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Abstract

Indirect evaporative cooling is well-recognized as a sustainable air-cooling solution to pursue a high quality
indoor thermal environment with less energy consumption. In hot and humid areas, the application of an
Indirect Evaporative Cooling Energy Recovery System (ERIEC) can cool fresh air to its dew point
temperature or lower through water evaporation by using exhaust air from air-conditioned spaces. In this
research, a statistical modeling approach is developed to predict the performance of the ERIEC under
varying outdoor climates, taking into account possible latent heat transfer from fresh air condensation.
Based on training data extracted from numerical simulation, a decision tree model was built to identify the
occurrence of condensation through conditional expressions on inlet air temperature and relative humidity.
A 2-level factorial design was performed to derive correlations for ERIEC performance indicators under
non-condensation and condensation states, respectively. As results, the proposed practical model was
validated by experimental data within the deviation of 9.52% on wet-bulb efficiency (n,,,) and 7.69% on
enlargement coefficient (). A field measurement conducted in Hong Kong shows that the proposed model
allows fast and precise prediction on ERIEC performance, with the measured total energy recovery of 5.85
kWh/m? and the predicted value of 5.40 kWh/m? for 30 days in cooling season. The model developed in
this study can be efficiently integrated into simulation tools for the performance prediction of ERIEC

assisted air-conditioning system in the building energy assessment.
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Nomenclatures

Q heat recovery rate, KW A heat transfer area, m?
the specific heat capacity of moist air, ) )

Cpa u air velocity, m/s
JI(kg-°C)
the specific heat capacity of water,

C

P J(kg-°C)
H height of heat exchanger, m Greek letters
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L length of heat exchanger, m ® humidity ratio of moist air, kg/kg

S channel gap, m wet-bulb effectiveness

n number of channels € enlargement coefficient

Reon condensation ratio o surface wettability

m air mass flow rate, kg/s p density, kg/m?

h heat transfer coefficient, W/m?-°C
heat transfer coefficient between secondary )

hy ] Subscripts
air and plate surface, W/m?-°C

him mass transfer coefficient, kg/m?s c condensation

hsg latent heat of vaporization of water, J/kg e evaporation

Erecovery —€nergy recovery, kWh S secondary air

i enthalpy of moist air, J/kg p primary air

RH relative humidity of moist air w water film
the moisture content of saturated air at plate ]

Wy, dew dew point temperature
surface temperature, kg/kg

Qsen sensible heat, W cwW condensate water film

Qrat latent heat, W ew evaporation water film
ratio of heat transfer area to primary air

Aratio whb wet-bulb temperature
flow volume, m?/(md/s)

NTU number of heat transfer unit sat saturated humidity
ratio of primary to secondary air flow ) ) )

Myatio in inlet of air channel
volume

vV air flow volume, md/s out outlet of air channel

1. Introduction

As the increasingly serious circumstance of energy shortage and environmental pollution worldwide, many
efforts have been made to develop sustainable air cooling technologies with low carbon emission and
considerable energy efficiency [1]. Indirect Evaporative Cooling is an attractive alternative air-cooling
solution due to its simple operation, low cost and non-CFC usage [2], [3]. In an indirect evaporative cooler
(IEC), the heat of primary air is absorbed by water evaporation process and taken away by the secondary
air in wet channels, so the primary air in dry channels can be cooled without any moisture added. The IEC

has developed rapidly over the few decades with many effects made on heat and mass transfer modeling,



configuration optimization, novel heat exchangers design, hybrid systems development and energy
performance evaluation [4], [5].

The basic types of IEC are applicable for sensible cooling-dominant buildings in a dry climate [6], [7], with
a large number of installations found in hot and arid (or moderate humidity) regions. Bajwa et.al [7]
investigated the comfort enhancement potential of evaporative cooling in a tested domestic building in the
hot-arid maritime desert climate of Saudi Arabia. Maheshwari et.al [8] compared the operation performance
of a commercial plate-type IEC in coastal and interior locations of Kuwait, where the seasonal energy
saving differs a lot. Delfani et.al [9] tested an experimental set up of combined IEC+PUA system and
evaluated its energy reduction capability in Iran by an analytical method. However, it is uncommon to find
data reported the tested performance of IEC applications in hot and humid regions, as the conventional IEC
is restricted by the insufficient cooling capacity under wet climates [10]. Recent studies show that an
indirect evaporative cooling energy recovery system (ERIEC), which combines the indirect evaporative
cooling and mechanical air-conditioning system [12], [13], can break the regional limitation of IEC and
extend its application in humid areas. With the IEC employed as a pre-cooling unit for air conditioning
system, the ERIEC system can recover energy from room exhaust air, possessing promising energy-saving
potential and application prospects in hot and humid subtropical regions [14].

