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Potential of Indirect Regenerative Evaporative Cooling
System (M-Cycle) for Electronic Applications
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Abstract: The article presents a simple prototype system based on the concept of indirect
regenerative evaporative cooling (IREC) thermodynamic cycle for electronics applications. The key
problem of selecting porous capillary material is discussed and preliminary experimental results are
presented using IR thermography. The presented research is an initial step towards the development
of a laboratory-validated, fully operational IREC system for high-power electronics.
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1. Introduction

1.1. Maisotsenko thermodynamic cycle

The classical thermodynamic cooling system based on the
Maisotsenko cycle consists of two air channels, usually cal-
led dry and wet channels (DC and WC) [1-3]. The incoming
air is cooled in dry channels (DC) due to intense evaporation
process that occurs behind the adjacent wall in wet channels
(WC). The evaporating medium (usually water) must be con-
tinuously supplied. This is usually done through a thin-film
hollow fiber (capillary) membrane separating the two channels.
This membrane should conduct heat well to effectively cool dry
air. A simplified diagram of the change of the thermodynamic
state can be presented using the psychrometric chart (Fig. 1).
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The air inlet temperature (A) T, drops due to the heat
exchange between the DC and WC and can reach the theore-
tical dew point limit po(B), In practice, it is rather difficult
to approach this limit, and the cooling stops earlier (B’).
The air in the WC is then wetted to reach saturation (B”).
The temperature of moist air and a thin layer of water varies
from T, (T,.) to T, causing a strong heat flow between the
channels and cooling the dry air. To ensure effective cooling,
the outlet temperature should be comparable to the inlet
temperature. The whole process depends on many parame-
ters, such as mass flow, size of channels, required tempera-
ture range, etc.

Fig. 1. Typical change of
temperature and moisture
content during the Maisotsenko
cycle

Rys. 1. Typowa zmiana
temperatury i wilgotnosci podczas
cyklu Maisotsenko

Let us take an example. Assume that T, = 31°C and RH 38 %.
From the psychrometric chart [33] it is easy to read: T, = 15.06 °C
(dew point), T = = 20.42°C (wet bulb). Assuming that
the cooling of dry air allows decreasing temperature by
8 °C, thermodynamic parameters vary to RH = 60.9 % and
T ., = 17.86 °C. In result the change of enthalpy is about
1.48 kJ/kg. This means that the cooling potential has not been
exploited and that there is still room for optimization the con-

figuration of the cooling system.
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1.2. Applications and porous material membranes
The concept of Indirect Regenerative Evaporative Cooling
(IREC), also known as the Maisotsenko or M-cycle [2, 3], was
developed and published first in the 1970s. From the beginning,
its essence was a heat exchanger with alternating wet and dry
channels, with moisture covering the walls of the wet channels,
with a part of the airflow at the outlet of the dry channels being
redirected to the wet channels. A regenerative heat exchange
process was taking place in the device, exploiting the latent
heat of water film evaporation in the wet channels due to the
psychrometric temperature difference between the cooled dry
air and the temperature of a thin layer of water. This tempe-
rature difference was the driving force of the heat exchange
process in the apparatus, making it possible to cool down the
product stream below the wet bulb temperature of the inlet air.
Since then, many research papers, both theoretical and expe-
rimental, were published on the subject. So far, IREC solutions
were proposed for heating, ventilation and air-conditioning

(HVAC) systems, in the power industry for fuel cells, gas tur-

bines, exergy towers or combustion cycles, water distillation/

desalination systems or for heat recovery systems [4-10].
Indirect evaporative coolers consume electricity and water

to produce cooling energy. Their performance depends on the

device geometry and moisture distribution in wet channels. Dew
point devices achieve Energy Efficiency Ratio (EER) values of
up to 80 %, an order of magnitude greater than typical com-
pressor-based cooling systems [11]. Scientists are striving to
reduce the electricity consumption of IREC devices by modi-
fying their geometry [12-14]. Some researchers concentrated on
the problem of pressure drop reduction [12, 13] or materials

