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Abstract

This paper aims to develop a mathematical model of a
dew-point indirect evaporative cooler that can be easily
implemented in a TRNSYS building simulation environ-
ment. The model is validated against experimental data
from a tested mixed flow prototype. The results show
that the model is consistent with the experiments with an
error in the primary air temperature drop between 12%
and 18%. Furthermore, a parametric analysis is per-
formed to evaluate the effect of the size of the device. The
temperature drop may double by increasing three times
the height or the width of the device. In conclusion, this
study reveals the importance of a proper calculation of

the Nusselt Number, especially for the wet channel.

1. Introduction

In order to reduce the cooling energy consumption
in buildings and the greenhouse emissions during
the whole lifecycle of the cooling systems, efforts
should be made to improve their effectiveness and
reduce their environmental impact. In this direc-
tion, conventional cooling systems that are based
on vapor compression cycles and use chemical re-
frigerants may not be the best solution in terms of
energy-saving and carbon neutrality. Among the
possible alternative cooling systems, evaporative
coolers have gained interest in recent years due to
the possibility of cooling down the ambient air by
taking advantage of water evaporation: today, they
mainly find application as a stand-alone system,

but also in combination with other cooling devices.

Part of

A particular kind of evaporative cooler is called a
“dew point indirect evaporative cooler” (DPIEC).
Being an indirect evaporative cooler, it consists in a
heat exchanger composed of two distinct and adja-
cent channels: the primary air stream flows in the
dry channel, while the secondary air stream flows
in the wet channel where it comes in contact with
water. Differently from direct evaporative cooling
systems — where water is sprayed directly in the
primary air— this technology does not increase the
humidity ratio of the supply air. Furthermore, a
DPIEC has the advantage of providing high per-
formance in terms of temperature drop between
primary air inlet and outlet. In fact, in direct and
conventional indirect evaporative coolers the tem-
perature drop can approach the wet bulb depres-
sion; instead, in a DPIEC the primary air outlet
temperature can ideally achieve the dew point
temperature associated with the inlet conditions.
This happens because in the DPIEC a portion of the
primary air in the dry channel is diverted into the
wet channel to form the secondary air flow, which
allows secondary air to be pre-cooled.

Although dew point evaporative coolers were
largely investigated at component level, few stud-
ies focused on the performance ensured by a build-
ing where the system is applied. This gap could
probably be due to the absence of a component
able to properly simulate a dew-point indirect
evaporative cooler in the common building simula-
tion tools, such as TRNSYS. Indeed, a similar com-
ponent —Type 757 of the TESS libraries — can model

a conventional indirect evaporative cooler by
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knowing its wet bulb effectiveness. However, this
component is not suitable to model a dew point
indirect evaporative cooler, especially when its ef-
fectiveness is not known a priori. Therefore, this
work aims to develop a mathematical model of a
dew-point indirect evaporative cooler that can be
easily implemented in TRNSYS building simula-
tion environment. The mathematical model is here
described and validated against experimental data
and allows predicting the outlet conditions of the
supply air that can then be used as an input in the
dynamic building simulations. Furthermore, based
on the model, a parametric analysis is performed to

evaluate the effect of the dimensions of the device.

2. Methodology

The mathematical model presented in this study
relies on the mass and energy balance equations
and on the logarithmic mean temperature differ-
ence method (Jie & Chua, 2023). By knowing the
heat transfer area (A) and the heat transfer coeffi-
cient (K) of the heat exchanger, the model can ap-
ply to other DPIECs with different configurations.
The code is written in Python programming lan-
guage, so that it can be easily called in TRNSYS
Simulations Studio by Type 169 (TRNSYS 18). The
model is validated against experimental data from

a mixed-flow prototype.