Developing mathematical models on IEC has been one of the research focuses to facilitate the further
energy-saving potential investigation. As numerical models become more mainstream in solving
complicated configuration and simultaneous heat and mass transfer process, a number of numerical
approaches have been used to derive the IEC models with experimental validation. The widely used
numerical models are mainly based on finite difference method [15], [16], [17], [18], [19], Newton iteration
method based on EES (Engineering Equation Solver) [20], [21], [22], finite element method based on
COMSOL Multiphysics software [10], [23], [24], Runge-Kutta method [25], [26], and finite volume method
based on computational fluid dynamics (CFD) simulation platform [27], [28], [29], [30]. Among the above-
mentioned models, the majority of works only considered the sensible cooling of primary air, which is
suitable for dry and moderate climate areas. However, when an IEC is used as an ERIEC system which
recovers energy from exhaust air in the wet climate areas, the fresh air can be cooled below its dew point
temperature with dehumidifying effect. Several researchers have studied the numerical models of ERIEC
system with experimental validation [17], [31], [32], [33], [34], taking into account the condensation
deriving from highly humid fresh air. Chen et al. [31] firstly proposed a numerical model for counter flow
IEC in the presence of condensation from primary air. The reduction of the primary air humidity and the

latent heat transfer rate was validated by experiments with the discrepancy of 7.9%. Min et al. [17]



established a 2-D numerical model for cross-flow IEC and compared the performance of cross-flow and
counter-flow IEC under condensation states. The optimal design parameters and operating parameters of
IECs were proposed for both counter and cross-flow configurations. Pandelidis et al. [34] studied the
condensation process that occurs in the product air channels of the IEC. The effect of the influential factors
was identified for different IEC exchanger configuration. Meng et al. [33] conducted the visualized
experiments on cross-flow IEC with a transparent cover plate. The turning point for the operation condition

changed from non-condensation to partial and total condensation was investigated.

Besides the numerical models, some practical models have been developed and fitted into building energy
simulations with improved calculation speed as well as satisfying accuracy in engineering application [35],
[36], [37], [38]. To derive the practical predictive models, the combined effects of various parameters were
determined by using statistical methods based on data extracted from experiment or numerical models. Kim
et al. [35] used a multiple linear regression method to derive a function containing major design parameters
to predict the thermal performance of IEC. The data for statistical analysis were generated by the e-NTU
method. The predicted values agreed well with the experimental data. Cui et al. [36] fitted the simulated
results as functions of each dimensionless group for counter-flow RIEC. The model was validated by
experimental data within a discrepancy of 12%. Pandelidis and Anisimov [37] presented a simplified model
to identify the influential factors of M-cycle IEC by utilizing response surface methodology. The model
was validated by comparing the predicted response with the experimental data. In addition, some soft
computing statistical tools were also applied to analyze the performance of IEC, including artificial neural
networks (ANN) [39], group method of data handling (GMDH) [40], [41] and genetic algorithm (GP) [42].
Jafarian et al. [40] developed a precise model for a dew-point IEC by using GMDH-type neural network
with training data extracted from a numerical model. The model can be employed with a quick calculation
process to optimize the design parameters of the IEC based on climate data. Sohani et al. [39] used five
different models to describe the performance of the desiccant enhanced evaporative air conditioning system.
The stepwise regression approach was found to be the best model with the least error compared to

experimental data.

The ERIEC can significantly reduce the energy consumption for air-conditioning by handling both the
sensible and latent cooling loads of the fresh air, possessing great application potential in hot and humid
regions. It was observed from previous works that the existing research on the model development of
ERIEC only focused on numerical approaches which require long computational time due to the iterative
process. The simplified predictive models derived by statistical methods can combine the mutual influences

of various parameters, and be easily integrated into simulation tools for building energy assessment.



However, few attempts have been made to develop the practical predictive models on both sensible cooling
and dehumidifying performance for the total energy recovery evaluation of the ERIEC system. To better
investigate the energy saving potential of ERIEC in hot and humid regions, a practical model is required to
efficiently predict the energy recovery performance in the presence of possible condensation from fresh air
under the ever-changing operating conditions.

Based on the research gap identified from existing literature, this paper focused on a statistical modeling
approach in practical use to evaluate the performance of ERIEC applied in hot and humid regions. Firstly,
by extracting the training data from an established numerical model under a wide range of simulation cases,
a decision tree model was built for the classification on ERIEC operation conditions with or without
condensation. Secondly, a 2-level factorial design was performed based on the selected parameters to
correlate the performance correlations for non-condensation and condensation states respectively. For
validating the proposed model, the model-predicted results were compared with experimental data on both
sensible and latent heat recovery efficiency. Moreover, a 30-day field-measurement was conducted in a
trial system in Hong Kong to estimate the model-predicted energy recovery performance of ERIEC under
varying outdoor climate. The developed practical predictive model can help to promote the wider
application of ERIEC in target regions by providing an efficient prediction for building energy assessment.

2. Numerical simulation

The numerical model of IEC, which serves as the foundation to drive the practical predictive model of the
ERIEC system, is briefly presented in this section. In the ERIEC system, as shown in Fig. 1, an IEC is
installed before an air-handling unit to pre-cool the fresh air (primary air) by fully making use of the cool
and dry exhaust air (secondary air) from air-conditioned spaces in a building. Large wet-bulb depression of
the secondary air can be achieved by using the exhaust air to evaporate the water in the wet channels, which
facilitates the primary air cooling process in the dry channels. Plate type IECs are commonly manufactured
and widely used in the current markets. It has great potential to be adopted in an ERIEC system to provide
both sensible cooling and dehumidifying for buildings in the hot and humid areas. In this study, the plate

type cross flow IEC is considered as the main component of the studied ERIEC system.
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2.1 Model description

The numerical model of

Fig.1. System diagram of ERIEC

IEC can provide precise solutions for the coupled heat and mass transfer process.

