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Elastocaloric systems, which leverage shape memory alloys (SMAs) to achieve
efficient, eco-friendly thermal management, offer a promising alternative to
conventional air conditioning technologies. This study presents a simulation-
based approach to modeling the effects of moist air and condensation
phenomena within these systems. Here, we examine key factors affecting
SMA performance, including mechanical behavior and the material’s latent
heat characteristics. Moist air, particularly under conditions where temperatures
fall below the dew point, introduces condensation and latent heat release,
which can influence thermal output in elastocaloric systems. This work
develops a comprehensive model that couples the thermomechanical behavior
of SMAs with the thermodynamics of moist air, incorporating condensation
heat transfer, mass balance, and moisture transport. Through simulations,
we quantify the impact of condensation on device level and assess how
ambientmoisture conditions affect overall heat exchange. The findings enhance
our understanding of elastocaloric system performance under real-world
conditions, contributing to the advancement of sustainable and modern
technologies.

KEYWORDS
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1 Introduction

Elastocaloric (EC) materials have received considerable attention from researchers and
industry recently for their potential utilization in air conditioning technologies. These
materials, typically SMAs such as binary Nitinol (Ni-Ti), exhibit a significant temperature
change when subjected to mechanical stress, a phenomenon known as the elastocaloric
effect.This effect is characterized by the absorption or release of latent heat during the stress-
induced phase transformation between austenitic and martensitic phases. The reversible
nature of this solid-state transformation enables the repeated use of ECmaterials in cooling
cycles, positioning them as viable candidates for next-generation technologies. The EC
material’s key features are high material coefficient of performance (COP) and no global
warming potential (GWP) in its use (Frenzel et al., 2015). Thus, the EU Commission and
the US Department of Energy declared this technology as the most promising alternative to
current vapor compression systems in 2016 (VHK and ARMINES, 2016; Goetzler et al.,
2014). This unique material, originally developed for biomedical applications, already
shows promising temperature differences of up to 40 K between hot and cold state,
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which corresponds to an adiabatic temperature change of
around 20 K during loading or unloading (Frenzel et al., 2018).
Elastocalorically optimized materials from early-stage research
demonstrated a material COP of over 30 (Frenzel et al., 2015).

The development of elastocaloric devices has seen significant
advancements since Takeuchi et al. introduced the first
technological demonstrator in 2012 (Cui et al., 2012). Over
the years, various system concepts and architectures have been
realized in demonstration devices. In 2016, Qian et al. introduced
a compression-based system using water as a heat transfer medium
(Qian et al., 2016), while Tusek et al. presented the first regenerative
tensile-loaded elastocaloric system (Tušek et al., 2016). Approaches
utilizing thin metal foils for heat transfer via physical contact
were proposed by Ossmer et al. (2016) and Bruederlin et al.
(2018). That same year, Saarland University developed the first
demonstrator capable of continuously cooling air directly without
an additional heat exchange medium, as part of the German
Research Foundation (DFG) Priority Program SPP 1599 “Ferroic
Cooling” (Welsch et al., 2018a). In 2021, the Fraunhofer group led by
Bartholomé introduced the “Active Elastocaloric Heatpipe” (AEH),
combining compression-loaded elastocaloric materials with the
heatpipe principle for efficient heat transfer (Bachmann et al., 2021;
Ianniciello et al., 2022). More recently, in 2023, the University of
Naples unveiled SUSSTAIN-EL, the first Italian rotary demonstrator
for air conditioning (Borzacchiello et al., 2023; Cirillo et al., 2024).
AndCHECKTEMPERATURE, an electronic cooling device utilizing
bending-loadedNiTiwires (Cirillo et al., 2023).Nonetheless, besides
tension and compression loads, torsion load was investigated as well
by Wang et al., in 2019 using twistocaloric cooling on material-level
by applying torsional load on NiTi wires showing increased cooling
efficiency compared to tension load (Wang et al., 2019). All these
applications of EC system show that there is a high demand in
international research in this topic and underlines the importance
of further investigations.