2.1 Description of the Dew Point
Indirect Evaporative Cooling System

The following figures show a schematic representa-
tion of the DPIEC modelled in this study (Fig. 1)
and a detail of dry and wet channel (Fig. 2). The
DPIEC consists of a heat exchanger with adjacent
dry (primary) and wet (secondary) channels. First-
ly, the inlet air enters the dry channels and is sen-
sibly cooled down by the secondary air. After that,
a portion (n) of the primary air is diverted into the
wet channels to form the secondary air, while the
remaining portion (1 — n) of the primary air is
blown to the indoor environment. Moreover, a wa-
ter distributor irrigates the wet channels. In this
way, the secondary air is evaporatively cooled

down. The exceeding water falls in a tank where it

106

is stored. At the end, a pump allows the water to
re-circulate from the tank up to the distributor. Fig.
3 shows the primary air path (IN 2 OUT-1) and
the secondary air path (OUT-1 - OUT-2) in the
psychometric chart; the inlet secondary air point
corresponds to the outlet primary air conditions
(OUT-1).

,,,,, Outlet
. Secondary Air
Water nit (1 + Xoue)
distributor 7 7 7

E Inlet Water || 1, ;, i
H Inlet Outlet |
H Air Primary Air |
i i i i
' '
' I
N »
I .

b L+ x00) (1 =) (1} i)
! !
' '
' I
1 1
1 1
I '
1 1
1 1
I '

Outlet Water Ty, out

Water Tank

Fig. 1 — Schematic representation of DPIEC
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Fig. 3 — Psychometric chart from SICRO_V2_1_3 (University of
Valencia, Spain)
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2.2 Mathematical Development

The mathematical model developed here requires

the following input data:

- the inlet air hygrometric conditions, in particu-
lar dry bulb temperature, relative humidity,
and pressure;

- the inlet air mass flow rate;

- the features of the device, i.e. working-to-
intake air ratio (n), heat transfer area, and heat
transfer coefficient;

- the water inlet temperature.

Furthermore, the following assumptions hold:

1) steady-state conditions;

2) adiabatic heat exchanger;

3) saturation of the secondary air;

4) no water losses between primary and second-
ary channel (primary process perfectly at con-
stant humidity ratio);

5) water temperature is known and constant.

The energy balance applies to the control volume

indicated in Fig. 1 and is given by Eq. 1:
thhy, + l'hw,inhw =
= (1 - r|)rhhout1 + T'|ri‘1hou1:2 + ri‘lw,outhw (1)

Here, mis the inlet air mass flow rate, My, is the
inlet water mass flow, My oyt is the outlet water
mass flow, n is the working-to-intake air ratio, and
hin, houts, houtz are the specific enthalpy values of
the inlet humid air, the outlet primary humid air,
and the outlet secondary humid air respectively.
Finally,h,, is the specific enthalpy of the inlet and
the outlet water that is considered constant, coher-
ently with the steady-state hypothesis.

By introducing the mass balance in the secondary
channel (Eq. 2), the energy balance can then be re-

written as in Eq. 3:
My in — My oue = NM(Xoye — Xin) = NMAX (2)
hin = (1 —Mhguer + nhoyez — Ax - hy,)  (3)

With x;, inlet humidity ratio, Xq,¢ outlet humidity
ratio and Ax = Xqyt — Xip. Therefore, the enthalpy of
the primary outlet air is given by Eq. 4:

— hin—n:(houtz—Ax-hw)
@a-n

(4)

houtl

This relation is not sufficient to solve the problem

because the secondary outlet air conditions appear-
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ing in Eq. 4 are not known. The equation can be
solved iteratively by supposing an outlet second-
ary air temperature Tout2 (which is sufficient to de-
termine the associated enthalpy because of the hy-
pothesis of saturation condition) and by finding a
further equation to verify the exactness of this val-
ue. Such further equation can be derived by the
logarithmic mean temperature difference method
(Jie & Chua, 2023), in which the heat transfer rate
between primary and secondary channel is given
by Eq. 5:

q=KA- ATy, ()