In humid regions, the possible condensation on the primary air side of IEC should be taken into

consideration. Based on the e-NTU method [43], the governing equations for energy conservation and mass

balance in 2-dimensional cross flow IEC model are as follows. The differential element in the numerical

model of cross-flow IEC

is presented in Fig. 2. The details of assumptions and simplification made in the

model are presented in Ref. [17].
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Fig. 2 Schematic view of the differential element in cross-flow IEC model

For energy balance of the secondary air:



d
hg(t,, —tg) - dxdy + hfghms(wtw - ws)a ~dxdy = msa -dy (1)

For mass balance of the secondary air:

. Jws
hms(wtw — a)s)a ~dxdy = msW “dy = ~dy 2
For energy balance of the evaporation water film:
_ i _ ot am
my a_; — CpaMyp a_; = Cpwlew a_ye (3)
For energy balance of the primary air (without condensation):

Jat
hy(t, — ty) - dxdy = cpampa—; - dx 4)

When the plate surface temperature is lower than the dew point temperature of primary air, i.e., tsew,p > tw,
the condensation could take place and a new set of governing equations should be established. Therefore,
Egs. (3) - (4) can be replaced by:

dwy om,
— . - m —. = — 5
hnp (¢, — wp) - dxdy = ni, o dx % (5)
. Oig 00, om, om,
Ms 5y ~ Mo gy = Cowlew 50" + Cpwiew By (6)

The inlet boundary conditions of both primary air and secondary air channels are defined by:
x=0: tp =tpin, Wp = Wpin, Mc = 0.

y=0: ts=tsin Ws = Wsin.

y=1. m,=mg;y.

Where, x=0 are the inlet of primary air; y=0 and y=1 are the bottom and top of the heat exchanger.

To solve the numerical models of IEC in counter- and cross-flow configurations in the presence of
condensation, the finite difference method was employed and the detailed iteration process was presented
in previous studies [17], [31]. The established numerical model has been validated by the experiments under
operation conditions with or without condensation [32]. Good agreement can be found between the

simulation and experimental results with the discrepancies of 5.9% for ¢, ,,,; and 2.4% for wy, gy

2.2 Performance indexes
Wet-bulb effectiveness (n,,,) and enlargement coefficient (&) can be used to evaluate the performance on
sensible and latent heat recovery of ERIEC respectively, they are expressed as:

t,in—t
p,in p,out
Nwp = P (7
p,in wb,s



_ Qsen *+ Quaz _ CpaMyp (tp,in - tp,out) + hfgmp (wp,in - wp,out)
Qsen CpaMp (tp,in - tp,out)

With the n,,,, and & of an ERIEC system being predicted, the total heat recovery (Q.,) can be calculated

(8)

by Eg. (9). To evaluate the energy recovery achieved by ERIEC system, the Ey.coper, Shown in Eq. (10) is

adopted by considering the overall coefficient of performance (COP) of the central cooling system that
combining the ERIEC unit. In this study, the COP is set to be 4.5.

Qtot = Snwbcpamp(tp,in - twb,s) 9)
_ Qtot _ gnwbcpamp (tp,in - twb,s) (10)
Erecovery = coP = COP

For ERIEC operated under non-condensation conditions with only sensible heat transfer in the primary air,
the € equals to 1, and the cooling effectiveness can be estimated by the n,,, only. However, under
condensation conditions, both 7,,;, and € of the ERIEC system should be considered to assess the total heat

recovery.

3. Derivation of simplified models

3.1 Modeling approach

It is noted from our previous studies [17], [31] that the variation trends of IEC cooling effectiveness with
the inlet parameters show a twist after the condensation occurs in the primary air side. In this case, the
simplified predicting models on ERIEC performance which suitable for hot and humid regions should be
established in terms of condensation states and non-condensation states, respectively. The decision tree
method can perform classification on the target variable based on predictor variables. By using the decision
tree, whether the operating states of ERIEC should be ‘non-condensation’ or ‘condensation’ can be
predicted. In the present study, the 2-level factorial designs were employed to determine whether certain
factors or interactions between them have an effect on the cooling effectiveness of ERIEC system and to
estimate the magnitude of that effect. According to literatures [16], [22], [28], the cooling effectiveness of
ERIEC varies approximately linearly within the ranges of parameters under non-condensation or
condensation states respectively, which makes the 2-level factorial design method suitable for the influence

identification.

The flow chart of the statistical modeling approach for the practical predictive ERIEC model is shown in
Fig. 3. Firstly, 1* simulation cases were generated by the numerical model at each selected parameter
varying in certain ranges. Secondly, together with all available attributes working as training data set, the
results of 1# simulations on the occurrence of condensation were used as binary target variables to build the

decision tree for the classification on operation conditions. Next, with the decision rules extracted from the



decision tree-based model, the low and high values of selected parameters for different categories of
operation condition can be defined, and the 2* simulations were carried out at all possible combinations of
two levels of each factor considered. Last, based on the results of 2* simulations, the impact of each factor
and their interactions on cooling effectiveness were examined quantitatively by a 2-level factorial design
method. The linear regression equations on n,,;, and € of the ERIEC systems can be derived under the two
categories (with and without condensation), respectively. Incorporating with the conditional expressions
from the decision tree, the derived correlations can be used to predict the ERIEC performance under varying
operation conditions taking into account the possible condensation of primary air.