[15]. One of the most important elements of an IREC device is

the membrane separating the wet channel from the dry chan-

nel. One requires it to be:

— impermeable to fluids, in order to prevent moisture migra-
tion from WC to DC; fluid or water vapor migration is allo-
wed only from DC to WC,;

— to have low thermal resistance of the porous membrane and
high heat transfer coefficient on both sides in order to easily
absorb the heat from the DC air and transfer it to the WC,
thus accelerating the evaporation and cooling process;

— to provide effective moisture absorption and distribution
over its surface from the wet channel side, usually based on
capillary effects.

Thus, the use of hydrophobic coatings or porous materials was
also investigated in [13, 16, 17]. Whereas not directly devoted
to IREC devices and systems, several papers were also lately
devoted to the problem of nanoporous membranes wicking and
evaporation processes [18-22].

The use of IREC systems for electronics cooling was presented
quite rarely and the most informative studies were published in
[23, 24, 26]. In [24, 25], the authors investigated the possibility
of using IREC technology for data center cooling. In [23], the
authors proposed to use IREC technology for electronics cooling,
but the content of the paper was general, without electronics-
-related specifics. In 2021, the article [26] was published. It is
the first and so far only paper, where a scaled-down M-cycle
cooling system for electronics was presented. It investigated its
applicability for electronic device cooling. The ambient air was
supplied to the dry channel by a fan. Next, it was cooled down
by moisture evaporation in the adjacent wet channel. At the
end of the dry channel, a part of the cooled air was drawn by
another fan into the wet channel, where it caused evaporation
of the water film from the wet sheet separating the channels.
The remaining output air from the dry channel was intended to
be used for device cooling purposes. The authors demonstrated
that the cooler achieved maximum efficiency with turbulent flow
in both WC and DC. They also pointed out to the problem of
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thermal resistance of the wet sheet and the impact of channels
pressure drop. This paper sets a very promising direction for
further research. However, the proposed solution was used for
airflow cooling which next would be used as a cooling medium.
Also, the impact of inlet air temperature and humidity was
not investigated.

1.3. Tools for modelling phase-change cooling
systems
TREC system modeling is widely investigated in the literature.
Various types of the IREC models can be found. In general,
there can be distinguished analytical and numerical types of
the IREC models and both of them can be transient or static.
Some of the models consider condensation from the fresh air
[27]. Very few papers refer to applications in electronic cooling.
Most of the papers assume that the air is perfectly dry. This
comes from the fact that IREC systems are widely used for air
conditioning in dry regions and the models are related to air
conditioning systems. Most of the analytical models are based
on simple thermodynamic equations and calculations of the
heat and mass transfer through the wet and dry channels. The
heat is removed due to the latent heat of water evaporation and
thanks to the temperature difference between incoming air and
the wall. For numerical simulations various commercial software
can be found for example: ANSYS, COMSOL, TRNSYS, etc.
COMSOL is a commercial multipurpose simulation software
that can be employed for electromagnetics, structural mechan-
ics, acoustics, fluid flow, heat transfer, chemical engineering and
many other applications. The software is based on the FEM
(Finite Element Method) which is one of the numerical methods
applicable for solving differential equations in many fields of
physics. In FEM, an object is divided into small elements. Each
element is represented by element equation in order to approx-
imate equations for whole geometry. These small elements are
called finite elements. The aim of the method is to minimize an
error function and find a stable solution. Evaporative cooling
can be simulated in COMSOL environment using Heat Transfer
Module. In gases the saturation pressure P, can be defined. At
this pressure, the gas and liquid phase of the substance are in
equilibrium. This state depends on the temperature. COMSOL

uses the following approximation for P_, (1) [30].
7.5T7273'15
P, (T)=610.7-10"75% Pq (1)

where T is substance temperature.