Where K is the overall heat transfer coefficient and
A is the heat transfer area. The logarithmic mean

temperature difference ATy, in a DPIEC is defined

as in Eq. 6:

e (6)
AT,

With:

ATy = Tiny — WBToutz = Tin — Toutz @)

AT, = Tip; — WBTinz = Tours = WBTouer  (8)

In Eq. 7, the wet bulb temperature of the outlet
secondary air (WBTyyt,) is equal to its dry bulb
temperature Toy, because of the assumption of
saturated air in the secondary channel. Since the air
conditions in the outlet of the primary channel are
the same as the inlet of the secondary channel, in
Eq. 8 the wet bulb temperature of the inlet second-
ary air WBTj,, is replaced with the outlet primary
wet bulb temperature WBTg;.

From the energy balance in the primary channel:
q = i(hoyrs — hin) = (cq + xin¢) (Tourr — Tin) (9)

Where ca and cv are the specific heat of dry air and
water vapor, respectively, and xin is the humidity
ratio of the inlet air that is the same as the outlet

primary air because of assumption 4. Therefore:
m(cq + Xin€y) (Tours — Tin) = KA - ATy (10)

ATy, = 2ECZmE) (70— Ty) (11)

In this way the result of Eq. 11 is compared with
Eq. 6 until convergence. The method used to itera-
tively solve the problem is reported in more detail

in the next subsection.
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2.3 Mathematical Solution

The scheme in Fig. 4 shows the iterative method
used to solve the above equations. A guess value
forTy,2— lower than the inlet air temperature Tj,—is
assigned thus solving Eq. 4 and calculating hgyts,
hence Toyiq(inlet air has constant humidity ratio,
corresponding to the inlet value). Then, two values
of mean logarithmic difference temperature ATy,
and ATy, are calculated by Eq. 6 and Eq. 11, re-
spectively. The absolute value of their difference A
is compared to a small threshold value (¢). If A < e
the solution is found, otherwise the guess value of
Toutz is incremented by d and the scheme is repeat-
ed. In the following & = 0.0001 and ® = 0.005 are
adopted, respectively.

Toutz,test Toutl,test

(a>¢) — AT, Eq.6

] A= 8Ty, — BTy, ||

ATym, Eq.11

Toutz = Touta,test

Tout1 = Toutl,test

Fig. 4 — Step-by-step solution scheme

2.4 Description of the Experiment

In order to experimentally validate the mathemati-
cal model, a real small-scale prototype was built
and tested. The device is composed of overlapped
modular elements made with polycarbonate sheets.
Each modular element consists of 28 dry channels
and a wet plate. In the dry channels, some air paths
are blocked, and holes are drilled along the plate to
drive part of the primary air through the wet plate.
The wet plate is covered with cotton cloth on one
side. The upper side is open, thus allowing air to
flow out and the water to be supplied. The bottom
side, instead, is closed by a rib that is perforated to
drain the excess water. Once assembled, the proto-
type is composed of eight modular elements. The

design specifications are summed up in Table 1.
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Table 1 — Design characteristics of the tested heat exchanger

Parameters

Heat exchanger volume 31 x25x30.5cm

Heat transfer area 1.00 m?
Flow configuration Mixed flow
Dry channel length 30 cm

Dry channel width 9 mm

Dry channel height 9 mm
Number of dry channels 8

Wet channel length 30 cm

Wet channel height 30 cm

Wet channel gap 9 mm
Number of wet channels 8x28

Plate thickness 0.5 mm
Channel material polycarbonate

Wicking material cotton cloth

A water distributor is installed on the upper side
and a water tank on the bottom side. A water
pump allows the water to re-circulate from the
tank to the distributor. Fig. 5 shows the test bench.