( Selected parameters )

Y 1#
Numerical model » Training data |
# | e—pefine lowand_| Decision tree model
v high values

2-level factorial design
v v

Linear regression equations Conditional expressions
L ]

v

ERIEC practical predictive model

Fig. 3. Research flow chart of the practical predictive ERIEC model

Based on annual weather data and the design parameters of ERIEC system, the decision tree and decision
rules can be utilized to classify the operation conditions into a ‘condensation (C)’ or ‘non-condensation
(NC)’ category. The conditional functions concluded from decision rules and the developed correlations of
ERIEC effectiveness can be easily incorporating with building simulation software. In this way, the annual

energy recovery performance of the ERIEC system can be quickly estimated.

3.2 ldentification of operation conditions (with/without condensation)
In terms of an ERIEC system operated in a specific building application, its cooling effectiveness is mainly

influenced by the following factors: the inlet primary air temperature (t,,;,) and relative humidity (RH,, ;5,),



the inlet secondary air temperature (¢, ;,,) and relative humidity (RH; ;,,), primary air flow volume (1},), the
ratio of primary to secondary air flow volume (m,4;;,), the ratio of heat transfer area to primary air flow
volume (A,4ti0)- These seven parameters, which are important determinants of the condensation in primary
air, were selected as the input variables for the identification model adopting the decision tree method. The
settings are given in Table 1 by considering the typical operation conditions for the ERIEC systems in hot
and humid areas. With all the input variables evenly distributed in the range of values, a total of 4536 cases

was simulated by the introduced numerical model of IEC in order to obtain the condensation ratio of each

case.
Table 1. Input variables (or attributes) of the decision tree method

No. Label  Unit Value Remark

1 tpin °C [28, 30, 32, 34, 36, 38, 40] _ ) o ) )
Typical climate conditions in hot and humid regions

2 RH,;m % [40, 50, 60, 70, 80, 90]

) oC

3 Lsin [24, 26, 28] Acceptable temperature and relative humidity ranges [48]

4 RHg;,, % [40, 55, 70] of the indoor air (worked as secondary air)

5 Myatio " [0.8,1,1.2] Positive/negative air pressure requirement for the air-
conditioned spaces

6 Vy m¥/s [0.5, 2] A suitable range for air velocity considering pressure drop

7 Arario  M2(mM3/s)  [50, 250] The NTU of the heat exchanger ranges from1 to 6

The decision tree method was employed to define the ranges of parameters for each ERIEC operation
condition (with or without condensation), so as to provide the low and high values in the 2-level factorial
designs. The target variable is expressed by the condensation ratio (R, ), defined as the proportion of the
condensation area to the total heat exchanger area of coolers [45]. The state of R.,,, = 0 is considered as
‘non-condensation’, and state of R,,, > 0 is considered as ‘condensation’. C4.5 algorithm was used for
training data set (three quarters of the cases which were arbitrarily selected) and test data set (the remained
cases) by using WEKA to build a decision tree for predicting whether the operation of ERIEC should be

classified as ‘condensation (C)’ or ‘non-condensation (NC)’.

The decision tree is built on the basis of a training data set of 3402 cases with the 7 attributes listed in Table
1. It can be seen in Fig. 4 that this tree includes 11 nodes among which 6 are leaf nodes, represent there are
6 classes either ‘NC’ or ‘C’. All the splitting tests in this decision tree are based on restrictions of inlet
primary air temperature and relative humidity instead of other attributes, indicating that the occurrence of

condensation in the ERIEC system is dominated by inlet primary air conditions. Each leaf node includes a
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(

No.
w

ratio showing how many percentages of cases fall into that class are in accordance with the corresponding

classification result (‘NC” or ‘C’), which can be regarded as the confidence level of the classification.

1143 2259
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0.829 0.975
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: Node number
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g

: Classification result
(NC: non-condensation, C: condensation)

Fig. 4 Decision tree for the identification of ERIEC operation conditions
Based on a decision tree, the operation conditions with or without condensation can be easily identified
through the conditional functions concluded from decision rules. Table 2 shows the complete set of decision

rules which include all the executive routines from the root node to each leaf node.

Table 2 Decision rules derived from the decision tree

Decision rules

If RHp,in < 0.55 and tpin < 37, then IEC is in ‘NC’ condition

No. Node
1 4

11



7 If RHp,in > 0.65, then IEC is in ‘C’ condition

8 If RHp,in < 0.45 and tpin > 37, then IEC is in ‘NC’ condition

If 0.45 < RHp,in < 0.55 and tpin > 37, then IEC is in ‘C’ condition
10 If 0.65 < RHp,in < 0.55 and tyin < 31, then IEC is in ‘NC” condition
11 1f 0.65 < RHpn < 0.55 and tyin > 31, then IEC is in ‘C’ condition

oS 01 A wWDN
[{e]

By calculating the proportion of simulation cases in condensation conditions, the probability of
condensation under different inlet primary air states can be obtained. To clearly display the results derived
from the decision tree model, eight zones were classified within the setting ranges of primary air
temperature and relative humidity, as shown in Fig. 5. For Zone 1, the condensation is bound to happen
even under the most unfavorable inlet secondary air conditions. By contrast, no condensation could occur
if the inlet primary air state is in Zone 8. For other zones, the occurrence of condensation will depend on
both the primary air inlet conditions and other input variables. However, even the other input variables vary
within a range, the results of decision tree model showed that the identification of ‘C’ and ‘NC’ operation
conditions is still dominated by inlet primary air states. It implies that the ¢=55% can be drawn as a dividing
line for the condensation achievable in the primary air with a temperature range of 31~37°C. For the primary
air with temperature varies from 37°C to 40°C, the dividing line on relative humidity goes down to 45%.
For primary air temperature ranges from 28°C to 31°C, the dividing line corresponds to a higher relative
humidity (p=65%). From the classification accuracy of the decision tree estimated by 1134 cases of the test

data set, it indicates a good accuracy that 91% of all the training records can be correctly classified.
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Fig. 5 Probability of condensation in different classification zones

