t0 42.5°C, and Q,i=13.45 kg s m™®, yielded a lower increase of 1 g kg™ for wp,’. The maximum
and minimum values of Ty,” achieved were 35.5 °C and 29.8 °C, respectively, and the maximum
and minimum values of wy,’ achieved were 15.4 g kg™ and 11.3 g kg™, respectively. Similar trends
of Tpo” and wpo” on Ty and € were obtained for different values of Tpi, @pi and ori.

These results suggested that the influence of Qu on Tpo’ was less than that of T.. Also, the
influence of T on wpo” Was less than that of Q. Therefore, a wider range of outlet process air
conditions can be achieved if the outlet air temperature, Ty, is controlled by the inlet air
regeneration temperature, T, and the outlet air humidity ratio, wy.’, is controlled by the process
specific mass airflow rate, Qpi. This strategy can be used to ensure independent control of outlet

air temperature and humidity ratio.

3.3 Analysis of outlet process air conditions for case study 11

The empirical model was used to analyse the variation of outlet process air conditions in the DW
system for five inlet air states, states P1-P5. First, the outlet process air conditions were studied
when T, and o were varied. The combination of these two input variables are shown in Table 8.
Q,i and Qi were fixed at a constant value, 21.51 kg s m™. The results of the outlet process air
conditions are represented in Fig. 8. States P1 to P5 indicate the inlet process air conditions and
the lines represent the outlet process air states. Three outlet process air lines for each inlet air state

were obtained by varying i, and three outlet process air states were obtained in each outlet

13



process air line by varying T.. Therefore, a decoupling of the outlet air process temperature and
humidity was not completely achieved. Regarding i, wp’ values were increased and Ty’ values
were reduced when @y increased. Previous works showed that if extremely dry outlet process air
conditions were necessary, the inlet air regeneration humidity ratio, w, should not be very high
[40].

Second, in this case study, the outlet process air conditions were analysed when T, Qpi and i
were varied. The combination of these three input variables is shown in Table 8. The results of
the outlet process air conditions are represented in Fig. 9. Three outlet process air areas were
obtained for each inlet process air state by varying . The decoupling of the temperature and
humidity is shown by setting the T, and Q. Area values obtained from the contour of the outlet
process air states, for each inlet process air state, P1-P5, are shown in Table 13. It can be observed
that the greatest areas were achieved for inlet process air states with low wpi values, states P1 and
P2. The areas were reduced when wpi increased, from states P1 and P2 to states P3 and P4, and
the inlet process air conditions are located away from the saturation conditions, states P4 to P3 or
states P1 to P2. Furthermore, the areas were reduced for all inlet process air states when o
increased, from 13 to 22.5 g kg™, see Table 13.

Regarding the outlet process air area of state P2 with 0=22.5 g kg™, some outlet process air states
with lower Ty’ values and higher wpo” values than the inlet air state, P2, were achieved, see Fig.
9. The proximity of Ty to Ty, and the relative high o values compared to the w,; values, caused

this process.

3.4 Analysis of outlet process air conditions for case study I11

The results of the outlet process air conditions of the DW system, for the three inlet process air
conditions related to climatic conditions selected in Fig. 4, are shown in Fig. 10. Three output
process areas were obtained for each input process area by varying wyi. These output process areas
represent the set of individual outlet process air areas obtained from all inlet air states. The area
ratio values, AR, for all output process areas, obtained by Eq. (2), are summarized in Table 14

and the increases of outlet air temperature and humidity ratio, ATp, and Awpo, fOr each output area,

14



are shown in Table 15. The results show that the AR values were increased when Tp; increased,
from area | to area Il, whose input process areas have the same inlet air humidity ratio range but
different inlet air temperature range. The difference between area | and area Il with respect to
ATpo was 0.15 °C, and with respect to Amp, was less than 0.6 g kg™, see Table 15. In addition, the
AR values were increased when wp; increased, from area Il to area 111, whose input process areas
have the same inlet air temperature range but different inlet air humidity ratio range. The
differences of ATp and Awp, between area Il and area 111 were less than 0.31 °C and 2.3 g kg™
respectively, see Table 15. Thus, the maximum and minimum AR values were achieved for area
I11 and area I, respectively.

Regarding i, it can be observed that the AR values were increased when w; increased, see Table
14. This trend is inverse to that obtained with fixed inlet process air states, case study Il. This is
caused by the fact that in case study Il each outlet process air state corresponds to a single inlet
process air state. However, in case study Il each outlet process air state corresponds to several
inlet process air states.

These results suggest that the higher the T,i, ®pi and ®ri values, the larger the area of outlet process

air conditions.