Fig. 5 — Test bench (the air handling unit is not visible)

The experiments are performed by connecting the
prototype to an air handling unit that controls the
inlet air conditions. Some sensors measure the
temperature and relative humidity of the inlet pri-

mary air, the outlet primary air, and the outlet sec-
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ondary air. Furthermore, the total air mass flow-
rate and the primary air mass flow-rate were
measured indirectly by measuring the pressure
drop between two orifice plates located respective-
ly before and after the prototype. However, the
secondary air mass flow is calculated through the
difference between total and primary air mass
flow-rate. The operative range and the accuracy of
the sensors are reported in Table 2.

The tests are repeated three times, by setting the
inlet air temperature at 30 °C, 35 °C, and 40 °C. The
measures are taken after 20 minutes to enhance the
steady state conditions. The inlet humidity ratio is
13.2£ 0.8 g/kg, the total air volume flow is 6.25 + 0.27

m?3/min, the working-to-intake air ratio is about 0.42.

Table 2 — Operative range and accuracy of sensors

Sensor Range Accuracy

Static pressure 0/25 hPa  +0.02 hPa or £1%
Dry bulb temperature ~ -20/+55°C +0.4 °C
Air relative humidity 0/100% +2% RHat +25 °C

2.5 Calculation of the overall heat
transfer coefficient

The overall heat transfer coefficient K between wet
and dry channels is calculated as in Eq. 12:

1
R S (12)

1
Xdry Awet

Here, R, 4y is the thermal resistance of the channel
wall and is considered negligible due to the small
thickness of both the polycarbonate plate and the
cloth. Instead, ®tgry and oyyetare the convective heat
transfer coefficients in the dry and the wet side,
respectively, determined as reported in Eq. 13.

N
o= ﬁl (13)

with A thermal conductivity of the air, Deq = 45/P
the equivalent diameter (being S the transversal
section of the channel and P the corresponding pe-
rimeter). The equivalent diameter is 9 mm for the
dry channel and 19 mm for the wet channel.

The Nusselt Number (Nu) is calculated by consid-
ering different sources (Jie & Chua, 2023; Deepak
et al., 2022; Kashyap et al., 2020).

According to (Jie & Chua, 2023), the Nusselt Num-
ber in a dry channel Nuay is calculated from the

following equations:
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Nuo -+0.0499Gz-tanh (Gz™1)

N __ tanh(2.264Gz 3+1.7Gz 3) (14)
Udry = =
tanh (2.432Pr'/6Gz~6)

48
Nuy, = — 15
D
Gz = —*RePr (16)

Where Re and Pr are the Reynolds and Prandtl
numbers respectively, while Deq is the hydraulic
diameter and L is the channel length.

The Nusselt Number inside the wet channel Nuwet,

however, must be calculated as follows:

0.12
Nuyer = 0.10 (22) " RefgPri/? (17)
Re;,, = %LW (18)

Where L is the thickness of the water film- that is
not known and difficult to measure, thus its value
is supposed as 0.5 mm - 0 is the total thickness in-
cluding the water film and the channel wall, and o,
v, and W are respectively the density, velocity, and
dynamic viscosity of the air in the wet channel.
However, (Jie & Chua, 2023) assumed a laminar
flow regime, generalizing for all DPIECs because of
the small section of the channels although a transi-
tion flow regime (Re between 2300 to 3500) is
found out in the tested device for both wet and dry
channels. Since the flow regime is very relevant in
the description of the heat exchange (Gicquel,
2021), the model proposed by Jie and Chua might
not be very accurate.

Even though the hypothesis of laminar flow is very
common in the literature, (Deepak et al., 2022)
found out a turbulent flow regime, thus calculating

the Nusselt Number with the following equation:

_ (/8)(Re=1000)Pr
N = (19)

1+12.7(£)7(Pr§—1)
f =(0.7901n(Re) — 1.64)~2 (20)

Nevertheless, the same equation is used in both
dry and wet channels, which may also make this
model unreliable.