3.3 Correlation development for ERIEC system

With the divided ranges extracted from the decision tree-based model, the 2-level factorial design can be
carried out for non-condensation and condensation operation conditions of ERIEC system, respectively.
Seven parameters listed in Table 3, which are important dominants for the IEC effectiveness, are selected
to vary between a high value and a low value in the 2-level factorial design. The high and low levels of the
selected parameters for the two different groups (non-condensation and condensation) were defined based
on the classification of operation conditions presented in decision tree model and the typical application

conditions for ERIEC systems in hot and humid areas.

Table 3. Factors and factor levels in the 2-level factorial design

No. Parameter Label Unit Non-condensat-ion Condensation.
Low High Low High

1 tpm A °C 28 33 33 40
2 RHy;, B % 0.3 0.55 0.55 0.9
3 tem C °C 24 28 24 28
4  RHy, D % 0.4 0.7 0.4 0.7
5 1 E m¥/s 0.5 2 0.5 2
6 Myario F - 0.8 1.2 0.8 1.2
7 Aratio G m(md¥s) 1 3 1 3

In order to derive the practical performance correlations of ERIEC system, simulations were carried out by
the established numerical model with all possible combinations of each factor. Therefore, a set of 27=128
simulation cases were selected to correlate the indexes (n,,, and €) for ERIEC system effectiveness under

non-condensation conditions (Eq. (11)) and condensation conditions (Eq. (12-13)), respectively.

Nwp,Nc = f(tp,ini RHp,ini ts,in' RHs,ini Vp' mratio' Aratio) (11)
T’Wb,C = f(tp,ini RHp,in' ts,ini RHs,in' Vp' Myatio Aratio) (12)
€= f(tp,ini RHp,ini ts,ini RHs,ini Vp' Myatior Aratio) (13)

3.3.1 Non-condensation conditions
For non-condensation condition with only sensible heat transfer in the ERIEC system, the 2-level factorial

design was employed to analyze the effect of each influencing parameter and their interactions on the wet-

13



bulb efficiency (n,,p nc). Three-factor interactions were involved in the model while upper product terms
were ignored due to limited contribution. Based on simulation results, the effect of seven parameters and
their interactions were examined quantitatively through a normal probability plot shown in Fig. 6. The
effects of points fall on the fitted line as part of the normal distribution are considered insignificant. By
contrast, points such as ‘E’ deviated at negative end and ‘G’ at positive end of the straight line have

significant influences on the wet-bulb efficiency.
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Fig. 6 Normal probability of standardized effects for non-condensation conditions

With the insignificant factors or interactions removed, the percentage contributions of the significant
influence variables and interactions to the estimated variables were recomputed by the two-level design and
shown in Table 4. Based on the regression coefficients, the linear regression model of the wet-bulb

efficiency can be derived as a function (Eq. (14)) of selected parameters and interactions.
nwb,NC = Uconst. + aAtp,in + aBRHp,in + aCts,in + aDRHs,in + aEVp + ArMygrio + aGAratio
+ Qac tp,ints,in + Aar tp,inmratio + aCFts,inmratio + aDFRHs,inmratio (14)

+ Qgg VpAratio + Agrg meratioAratio

Table 4 Percentage contributions and regression coefficients of the selected parameters for 1,,p nc

Parameter A B Cc D E F G
Contribution (%) 1.73 0.29 7.16 3.33 28.77 15.30 37.77
Regression coefficient «,, 0.0031  -0.0087 0.0058 0.0141 -0.1375 -0.2608 0.0012
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Parameter AC AF CF DF EG EFG
Contribution (%) 0.53 0.38 0.78 0.50 3.00 0.45
Regression coefficient «,, -0.0001 0.0011 0.0023 0.0428 0.0004 -0.0002

* The subscript of o for each parameter is named by its corresponding label, e.g. @4 = 0.0031.
* G eonst. = 0.6820.

3.3.2 Condensation conditions

Under the operating conditions with condensation, the ERIEC system provides both sensible cooling and
dehumidification for the fresh air. In this way, both the wet-bulb effectiveness and enlargement coefficient
should be considered to assess the total heat recovery performance. A 2-level factorial design was employed
on the two indexes (1,,p,c and ) to correlate their equation models with the selected parameters. As shown
in Fig. 7, normal probability plots are used for the identification of significant effects of the two
performance indicators. Compared to the positive effect of factor ‘A’ (t,;,) under non-condensation
conditions (Fig. 4), in Fig. 5(a), the factor ‘A’ lies on the left side of the straight line and has a negative
effect on the wet-bulb effectiveness under condensation conditions. The reason for the opposite effects is
that the heat released through the condensation process raises the outlet primary air temperature as verified
by other research [31, 46]. From Fig. 5(b), the factor ‘B’ (RH, ;,) has the largest effect on the enlargement
coefficient because its point lies farthest from the line. The second important factor is A’ (t, ;,,) also on the

right with positive effect.
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Fig. 7 Normal probability of standardized effects for condensation conditions
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The values of regression coefficients and estimated effects of the parameters on n,,;, - and  are presented
in Table 5. The insignificant factors or interactions are negligible in the derived model. First-order linear
regression equations for n,,, ¢ and ¢ of the ERIEC system under condensation conditions are presented in
Eqg. (15) and (16).