TRNSYS is commercial software that enables to simulate of
transient systems like: central plant modeling, building simula-
tion (including LEED — energy modeling — modeling according
to Leadership in Energy and Environmental Design organization
regulations), solar thermal processes, ground coupled heat transfer,
high-temperature solar applications, geothermal heat pump sys-
tems, coupled multizone thermal/airflow modeling, optimization,
energy system research, emerging technology assessment, power
plants (biomass, cogeneration), hydrogen fuel cell systems, wind
and photovoltaic systems, data and simulation calibration. The
software has a lot of ready-to-use models like pumps, ducts, and
HVAC equipment. The user can build his own model or models
can be edited by the user. Evaporation and coming from this
evaporation heat transfer can be simulated in TRNSYS software
but a precise description of the model could not be found [31].

ANSYS software is also based on FEM concept. The area of
applications is really wide. For example, it can be employed for
the simulation of: electric motors, electrified powertrain system
integration, electromagnetic interface and compatibility, electro-
nics reliability, gas turbines, gas-liquid systems, heat exchangers
and many others.
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Evaporation and condensation modeling can be done using
Volume of Fluid (VOF) modeling [32]. It bases on the assump-
tion that the simulated fluids are immiscible. For example, the
momentum equations are solved separately for each of the fluids
in the domain. Apart from the modeling of the air as VOF the
evaporation-condensation model can be applied. The Eulerian
multiphase model is used. The mass transfer for 7 > T takes
form of equation (2).

_ . - T«at
me—m - coeff aupu T (2)

sat

where: coeff — coefficient that can be interpreted as a relax-
ation time [32], @, and p, — phase volume fraction and density,
m,, —mass flow rate, T, T — temperature and saturation tem-

perature.

The first of the above equations refers to mass transfer from
liquid to vapor phase and is expressed in kg/s/m?. The mass flow
rate multiplied by the latent heat gives the source term for the
energy equation. ANSYS package also uses the Hertz-Knudsen
equation [29] that enables the calculation of evaporation-con-
densation flux expressed in kg/s/m?.

27rRT

M .
Pl (7 -r) ®
sat
where: P — saturation pressure, T  — saturation tempera-
ture, R — universal gas constant, § — accommodation coefficient
1220 (depends on evaporation rate) [32], P* — vapor par-
tial pressure on the gas side of the interface, M — molar mass.

a) b)

Fig. 2. a) Porous membrane structure inside the prototype, with
temperature and relative humidity sensor visible, b) thermal image
showing the cooling effect, with 21.5 °C measured in the center point
Rys. 2. a) Porowata struktura membrany wewnatrz prototypu z widocznym
czujnikiem temperatury i wilgotnosci wzglednej, b) obraz termiczny
przedstawiajgcy efekt chtodzenia, przy temperaturze 21,5 °C mierzonej

w punkcie srodkowym

Analytical models are usually simple and based on heat and
mass balance equations well known from thermodynamics. One
of the most important issue is to model properly the wet chan-
nel. There has to be considered heat and mass transfer between
air and the water film. The following formula (4) presenting
the gradient of absolute humidity along the wet channel can
be found in the literature [28]:

do,, h A,
:j J— m
do N m (ww.s_ww.f) (4)

wWLf

where: w - saturated absolute humidity (at working air tem-
perature T /), A, — cross sectional area, L — channel length,

m,,  — mass flow rate (VOF), h_— convection coefficient.

2. Prototype cooling system and
preliminary experimental results

The prototype was built according to the principle described
in section 1.1. However, two wet channels were placed at both
sides of the dry channel, instead of only one shown in Fig. 1.
It was done to eliminate the need for thermal insulation at
one side and to further improve cooling performance. The air
flow through the prototype was forced by two low-speed 5 cm-
-diameter fans. The length of the prototype was 29 cm, with
two 27 cm long vertical membranes forming a dry channel,
6 cm high, with vertically variable width, ranging from zero to
1 cm. This variable width enables further investigation of opti-
mal channel width. The membranes, supported by 3D-printed
frames, were made of thin metallic layer covered with thin,
porous material, as shown in Fig. 2a. The metallic layers were
directed to the inside of the dry duct, and the porous ones to
the wet one.