Finally, a different approach is used by (Kashyap
et al., 2020), who proposed to use the value of rela-
tive velocity of the air with respect to the water
film to calculate the Reynolds number in wet chan-
nels. In this case the flow regime is laminar, and

the Nusselt Number is calculated as follows:
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Nu=2+0.6-Re%5pPr033 (21)

Since it is not possible to know a priori the mean
temperature of the primary and secondary air flow,
the convective heat transfer coefficient is estimated
as a function of the temperature for all models. In
particular, the Nusselt number is calculated for the
temperature of 280, 290, 300, 310 K and a linear
function is derived from these values. Even if the
variation of the convective heat transfer coefficient
which derives by varying the temperature is not
very significant, the function is still implemented
in the model, for the sake of accuracy. The convec-
tive heat transfer coefficient as a function of the
mean temperature in primary channel T, =
(Tout1 — Tin1)/2 and in secondary channelT,,, =
(Toutz — Tinz)/2 is reported in table.

Table 3 — Calculated convective heat transfer coefficient as a
function of the mean temperature in the channel

Model Dry channel Wet channel

Jie & Chua 0.0174-Tm1 + 27.034 -0.0127-Tm2 + 5.9535

Deepak etal. -0.124-Tm1 + 34.496 - 0.0563-Tm2 +12.92

Kashyap et al. -0.0112-Tm1 +93.806 -0.0039-Tm2 + 39.549

3. Results and Discussion

3.1 Model Validation

According to the results of this study, the proposed
model to simulate the DPIEC is more consistent
with the experimental data in terms of outlet tem-
perature prediction if the Nusselt number is calcu-
lated according to (Kashyap et al., 2020).

As reported in Fig. 6, all models tend to overesti-
mate the outlet primary air temperature and un-
derestimate the outlet secondary air temperature.
However, the outlet secondary air temperature
predicted by the model looks not consistent with
experimental data, independently on the Nusselt
number calculation. Indeed, the energy balance in
Eq. 1 is not closed even by considering the experi-
mental results. This is probably due to inaccuracies
in the measurement of the outlet air temperature:
in fact, the temperature probe on the air stream is
slightly detached from the outlet section (Fig. 5) to
avoid any chance that the water spray might wet
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the sensor. In this way, the measure of the air tem-
perature may be influenced by the air temperature
of the laboratory that is warmer than the working
air. This hypothesis will be verified in future ex-
periments that will regard a larger and more realis-
tic DPIEC model.

A Experiments O Model (Jie et Chua)

O Model (Deepak et al.) X Model (Kashyap et al.)
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Fig. 6 — Model validation against experimental data. Outlet prima-
ry air temperature, outlet secondary air temperature, temperature
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Looking at the temperature drop in the primary air
- one of the most used parameters to evaluate the
performance of DPIECs — the error in its prediction
ranges between 12% and 18% with the model by
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(Kashyap et al., 2020). In the other cases, the error
is unacceptable: indeed, it reaches 85% if the
Nusselt Number is calculated according to (Jie &
Chua, 2023), while it reaches 74% by referring to
(Deepak et al., 2022). In other terms, the accuracy
of the proposed model —in terms of temperature
drop - is significantly influenced by the method
used to calculate the heat transfer coefficient be-
tween air and the channel surfaces. While the dry
channel could be considered in the same way as a
conventional heat exchanger channel, this is not
true for the wet channels: here, the heat exchange
between air and wall is more complex due to the
presence of water. The method used by (Jie &
Chua, 2023) tried to model the effect of water, but
this could be inconsistent with the reality. For ex-
ample, the determination of the thickness of the
water film may be very difficult in practice. In fact,
the water might not be uniformly spread in the
wall of the wet channel. However, the inconsisten-
cy of the model is demonstrated by the experi-
ments. Also, the hypothesis of laminar flow, alt-
hough acceptable in several cases, could not be
suitable for all DPIECs.

Furthermore, the wide discrepancy between differ-
ent methods to determine the Nusselt Number re-
ported in the literature on DPIEC reveals the im-

portance of delving on this issue.