The development of elastocaloric systems necessitates
comprehensive modeling at both the material and system levels
to optimize performance and efficiency. Material-level modeling
focuses on understanding the thermomechanical behavior of SMAs
including phase transformation kinetics, mechanical hysteresis and
thermodynamics. Accurate models are essential for predicting the
material’s response to cyclic loading and for designing materials
with enhanced properties. In 1985 Achenbach andMüller presented
a material model for SMAs including the thermodynamics on
energy level and the kinetic theory with its microscopic properties
(Achenbach and Müller, 1985). Further optimizations were done
in years 1989 from Achenbach (1989) and 2001 from Müller and
Seelecke (2001) resulting in the Müller, Achenbach and Seelecke
(M-A-S) model, which serves until today as a baseline for material
modeling of SMAs (Ballew and Seelecke, 2019).

System-level modeling, on the other hand, involves the
integration of elastocaloric materials into practical cooling or
heating devices. This includes the design of mechanical parts to
apply and release stress, heat exchangers tomanage heat transfer, and
control systems to regulate the cooling or heating cycle. Numerical
models simulate the performance of the entire system, accounting
for factors such as heat transfer coefficients, system geometry, and
operational parameters (Welsch et al., 2020; Welsch et al., 2018b).

Incorporatingmoisture considerations into EC systemmodeling
is crucial for several reasons. The presence of moisture in the air
can lead to condensation when the temperature in the system drops
below the dew point. The latent heat released during condensation
can impact the thermal dynamics of the system. Neglecting these
effects may lead to inaccuracies in temperature predictions and,
consequently, in the assessment of the system’s cooling capacity.
Incorporating moisture-related latent heat effects into the energy
balance equations ensures a more accurate representation of the
system’s thermodynamics. Modeling moist air properties allows for
the design of more efficient heat exchangers and the optimization
of airflow rates to achieve desired cooling or heating performance.
The significance of this topic plays a role in applications sensitive
to environmental conditions such as in the automotive sector or
in-house air conditioning.

This study presents a first approach to model condensation
effects and implements EC system-level simulations. Current
material and system models do not cover this phenomenon which
motivates a first investigation.

In the first chapter the EC material model is explained. It covers
the basic knowledge as well as in depth explanations on how to
model the thermomechanical behavior of the EC material. This
includes stress-strain relationship, latent heats, kinetics, and heat
transfer mechanisms. In the following chapter the EC system-level
model is explained followed by the Moist Air Model. This chapter
is the focus of this study as it explains in detail which physics and
mechanisms need to be covered in order to implement moist air
effects into the model. Finally, the chapter Results and Discussion
will show the simulations results, interpreting and discussing the
presented figures. At the endThe Summary andOutlook sectionwill
present an evaluation of the model, highlighting its strengths and
limitations, along with recommendations for specific areas where
further work is required.

2 Elastocaloric material model

This section describes the EC material model, which is
characterized by its unique hysteretic mechanical response,
considered quasi-elastic. The transformation between austenite
and martensite phases occurs at different stress levels, with the
gap between these stress levels defining the hysteresis width. The
model also incorporates the material’s thermal response. During
the austenite-to-martensite (A-M) transformation, latent heat
is generated, causing the material to heat up, while the reverse
martensite-to-austenite transformation (M-A) absorbs heat from
the environment, leading to cooling. The model integrates these
thermo-mechanical phenomena through a coupling mechanism.

2.1 Stress-strain relationship

For the EC material a constitutive equation is needed to provide
the stress-strain relationship. Some assumptions are set. For a
material that is a mixture of martensite and austenite, the total
macroscopic strain ε can be expressed as the combined average strain
contributions from each phase εi along with their respective volume
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fractions xi (Equation 1):

ε = εAxA + εMxM (1)

with the condition 1 = xA + xM. The average strains or the phase
strains are given by:

εA(σ) =
σ
EA
; εM(σ) =

σ
EM
+ εtr (2)

with the elastic moduli EA and EM and the transformation strain
εtr. Solving Equation 2 for stress σ yields:

σ(ε) =
ε− εtrxM
xA
EA
+ xM

EM

(3)

Equation 3 is the stress-strain relation for the used model which
functions as a simple mixture-type constitutive equation.