3.5 Analysis of moisture removal capacity and sensible heat ratio

The variation of the outlet process air conditions from a given inlet process air state, by setting
the T and Qi, caused MRC and SHR values to be modified. The MRC and SHR values of the
process air stream for case study | were obtained experimentally, see Table 10. MRC ranged from
4,06 to 11.04 kg h™. The highest MRC value was obtained at the lower part of the outlet process
air area, state 3 defined in Table 7, i.e. for the highest T.i and Qi value. SHR ranged from 0.64 to
0.87, where the highest SHR value was obtained at the upper part of the outlet process air area,
state 7 defined in Table 7, i.e. for the lowest T, and Qp; value.

Regarding case study Ill, MRC and SHR values were not obtained, because for different inlet

process air states, several MRC and SHR values exist in the same outlet process air state.
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Regarding case study |1, the MRC and SHR values of the process air stream for the five inlet air
states, P1-P5, were obtained from the empirical model, and the results are represented in Fig. 11.
The differences of MRC between the lower and upper part of the outlet air area were
approximately 7 kg h™* for all inlet process air states, see Fig. 11a. The highest MRC values were
obtained at the lower part of the outlet process air area. These results of MRC are in agreement
with those obtained in experimental case study I. On the other hand, the results showed that the
increase of MRC was inversely proportional to the increase of outlet process air area, A,. The
MRC maximum value was achieved for P4 outlet air area, approximately 14 kg h™*, where high
wpi Values and inlet air conditions close to saturation, were fixed. This moisture removal capacity
was acceptable compared to the MRC nominal value, 15 kg h™, see Table 2, where the DW was
activated at high regeneration temperatures.

The differences of SHR between the lower and upper part of the outlet air area were approximately
0.25 for all inlet process air states, see Fig. 11b. The lowest SHR values were obtained at the
lower part of the outlet process air area. These results of SHR are in agreement with those obtained
in experimental case study I. The SHR minimum value was achieved for P1 outlet air area,
approximately 0.62.

The relationships between MRC and SHR for the five inlet air states, P1-P5, were obtained using
the empirical model, as shown in Fig. 12. Similar slopes were obtained for equal w,i values, P1-
P2 and P3-P4. However, for the same slope angle, the MRC values were increased and the SHR
values were reduced when Tp; decreased, P2 to P1 and P3 to P4. It can be observed that the slope
angle of the MRC-SHR relationship was higher when wpi increased. Furthermore, for the same
MRC values, the SHR values were increased when i increased.

These results suggest that a control strategy by setting T.i and i, would allow MRC and SHR to
be controlled over a wide range of outlet process air conditions of a DW activated at low
temperatures. Furthermore, these results show a significant influence of the inlet air process
humidity ratio on the MRC-SHR relationship. Therefore, different MRC-SHR relationships can

be obtained by adjusting the inlet air process humidity ratio.
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4  CONCLUSIONS

In the present work, an analysis of MRC and SHR of a DW activated at low temperatures, values
below 60 °C, by varying the process airflow rate and air regeneration temperature, was carried
out. Case study | was tested experimentally and case studies 1l and 111 were carried out using an
empirical model fitted with the statistical technique of design of experiments, DOE. This
empirical model allowed the analysis of the outlet process air conditions for a wide range of inlet
air states.

The experimental and simulated results showed that a decoupling of the outlet process air
conditions, temperature and humidity ratio, can be obtained when the process airflow rate and air
regeneration temperature are varied. This decoupling resulted in a psychrometric area of the outlet
process air. The outlet process air area was increased when inlet process air conditions were
located close from saturation and the inlet air process and regeneration humidity ratio values were
reduced. The maximum and minimum values of outlet process air area achieved from a given
inlet process air state were 8.80 °C g kg™ and 4.37 °C g kg™, respectively. Furthermore, a wider
range of the outlet process air area can be achieved if the outlet air process temperature is
controlled by the inlet air regeneration temperature, and the outlet air process humidity ratio is
controlled by the process specific mass airflow rate. These results suggest that a control strategy
by setting the process airflow rate and air regeneration temperature, would allow MRC and SHR
to be controlled over a wide range of outlet process air conditions for a DW activated at low
temperatures.

MRC and SHR were obtained experimentally and numerically for the case studies. The
differences of MRC and SHR between the lower and upper part of the outlet air area were
approximately 7 kg h™* and 0.25, respectively, for all inlet process air states The highest MRC
values and the lowest SHR values were obtained for the highest process airflow rate values and
the highest inlet air regeneration temperature values, 14 kg h™ and 0.62, respectively. The
relationship between MRC and SHR was analysed, where several MRC values were obtained for

a constant SHR value and vice versa. A significant influence of the inlet air process humidity ratio
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on the MRC-SHR relationship was showed. Therefore, different relationships can be obtained by

adjusting the inlet air process humidity ratio.