Thanks to the capillary effect, the whole membranes area was
supplied with water from a tank placed below the bottom plate,
creating cooling effect as shown in thermal image taken with
a bolometer thermal imaging camera (Fig. 2b). Note the cooling
effect is also visible at the top plate, along the DC.

Two temperature and humidity sensors were placed in the pro-
totype — in the beginning and end of the DC. The second one
is partially visible in Fig. 2. The sensing elements were not in
touch with the structure and measured air parameters — namely
temperature and RH, as shown in figures 3 and 5.

There are three input temperature values set during the exper-
iment — 31 °C, 40 °C and 26.5 °C (corresponding to phase 1, 2
and 3). It can be observed that increasing input temperature
results in higher difference between input and output tempera-
ture, as shown in Fig. 4. It translates to better wet bulb effi-

Fig. 3. Temperature chart —
input and output of the DC

Rys. 3. Wykres zmian temperatury
w czasie na wlocie i wylocie
suchego kanatu (DC)
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ciency e, expressed by the formula (5) and shown in Fig. 4.
Temperature indexes are used according to Fig. 1.

o o)

in wet

In terms of relative humidity, it increases along the DC due
to cooling. When recalculated to absolute humidity, its change
turns out to be negligibly increased at the DC output compa-
red to its input, as there is no water access to DC (except some
possible insignificant leaks from WCs).

One can notice WB efficiency, calculated with formula (5),
overpassing 1 during phase 2 in Fig. 4. It reaches 1.0378 and
results from WB temperature (calculated basing on DC input
temperature and RH) exceeding DC output temperature in
this phase, as shown in Fig. 3. This effect confirms operation in
M-cycle (which is characterized by e , > 1, that is calculated
with reference to T, for input parameters) and is correct from
the theoretical point of view, as the limit is ¢ w= 1.

3. Discussion and conclusions

The data obtained allow us to conclude that the use of IREC
technology for cooling electronics has significant potential.
However, it should be noted that the efficiency of the heat
exchanger, and its geometry in the framework of the experi-
mental campaign was far from optimal, because the main goal
of this work is to determine and verify the potential of IREC
technology for electronics cooling tasks, as well as to outline
the scope of the expected tasks when using this technology.
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Fig. 4. Chart of temperature
difference between input and
output of the DC and wet bulb
efficiency

Rys. 4. Wykres réznicy
temperatury na wlocie i wylocie
suchego kanatu oraz sprawnos¢
procesu odniesiona do
temperatury mokrego termometru

Fig. 5. RH chart — input and
output of the DC

Rys. 5. Wykres zmian wilgotnosci
wzglednej na wlocie i wylocie
suchego kanatu

Figure 2 shows the experimental cell of the heat exchanger
in which the cross-section of the dry channel varies in height.
This made it possible to evaluate the influence and relation-
ships of the geometry of the dry channel (primarily its height
and length) with the achieved temperature of the cooling flow.
The wet channel here has been deliberately made significantly
larger to minimize the parallel effect of wet channel geome-
try on cooler performance. The significantly larger wet duct
volume in a given test cell maximizes the driving force of the
evaporation process, which in a limited wet duct cell volume
would invariably drop due to the rapid saturation of the air
with evaporated moisture vapor. In addition, based on the
data obtained using a thermal imaging camera, it was possi-
ble to estimate the temperature gradient along the channel,
see Fig. 2b (upper part of the apparatus), which made it pos-
sible to confirm the reduction in the driving force of the heat
transfer process.