Additionally, the effective elastic modulus Ee f f can be related
to the combination of the individual moduli, weighted by their
respective volume fractions (Equation 4):

1
Ee f f
=
xA
EA
+
xM
EM

(4)

The effective elasticmoduluswill play a significant rolemodeling
inner loops to account for an elastic unloading process in a mixed
austenite/martensite phase state.

Experiments can be made to extract the parameters for
the temperature dependency to feed the model. A standard
isothermal tension load experiment can be repeated at different
ambient temperatures. This way we can derive change in the
transformation stress as a function of the temperature. Usually this
is followed by a linearization since the working parameters are
in the range of −20°C–80°C in extreme scenarios, in which the
temperature dependency is almost linear (Schmidt et al., 2016). For
common binary Nitinol alloys the temperature dependency of the
transformation stress is around 7MPa/K. The parameter is derived
from the incremental increase of the transformation stress dσa
divided by the incremental increase in temperature dT (Equation 5):

dσa
dT
=
dσm
dT
= dσ
dT

(5)

There can be a disparity between the temperature dependency of
the AM transformation and the MA transformation. In this model
for simplicity, we set them to be equal. For a given temperature we
can use Equation 6 to describe the transformation stress:

σa(T) = σa,re f +
dσ
dT
(T−Tre f) (6)

with the reference parameter of the transformation stress σa,re f of the
experiment at a given temperature Tre f . This relationship holds true
for the reversed transformation from martensite to austenite as well
(Equation 7):

σm(T) = σm,re f +
dσ
dT
(T−Tre f) (7)

with the hysteresis width ∆σ (Equation 8):

∆σ = σa(T) − σm(T) = σa,re f − σm,re f (8)

Here an assumption has been made to keep the temperature
dependency of the austenite and martensite phase to be
constant and equal.

2.2 Latent heat

Thevalue of the latent heat released and absorbed by thematerial
is commonly determined by either Differential Scanning Calometry
(DSC) or Infrared Camera experiments (IR) (Louia et al., 2023).
For simplicity we assume a constant latent heat of H = 15.6 J/g for
both forward and reverse phase transformations in the model for
the given EC material.

The latent heat H is a crucial material parameter. Nonetheless
different strain rates in experiments do not release or absorb the
same amount of energy. Experiments showed that the change in
temperature of the material depends on the strain rate in a way that
there is an adiabatic limit for a givenmaterial.Thismeans an increase
of the strain rate over that limit results in no further temperature
increase. For an efficient ECmaterial usage that adiabatic limit must
be derived through experiments. Converting that information into
the model requires the change in temperature to be dependent on
the transformation rate ẋM multiplied by H (Equation 9):

∂T
∂t
∼

∂xM
∂t

H (9)

2.3 Kinetics

The transformation probability for the transformation between
the two phases austenite and martensite seeks a lot of attention.

In this study we consider the Helmholtz Free Energy (HFE) ψ
as a key factor to derive transition probabilities. The HFE is directly
connected to the stress value as shown in Equation 10:

dψ
dε
= σ(ε) (10)

Further the Gibbs Free Energy (GFE) g considers the actual
stress and strain level (Equation 11):

g = ψ− σε (11)

Applying stress to the material will change the energy minimum
of the martensite phase and thus the relative energy difference
of the minima. At a certain stress level, the transformation stress
σa, the minimum of the martensite energy branch reaches a level
the materials driving force triggers the phase transformation. The
higher the difference between the minima of the austenite and
the martensite phase, the higher the probability of transforming.
Additionally, the temperature dependency is modelled in way that
it changes the initial minimum of the stress-free austenite phase,
reaching lower values at high temperatures (more stable phase) and
higher values at lower temperatures (less stable phase). Combining
those effects will lead to a probability function:

pαβ = 1
τ
e
−ΔGαβ(σ,T)VA

kBT (12)

where τ and VA are the thermal activation parameters, the sampling
frequency and the activation volume respectively, ΔGαβ the energy
difference between minimum energy and neighboring inflection
point energy and kB the Boltzmann constant. The variables αβ in
Equation 12 indexing the A-M transformation (α = A;β =M) or
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the M-A transformation (α =M;β = A). The detailed calculation of
energy landscapes can be read in (Ballew and Seelecke, 2019).