Y ’ 1 ’ 1 1 1 1
nwb,C - aconst. + aAtp,in + aBRHp,in + aCts,in + aDRHs,L'n + aEVp + aFmratio + aGAratio

+ Apctpintsin + @aptymRHm + AgcRHy its i + AppRH, 1 RH 4, (15)
+ appRH, ;M grio + AepRH i + QCpts inMygrio

€ = Beonst. T Batpin + BeRH,m + Betsim + BoRH iy + BeV, + BrMuao + BeAratio
+ BaptpmRHym + Bactpitsin + BaptymRHsm + BecRHp intsim + BeptsmRHg i (16)

+ ﬁACD tp,ints,inRHs,in

Table 5 Percentage contributions and regression coefficients of the selected parameters for n,,;, ¢ and &

Parameter A B C D E F G

Contribution (%) 5.37 11.38 7.85 11.20 11.80 14.29 22.46

Regression coefficient a;, 0.0230 0.7290 0.0439 0.4399 -0.1072 -0.1021 0.0009

Parameter AC AD BC BD BF CD CF
Nwpc Contribution (%) 1.07 1.39 1.06 1.40 1.40 2.41 0.86

Regression coefficient a;, -0.0009 -0.0156 -0.0266 -0.4706 -0.3520 0.0202 0.0054

Parameter DF EF EG FG

Contribution (%) 1.24 0.94 2.05 1.82

Regression coefficient «;, 0.1044 0.0237 0.0001 -0.0003

Parameter A B Cc D E F G

Contribution (%) 17.63 30.18 10.41 14.24 2.13 6.90 4.18

Regression coefficient g,, 0.0772 -5.4510 0.0852 16.400 -0.0514 -0.4154 0.0006

‘ Parameter AB AC AD BC BD CD ACD
Contribution (%) 1.07 1.71 2.38 1.50 2.19 4.67 0.80

Regression coefficient §,, 0.1712 -0.0048 -0.4260 0.1811 3.5190 -0.9440 0.0213

* The subscript of a’ and g for each parameter is named by its corresponding label, e.g. a4 = 0.0230.
* aéOTlSt. = —0.4400. ,Bconst. = —0.8600.
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4. Model validation

The accuracy of the practical predictive model was validated by using both lab experimental data and field-
measurement data. Firstly, the lab experimental data from literature were used to validate the model-
predicted effectiveness under non-condensation and condensation conditions, respectively. Then, the field-
measurement data was collected in Hong Kong and compared with the model-predicted sensible and latent
heat transfer effectiveness. In this way, the reliability of the proposed practical model in predicting the

performance of ERIEC systems in real buildings can be validated.

4.1 Experimental validation

The validation of the effectiveness correlations in this practical predictive model was conducted by
comparing with the experimental results in the previous study [46]. This published paper investigated the
performance of a plate-type cross-flow IEC under the low/high air humidity operating mode. Under high
humidity inlet air, the condensation took place and the latent efficiency of the cooler was calculated by the
measured inlet and outlet air humidity. The geometric parameters of the experimental heat exchanger
module are shown in Table 6. By setting the same inlet parameters with the experimental conditions, the
model-predicted effectiveness values can be validated under both the operation states with or without

condensation.

Table 6 Geometric parameters of the experimental heat exchanger module

Parameter Units Value
Number of air channels (n) - 50
Channel gap (s) mm 4
Channel length (L) m 0.4
Channel height (H) m 0.4
Heat transfer area (A) m? 8

Due to the measuring errors during the tests, the uncertainty associated with the measured ERIEC’s
effectiveness should be determined to provide more reasonable data for the validation. As shown in Table
7, the uncertainties of the experimental results were examined under low and high humidity of inlet primary
air for non-condensation and condensation states respectively. The uncertainty analysis of the measuring

data and calculated performance indicators are determined using the method in reference [47].

Table 7 Uncertainty analysis of the experimental results

Parameter Nominal value Uncertainty
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Low humidity High humidity Low humidity ~ High humidity
Uy, 2.0m/s 2.0m/s #4.5% #4.5%
Uy 2.5m/s 2.5m/s +3.6% +3.6%
ty 30°C 30°C 40.6% 4).6%
RH, 45% 5% 2.1% +.2%
Nwb 0.61 0.51 +1.2% +4.8%
€ 1 231 - H2.7%

* Low humidity: up = 2.0 m/s, us = 2.5 m/s, t, = 30°C, RH, = 45%, t, = 22.5°C, RH;s = 68%.
* High humidity: up = 2.0 m/s, us = 2.5 m/s, t, = 30°C, RH, = 75%, t, = 22.5 °C, RHs = 68%.

4.1.1 Non-condensation conditions

Under experimental conditions, it is difficult to keep the other inlet parameters stable when changing the
value of one inlet parameter. For the tested non-condensation operation states, the inlet primary air relative
humidity varies between 37.4% to 58.9%. The experimental results of n,,,;, for non-condensation conditions
exhibit the uncertainty of 4.2%. Fig. 8 (a) and (b) present the measured and model-predicted wet-bulb
efficiency under different inlet primary air temperature and velocity. It can be seen that the two sets of data
are well coincident with the discrepancy lower than 9.52% under different inlet primary air temperature

and 4.27% under different inlet primary air velocity.