The results show that a DW system activated at low temperatures, by setting the process airflow

rate and air regeneration temperature, can obtain an independent control of MRC and SHR.
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Table 1. Characteristics of the equipment.

Equipment Value
Cooling coil (CC)

Total cooling capacity 15.8 kW

Sensible cooling capacity 12.2 kW

Nominal water flow 2.7méht

Nominal pressure drop 51m
Heating coil (HC)

Heating capacity 18.8 kW

Nominal water flow 2.7méh’?

Nominal pressure drop 51m
Electric heater (EH)

Electric power 7.2 KW
Fan (F)

Nominal airflow 3100 m® h'

Available static pressure 0.007 m

Nominal motor power 0.6 kW

Speed 1125 rpm
Steam humidifier (SH)

Steam flow 45kg ht

Max. power 33.75 kW
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Table 2. Characteristics of the desiccant wheel.

Parameters Value
Rotor diameter 550 mm
Rotor length 200 mm
Desiccant material Silica gel
Channel shape Honeycomb
Nominal capacity 15kg h*
Nominal air flow 2300 m* ht
Rotation speed 42 rph
Weight 57 kg
Power supply 230 Vac

Table 3. Specification of measuring devices.

Measured parameter Type Accuracy

Ta, Ty, Tpi, Tpo, Tpol, Ti, Tro PT 100 +0.12°C

Tdpi, Tdpo, Tdpo' Chilled mirror hygrometer +0.15°C

Tari, Tdro Capacitive +0.4°C

HR1, HR> Capacitive +3%

AP, AP; Differential pressure transmitter £ 0.3 % (0 to 1 mbar)

Table 4. Maximum values of standard deviations of the mean.

Tpi Mpi Tpo Wpo Tri Orj Tro Mro Vp I/;,
[’C] [gkg™l [°C] [gkg™l [°C] [gkg™l [°C] [gkg"] [m*h?] [m®h7]

¥ 017 046 034 050 031 053 021 042 28.2 24.7

Table 5. Inlet states of the process and regeneration airflow.

Point Te[°C]  opi[gkg!] Point Ti[°’C]  on[gkg™!]
P1 17.50 12.00 R1 34.00 13.00
P2 29.50 12.00 R2 42.50 13.00
P3 29.50 21.50 R3 42.50 22.50
P4 26.00 21.50 R4 34.00 22.50
P5 27.25 16.75 R5 38.25 17.75
P6 27.25 12.00 R6 38.25 13.00
P7 29.50 16.75 R7 42.50 17.75
P8 27.25 21.50 R8 38.25 22.50
P9 22.00 16.75 R9 34.00 17.75
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Table 6. Experimental tests defined for DOE based on the Box-Behnken design approach.

N Process Regeneration Qi N Process Regeneration Qi
1 P6 R5 Qi 24 P5 R6 Qi3
2 P5 R2 Qpi2 25 P7 R5 Qpi1
3 P6 R7 Qpi2 26 P5 R8 Qi
4 P9 R8 Qi 27 P8 R5 Qi3
5 P6 R6 Qpi2 28 P8 R7 Qpi2
6 P5 R6 Qi1 29 P6 R9 Qpi2
7 P4 R5 Qpi2 30 P7 R9 Qpi2
8 P9 R7 Qi 31 P5 R8 Qpit
9 P5 R5 Qi 32 P8 R9 Qpi2
10 P3 R5 Qi 33 P6 R5 Qi3
11 P5 R5 Qi 34 P7 R8 Qi
12 P9 R5 Qi1 35 P5 R5 Qpi2
13 P8 R8 Qi 36 P9 R9 Qpi2
14 P5 R4 Qpi2 37 P5 R7 Qi1
15 P5 R5 Qi 38 P5 R9 Qi3
16 P5 R5 Qi 39 P9 R6 Qpi2
17 P6 R8 Qpi2 40 P8 R5 Qi1
18 P7 R6 Qi 41 P5 R5 Qi
19 P5 R9 Qi1 42 P7 R7 Qpi2
20 P8 R6 Qpi2 43 P7 R5 Qi
21 P5 R1 Qi 44 P1 R5 Qi
22 P5 R3 Qi 45 P5 R7 Qi3
23 P9 R5 Qois 46 P2 R5 Qoi2
Table 7. Experimental tests for case study I.
N Tpi Wpi Qpi Tri i Qi
[°C] [gkg"] [kgs'm?] [*C] [gkg™] [kgs'm?]