3.2 Parametric Analysis

The temperature drop ensured by the prototype
ranges between 3 °C and 5 °C. This result may im-
prove significantly by increasing the heat exchange
surface. For this reason, based on the developed
model, a parametric analysis is performed by
changing the size of the device. The inlet condi-
tions are set as follows: air temperature 35 °C, rela-
tive humidity 50%, air mass flow rate 0.1 kg/s,
working-to-intake air ratio 0.42.

With respect to the original size, each of the main
dimensions (length, height, and width) are dupli-
cated and triplicated. The results are shown in
Fig. 7 by considering the same inlet air conditions,
the temperature drop can increase from 2.2 °C to
4.9 °C by increasing three times the dimensions of
the device. While the effect of enlarging the height
or the width does not produce a significative

Proposal and Validation

difference, the augmentation of the length results

in a minor temperature drop (4.2 °C against 4.9 °C).

A Original prototype O Length variation

O Height variation X Width variation

6
05 S
o o
g4 B
o
L3
>
© A
@ 2
Qo
g
=1
0
x1 x2 x3
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Fig. 7 — Effect of a variation of length, height, and width of the device

4. Conclusion

This paper aims to develop a mathematical model
of a dew-point indirect evaporative cooler to easily
implement it in TRNSYS building simulations. The
model is based on the mass and energy balance
equations and on the logarithmic mean tempera-
ture difference method. The model refers to a
mixed-flow prototype; however, it can be applied
to other DPIECs with different configurations and
design characteristics, by determining the heat
transfer area and the heat transfer coefficient of the
heat and mass exchanger.

The model has been written in Python program-
ming language, so that it can be called in TRNSYS
Simulations Studio by Type 169. The implementa-
tion of the Python code in TRNSYS and the build-
ing performance analysis will be evaluated in fu-
ture studies. In this paper, the mathematical model
is validated against experimental data: the results
show that the model is sufficiently consistent with
the experiments with an error in the primary air
temperature drop between 12% and 18%. The rela-
tively important discrepancy is most probably due
to the inaccurate position of the temperature probe
on the outlet air stream and is also influenced by
the small size of the prototype.

However, the current study reveals the importance
of a proper calculation for the Nusselt Number, es-
pecially in the wet channel where heat exchange is

more complex than in conventional heat exchang-
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ers due to the presence of water: this suggests the
need to better investigate the determination of the
heat transfer coefficient in wet channels of DPIECs.
In conclusion, a parametric study is performed to
evaluate the effect of a variation of the length, the
height, and the width of the device. With the same
inlet air conditions, the temperature drop can in-
crease from 2.2 °C to 4.9 °C by increasing three
times the height or the width of the device. The in-
crease in the length may be slightly less advanta-
geous. However, the influence of the size should be
evaluated carefully with respect to the technical
possibility to ensure a uniform air distribution in-
side the channels, along with the necessity to create
devices as compact as possible to save raw materi-

als and make the installation easier.
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Nomenclature

Symbols

A Heat transfer area (m?)

c Specific heat (J/kgK)

D.q Equivalent diameter (m)

DPIEC Dew Point Indirect Evaporative Cooler

f Friction factor (-)

h Enthalpy (J/kg)

K Heat transfer coefficient (W/m2K)

L Channel length (m)

Lw Thickness of the water film (m)
m Air mass flow-rate (kg/s)

Nu Nusselt number (-)

Pr Prandtl number (-)

R Thermal resistance (m2K/W)

Re Reynolds number (-)

Temperature (°C)

Humidity ratio (kg/kg)

Air velocity (m/s)

Convective heat transfer coefficient (W/m2K)

Q2 < ® 4
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o Channel thickness (m)

ATy Log mean temperature difference (°C)
n Working to intake air ratio (-)

A Air thermal conductivity (W/mK)

H Air dynamic viscosity (kg/ms)

0 Air density (kg/m?3)

Subscripts/Superscripts

a air

in inlet

m mean

out outlet

\ vapor

w water

1 primary

2 secondary
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