Based on the theory of heat transfer, it is known that the
theoretical limiting efficiency of any heat exchanger for a given
temperature difference is achieved if its heat transfer surface
tends to infinity. Of course, such a condition has no practical
application, but based on it, it is possible to determine the opti-
mal geometry of the heat exchanger with a sufficient degree of
accuracy, by iterative approximations. Moreover, taking into
account that IREC technology devices use water as a refrige-
rant, which has high values of specific heat and phase transition
heat during evaporation, the optimal geometric dimensions of
the device should be significantly smaller than devices in which
there are no coolant phase transitions. The only “weak link” in
apparatuses of this type is a dry channel, where phase transi-
tions do not occur, the heat capacity and thermal conductivity
of the air are low, and the gas flow rates are not high. There-
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fore, it is very important to determine the practical limit of the
length of the heat exchanger using the IREC technology, based
primarily on the geometry of the dry channel (its width). To do
this, it is rational to step by step change the length of the device
at a constant value of the width of dry and wet channels at each
iterative approximation. For example, it is possible to evaluate
the characteristics of a cooler taking the width of a dry chan-
nel in the range 1-3 mm with an iteration step of 0.5 or 1 mm
and device lengths of 250, 500, 750, 1000, 1250 mm, respecti-
vely, for each iteration. If, at the selected geometric ratio (dry
channel width), the temperature reached at the outlet of the
cooler ceases to decrease with an increase in the length of the
apparatus, it can be stated that the practical limit of the heat
exchanger according to the IREC technology has been reached
using the selected materials and the selected layout.

Based on the experimental data presented in Figures 3 and
4, it can be concluded that it is preferable to conduct tests for
environmental conditions with increased temperature, when the
need for cooling electronic devices increases. The recommended
minimum temperature level at the inlet to the apparatus can
be taken as 32 °C, because starting from this temperature, the
need for cooling electronic devices increases significantly. It is
important to note that ambient humidity plays a key role in
determining the effectiveness of IREC devices, as it is the ratio
of partial pressures of air at the inlet to the wet channel that is
the key driving force of the evaporation process. Therefore, it
is advisable to clarify the optimal geometry of the apparatus,
taking into account the influence of the humidity of the incoming
air on its characteristics. The recommended minimum humidity
level is proposed to be 40 %. This level of humidity corresponds
to most of the real conditions for cooling electronic devices in
a room (indoor conditions). As can be seen from Fig. 5, the
output relative humidity of the air does not exceed 90 %, which
eliminates the phenomenon of condensation on the surface of
electronic devices and is an additional positive feature of heat
exchangers using IREC technology.

In conclusion, it should be noted that to date there are no
publications in which experimental studies have been carried out
to determine the limits of the cooling capacity of the IREC tech-
nology for electronics. Therefore, further study of this technology
can provide important knowledge both about the fundamental
processes and determine the practical limits of its applicability
for cooling electronics. As part of the next experimental campa-
ign, it is planned to create a more advanced experimental stand
for studying the characteristics of IREC heat exchangers with
different geometries.
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Mozliwosci zastosowania systemu IREC (pracujacego w cyklu M)
do chtodzenia ukfadow elektronicznych

Streszczenie: w artykule przedstawiono prototypowy uktad chtodzenia oparty na koncepciji

cyklu termodynamicznego posredniego regeneracyjnego chtodzenia wyparnego (IREC) do
zastosowan w elektronice. Oméwiono kluczowy problem doboru porowatego materiatu kapilarnego
i przedstawiono wstepne wyniki eksperymentow z wykorzystaniem termografii w podczerwieni.
Przedstawione badania stanowig wstepny krok w kierunku opracowania zweryfikowanego
laboratoryjnie, w petni funkcjonalnego systemu IREC do odprowadzania ciepta w systemach
elektronicznych duzej mocy.

Stowa kluczowe: chtodzenie wyparne, materiaty porowate i kapilarne, wymiana ciepfa i masy, termografia w podczerwieni
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