1 25.00 17.00 2151 34.00 13.00 21.51
2 25.00 17.00 21.51 38.25 13.00 2151
3 25.00 17.00 2151 42.50 13.00 21.51
4 25.00 17.00 17.48 42.50 13.00 21.51
5 25.00 17.00 13.45 42.50 13.00 21.51
6 25.00 17.00 13.45 38.25 13.00 21.51
7 25.00 17.00 13.45 34.00 13.00 21.51
8 25.00 17.00 17.48 34.00 13.00 21.51

Table 8. Inlet air states of Qpi, Tri and /i for case study 11.

Qpi Tri @ri
[kgs™ m?] [°C] [9kg™]
13.45 34.00 13.00
17.48 38.25 17.75

2151 42.50 22.50




Table 9. Limit states of the inlet process air condition areas considered for case study Ill.

Area | Area ll Area lll
Toi pi Toi pi Thi Opi
[’C]  [gkg’] [’C]  [gkg™] [’C]  [gkg"]
Lower limit 22.5 12 26 12 26 16.75
Upper limit 26 16.75 29.5 16.75 29.5 21.5

Table 10. Outlet process air conditions and MRC and SHR values obtained for case study I.

Tpo, O)po,

MRC

N [C] kgl  [kghy  SHR
1 30.74 11.93 9.37 0.70
2 32.61 11.66 9.81 0.68
3 34.3 10.97 11.04 0.64
4 33.38 12.68 7.92 0.74
5 32.07 14.09 5.36 0.82
6 30.61 14.67 4.31 0.86
7 28.97 14.82 4.06 0.87
8 30.05 13.53 6.43 0.79

Table 11. Estimated parameters of the empirical model.

Estimated . Tpo'x10° ©po’x10? Estimated . Tpo'x10° ©0po’x10?

parameters ' [°C] [g kg!] parameters ' [°C] [g kg!]
bo - -6736.67 -15366.80 b1 wpi° -17.23 16.76
by Thi 72.10 127757 bio opi Tri -1.49 -2.23
b2 pi 772.28 -785.18 b1s Opi* Ori 5.65 16.84
bs Tri 410.38 1310.33 b14 ©pi- Qpi 20.50 -6.79
bs i 224.17 -916.88 bis T -5.09 -11.90
bs Qpi 357.36 -94.71 bis Trit o 7.31 -10.40
be Tpi2 16.58 -28.38 b1z Tri- Qpi 6.71 -3.50
by Toi 0pi -14.35 29.84 bis i -9.72 24.41
bs Toi- T 7.35 -10.61 b1g ®ri* Qpi -5.49 11.88
by Tpi @i -12.93 6.35 b2o Qpiz -12.17 -0.44
b1o Tpi- Qi -8.71 5.89 - - - -

32



Table 12. Effects of input variables on output process variables of the DW.

E

Tpo’ ®po
. Stnd. F- P- . Stnd. F- P-
Effect Estimate Error Ratio value Estimate Error Ratio value
Average 30.37 0.09 13.27 0.17
Toi 6.12 0.35 299.24 0.0000 3.04 0.63 23.07 0.0049
pi 2.46 0.36 46.21  0.0010 5.44 0.65 70.06 0.0004
Thi 3.54 0.21 281.66 0.0000 -1.12 0.38 8.95 0.0304
i -1.39 0.21 43.66  0.0012 1.81 0.38 23.14 0.0048
Qpi 1.85 0.21 77.37  0.0003 -2.60 0.38 47.71 0.0010
Lack-of-fit 0.0600 0.0590
R?=98.23 % R2=95.54 %
Table 13. Output area values for each inlet process air state, P1-P5.
Ori P1 Area P2 Area P3 Area P4 Area P5 Area
[gkg?] [Cgkg’] [Cgkg'] [*Cgkg’] [)Cgkg’] [Cgkg’]
13.00 8.80 8.25 7.45 7.96 8.10
17.75 7.53 7.17 6.06 6.24 7.00
22.50 6.46 6.09 4.37 4,72 5.28

Table 14. Area ratio values for the three input process areas and three levels of wyi.

Ori Area Area
[g kg?'] Ratio | Ratio Il Ratio Il
13.00 2.35 2.89
17.75 2.40 2.95
22.50 2.46 3.03

Table 15. Values of ATy, and Amp, for the three output process areas and three levels of wi.

Outlet process air conditions

ri Area | Area ll Area lll
[g kg™ ATpe  Awpo ATpo  Awpo ATpo Awpo
[°C]1  [gkg?] [’C]  [gkg’] [°C]  [gkg™]
13.00 8.59 6.07 8.74 6.66 8.53 8.81
17.75 8.59 6.53 8.73 7.00 8.86 9.22
22.50 8.59 6.98 8.73 7.35 9.04 9.63
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