1.0 1.0 o
= 7, (Present model) = 7, (present model)
=2 o experiment > ® 7., (experiment)
= 0.8 - 77Wb ( p ) €08 4 whb
g > ] ;
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i [ (] 'S ¢ 3
5 = s
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2 =
g 2
8 024 B g
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28 30 32 34 1 2 3 4 5
tp,in up,in

(a) different primary air temperature (b) different primary air velocity
Fig. 8 Comparison between experimental and model-predicted effectiveness values

under non-condensation conditions
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4.1.2 Condensation conditions

Under the simulation cases with condensation, the inlet primary air relative humidity varies between 57.1%
to 86.4%. The relative humidity of the outlet primary air is nearly 100%. The performance indicators of
Nwp and € were predicted by the practical model under the same inputs as measured in the test. The
experimental results of n,,, and € for condensation conditions exhibit the uncertainty of 4.8% and 12.7%,
respectively. The comparison between the measured and model-predicted wet-bulb efficiency under
different inlet primary air temperature and velocity are shown in Fig. 9 (a) and (b). It was found that a
discrepancy within 8.16% can be realized in predicting the n,,, for condensation states. The discrepancy

between predicted and measured values of ¢ is 7.69%, which is within the uncertainty range of the measured

results.
0.8 - : 5 0.8 - _ _ 5
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- _ 1a= = _ daz
206 i 42 £06 4 =
> s $ ¢ 1 € ¢ i £
T 0.4 138 3 o4 133
‘S o é o
— — [ - -—
£ | =5 :
o E = e
S 02- % 428 802+ 12 %
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(a) different primary air temperature (b) different primary air velocity

Fig. 9 Comparison between experimental and model-predicted effectiveness values

under condensation conditions

From the experimental validation, the model-predicted values agreed well with the measured values, within
the discrepancy of 10% in n,,, and . The 10% deviation threshold indicates that the differences between
measured and predicted values are lower than 1°C [35] on produced air temperature and 15% on total heat
transfer rate, which is acceptable for the proposed predictive model to be used in the energy performance

assessment of ERIEC system.

19



4.2 Field-measurement validation

4.2.1 Test overview

In order to estimate the accuracy of the proposed model for the ERIEC operated under varying outdoor
climates, a field measurement has been conducted in a wet market located in Tung Chung area, Hong Kong.
The wet market is a one-story building with a floor area of 260m? and a height of 6.7m. The central air-
conditioning system in this wet market operates under all fresh air mode. This prototype of ERIEC was
produced by a cooperated manufacturer based on the design parameters listed in Table 8. Fig. 10 shows the
air ducts arrangement of the packed ERIEC system, which consists of an air-to-air plate heat exchanger,
primary and secondary air fans, a water pump and water spraying devices.

Secondary air outlet

Primary air outlet Primry ol lilet

Secondary air inlet

Fig.10 Air ducts arrangement of the packed ERIEC system in a wet market

Table 8 Configurations of the ERIEC system in the wet market

Parameter Units Value
Primary air flow volume (V,) m/h 5400
Secondary air flow volume (1;) mé/h 6000
Ratio of primary to secondary air flow volume (m,4¢;0) - 0.9
Number of air channels (n) - 200
Channel gap (s) mm 4
Channel length (L) m

Channel height (H) m 1
Heat transfer area (A) m? 200
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The energy recovery performance of this trial ERIEC system was tested under the constant air flow volume
operation mode for dynamic cooling load in the wet market. The test duration lasted for 30 days in a cooling
season. The system operates for 14 hours per day, from 6:30~20:30. Fig. 11 shows the schematic of the
sensor settings for the ERIEC system. For the traditional IEC which sensibly cools the fresh air, only the
temperature data on inlet and outlet air need to be collected. However, for the ERIEC operated in humid
regions, the moisture content of fresh air should also be measured to fully take into account the total heat
recovery in the situation that condensation occurs. In this system, a data logger was used to monitor and
collect the measured parameters from the sensors including air temperature, relative humidity and velocity.
Table 9 indicates all the measured parameters and specifications of measuring instruments. The setting on

the time interval for measurement is 1 minute.

EXHAUST AIR {_ <=

I H
T
i
Y HIT T/H
FRASH AIR > = B C@_. =y lf|>> SUPPLY AIR
o <9 < <<}:I EXHAUST AIR

ACF AF

T H (v

Fig. 11 Schematic diagram of the sensor settings

Table 9. The measured parameters and the specification of the measuring instruments

Parameter Instrument Range Accuracy
Temperature EE160 -15~60°C +0.3°C

Humidity EE160 10~95% RH +2.5% RH
Air velocity EE65 0~10 m/s +0.2m/s

4.2.2 Result analysis

Two typical days of the test period were selected to compare the predicted and measured values on the
performance of ERIEC system. Fig. 12 shows the inlet and outlet temperature and humidity of the primary
air for two days, and the gray areas represent the operation duration of the ERIEC system. It is noted that
the ERIEC system consistently delivered 21<C ~ 25<C fresh air with the outdoor temperature fluctuated
between 26 <C to 33<C. During most of the operation time in the first day, the moisture content of primary

air on the outlet was lower than that on the inlet, indicating that the fresh air was not only cooled but also
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dehumidified. In the second day, with the outdoor air relative humidity decreased from 80% at 6:30 to 50%
at 14:40, the condensation of primary air occurred at first and then the moisture content of primary air on
the inlet and outlet maintained at similar levels.
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Fig. 12 Temperature and humidity variation of primary air