To determine the kinetics or the transformation rate of a given
transformation, we combine the thermally activated probability
function with the actual volume fractions of the phases in
Equations 13, 14:

∂xA
∂t
= −xA·p

AM + (1− xA)·p
MA (13)

∂xM
∂t
= −xM·pMA + (1− xM)·pAM (14)

2.4 Heat transfer

The phase transformation between austenite and martensite
causes the material to release or absorb latent heat. This process
generates a temperature change in the material, which must be
effectively transferred to the surrounding air or fluid medium. To
model energy transfer mechanisms, we focus on the convective
heat transfer. The rate of heat transfer by convection depends
on the convective heat transfer coefficient h. This coefficient is
determined by the flow characteristics of the fluid around the
surface of the EC material. The coefficient h is influenced by fluid
properties (thermal conductivity, viscosity, specific heat), fluid flow
velocity (laminar, turbulent) and the surface geometry. The general
equation for convective heat transfer from a surface to a fluid
is given by Equation 15:

Q̇conv = hA(T−Tenv) (15)

where Tenv is the temperature of the sourrounding fluid.
To calculate h, we use dimensionless parameters like the

Reynolds number Re, Prandtl number Pr, and Nusselt number
Nu along with the Churchill-Bernstein equation. The Churchill-
Bernstein equation is a widely used empirical correlation for the
Nusselt number for a cylinder in crossflow, but it can be adapted for
other geometries (Equation 16):

Nu = 0.3+ 0.62Re0.5Pr0.33

(1+ ( 0.4
Pr
)0.66)

0.25 (1+(
Re

282000
)
0.625
)
0.8

(16)

The convective heat transfer coefficient is calculated by:

h = Nuk
L

(17)

where L is the characterisitc length and k the thermal conductivity
of the fluid in Equation 17.

All thermal effects combined into one set of differential
equations results in the following:

ρc∂T
∂t
= ∂
∂x
(k∂T

∂x
)− hA

V
(T−Tenv) +

∂xM
∂t

H (18)

In Equation 18 the heat conduction with the thermal
conductivity k can be neglected considering a homogeneous
transformation behaviour of the ECmaterial.The equation accounts
for heat loss to the environment due to convection and latent heat
generated or absorbed according to the kinetics.

3 Elastocaloric system simulation

The transition from modeling elastocaloric materials to
simulating a complete elastocaloric system involves the integration
of additional physical phenomena beyond the material’s intrinsic
thermomechanical behavior. In particular, airflow dynamics play
a crucial role in the overall system performance, as the air acts as
a heat transfer medium between the elastocaloric material and its
surroundings. To accurately capture this interaction, an additional
set of governing equations is required to model the energy andmass
transfer within the airflow. System-level simulations incorporate
an air energy balance that accounts for heat conduction, advection
and convection effects. The temperature evolution of the air Tair is
governed by an energy balance of the form:

ρaircair
∂Tair

∂t
= ∂
∂x
(kair

∂Tair

∂x
)− ρaircairvair

∂Tair

∂x
− hA

V
(Tair −TEC)

(19)

where ρair is the density of the air, cair is its specific heat capacity, kair
is its thermal conductivity, vair represents the air velocity and TEC
the temperature of the EC material for heat transfer in Equation 19.