When the ERIEC system is operated in a real building, the condensation of fresh air is dependent on the
varying ambient weather conditions. The proposed simplified predicting model could rapidly determine if
the operation condition leads to condensation, and assign the corresponding performance correlations for
non-condensation or condensation conditions respectively. Fig. 13 shows a comparison of model-predicted
effectiveness values and the actual operating performance of the ERIEC system from field-measurement
results. It can be seen that the model-predicted values on wet-bulb efficiency and enlargement coefficient
agree well with the measured values under both non-condensation and condensation conditions. The
measured effectiveness values fluctuate widely during the first 1 hour after starting the system because of
the unsteady states. The discrepancy on wet-bulb efficiency and enlargement coefficient are within 7.1%
and 5.7% during 95% percentage of the operation time in these two days.
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Fig. 13 Comparison between measured and model-predicted effectiveness values (n,,, and €)

With the predicted or measured performance indexes (n,,, and €), the total heat recovery achieved by the
ERIEC system can be obtained. Fig. 14 shows the comparison between predicted and measured results of
the total heat recovery (Q;,:) during the test duration. During the test period, the outdoor air temperature
ranges from 24<C to 35<C, and the relative humidity ranges from 40% to 95%. As the ERIEC system runs
14 hours per day with the test interval of 1minite, the simplification was processed to average the 60 values
from each hour and to plot these as a complete sequence. It can be seen from Fig. 10 that the model-
predicted values fit the measured results well with the same variation trends. Due to the unsteady operation
conditions of the ERIEC system which affect the heat and mass transfer process, the measured total heat
recovery performance is lower than that of predicted value during most of the test period. The largest

discrepancy between predicted and measured results on total heat recovery is 19.2%.
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Fig. 14 Comparison between measured and model-predicted results in total heat recovery

By accumulating the hourly amount of energy recovery achieved by the ERIEC system during the test
periods, the total energy recovery (Eyecovery) fOr the cooling season can be obtained. The predicted and
measured results of Eyecopery fOr per unit floor area are 5.85 kWwh/m? and 5.40 kWh/m? respectively during
the test duration of 30 days, with a discrepancy of 8.4%. Moreover, two standardized statistical indices
were adopted to assess the calibration of the proposed simplified models, including the mean bias error
(MBE) and coefficient of variation of root mean square error (CVRMSE) [48]. The validation of the
predicting model was conducted based on the average values for each hour from measurement and
simulation. The hourly sensible heat recovery, latent heat recovery and energy recovery achieved by the
ERIEC system during the test period were calibrated with the standardized statistical indices shown in Table
10. From the calibration results, the MBE for all the predicted parameters is less than 10%, with the
CVRMSE no larger than 30%. As it meets the hourly criteria set out by ASHRAE Guideline 14 [49], the
proposed predicting model can be considered as validated.

Table 10. Calibration of the predicting model on the performance of ERIEC system

Standardized statistical indices (%)

Parameter MBE CVRMSE
Sensible heat recovery (Qsen) 9.1 13.2
Latent heat recovery (Q;q¢) 35 29.5
Energy recovery (Erecovery) 8.5 13.3
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5. Conclusions

In this study, a statistical modeling approach was proposed for the performance prediction of indirect

evaporative cooling energy recovery system (ERIEC). Combining the decision tree model and 2-level

factorial design method, the developed model can be of practical use to predict both the sensible cooling
and dehumidifying performance of the ERIEC in hot and humid regions. Model validation was conducted
by comparing the predicted and experimental data of an ERIEC under various operating conditions with or
without condensation. Besides, the field measurement was carried out on a trail ERIEC system in Hong

Kong to validate the practical predictive model under varying outdoor climates. The proposed practical

model could benefit the promotion of ERIEC applications in hot and humid regions by providing efficient

performance prediction for building energy assessment. The main results are as follows.

e Based on the training data extracted from a validated numerical model of plate-type indirect evaporative
coolers, a decision tree model was established to identify the operation conditions (with or without
condensation) of the ERIEC. The derived conditional expressions were used to judge the occurrence of
condensation from primary air in the ERIEC according to inlet air temperature and relative humidity. It
is indicated that the condensation will occur when the outdoor relative humidity is higher than 55% with
a temperature range of 31~37°C.

e Using the 2-level factorial design, the major parameters and interactions significantly affect the
performance of the ERIEC can be determined. It showed that the increase of inlet primary air
temperature can improve the wet-bulb efficiency (n,,,) under non-condensation states and decrease the
Nwp Under condensation states. First-order linear regressions on the indicators of sensible cooling and
dehumidification performance were correlated respectively.

e The experimental validation shows that the model-predicted results of ERIEC agree well with the
experimental data. The discrepancy in predicting the n,,;, is within 9.5% for non-condensation states
and 4.3% for condensation states. The deviations between predicted and measured values of the
enlargement coefficient (¢) are within the uncertainty ranges of the measured results.

e Comparing to the tested results of the trail ERIEC system under varying outdoor climates, this model
can achieve the prediction accuracy within +7.1% on n,,, and £5.7% on € during 95% percentage of the
operation time. During a test duration of 30 days in the cooling season, the measured and predicted total

energy recovery of ERIEC are 5.85 kWh/m? and 5.40 kWh/m? respectively, with a discrepancy of 8.4%.
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