To numerically solve the coupled energy equations of the
elastocaloric system, it is necessary to discretize the continuous
partial differential equations (PDEs) in both space and time.
Discretization transforms the continuous temperature, velocity, and
moisture fields into values at discrete points (nodes) within a
computational grid. Common techniques for spatial discretization
include the finite difference method (FDM), finite element method
(FEM), or finite volume method (FVM). Temporal discretization
is achieved using explicit or implicit time-stepping schemes. For
instance, the temperature gradient ∂2T

∂x2
in the conduction term is

approximated using central difference schemes, while the advection
term ∂T

∂x
often employs upwind differencing to maintain numerical

stability. This approach enables the efficient simulation of transient
heat transfer phenomena, allowing for a detailed analysis of air-
material interactions and overall system performance (Patankar,
2018). Welsch et al. (Welsch et al., 2018b) explaining in detail, how
the discretization is applied, and the vectorization is handled to
accurately model fluid dynamics in the EC system-level simulation.

Solving Equations 18, 19 simultaneously results in the
overall EC system temperature distribution covering latent heats
from the EC material and heat transfer interactions with the
surrounding fluid. Figure 1 gives a schematic overview of the
simulation results including discretization and energy balance of
the air. It is a two-dimensional representation of the cross section of
the EC system, however the calculations are based on the 1Dmodel.
With this EC system model, it is possible to perform parameter
sweeps such as different fluid flow rates, varying rotation frequencies
or changing the number of bundles in the system to optimize the
output parameters of interest, namely, thermal powers or system
COP. For example, if the fluid velocity or the rotation frequency is set
too high, there is not enough time for the heat transfer to interchange
temperatures resulting in a lower efficiency of the system. This
optimization tool helps to find the best possible combinations of
input parameters for given circumstances.

This study will use the well-established EC system model
to perform the simulations. A schematic machine design
is shown in Figure 2. Nonetheless, another coexisting model will
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FIGURE 1
Schematic cross section of the temperature distribution on the
fluid ducts (Welsch et al., 2018b).

FIGURE 2
Schematic view of the mechanical framework for the elastocaloric
device. For clarity, only eight SMA elements are shown and only one
rotating disk without body is illustrated (Kirsch et al., 2017)

be implemented to cover the moist air effects and will be explained
in the next section.

4 Moist air model

Moist air plays a significant role in the thermodynamic behavior
of EC devices, particularly due to condensation phenomena and the
release of latent heat. Understanding the fundamental properties of
moist air is essential to accurately model the interaction between air,
water vapor, and the ECmaterial. This section provides an overview
of key concepts such as the Mollier diagram, dew point temperature
and latent heat of condensation, followed by a discussion on

how these concepts can be incorporated into EC system-level
simulations.

4.1 Fundamental properties

Moist air is a mixture of dry air and water vapor. The
thermodynamic properties of this mixture are crucial for predicting
condensation and latent heat release in elastocaloric systems.

TheMollier diagram (h1+x diagram) is a graphical representation
of the thermodynamic properties of moist air (Figure 3). It provides
relationships between the following important parameters:

• Enthalpy (h): Total heat content of the air-water vapor
mixture (kJ/kg).

• Humidity ratio (x): Mass of water vapor per unit mass of dry
air (kg/kg).

• Dew Point Temperature (Tk): The temperature at which air
becomes fully saturated, leading to condensation.

The Mollier diagram allows users to visualize how the enthalpy
and humidity of air change as it cools or heats. When the air cools at
constant humidity, it eventually reaches its dew point, where water
vapor begins to condense.This condensation releases latent heat into
the system.

4.2 Latent heat of condensation

When air cools below the dew point, water vapor condenses,
releasing latent heat of condensation (LW). This energy exchange
is critical in elastocaloric systems where phase transitions and heat
exchange with the environment occur. The released energy is given
by Equation 20:

Qcond = LWΔmv (20)

where Δmv =mcond is the change of mass of water vapor or the mass
of condensed water vapor.The release of latent heat increases the air
temperature, altering the overall energy balance of the system. For
simplicity we set LW = 2500 J/kg despite the value changes with the
temperature (Koutsoyiannis, 2012).

The dew point temperature is directly related to the partial
vapor pressure of water Pv. The partial vapor pressure can be
calculated with the absolute humidity φabs in relation to the
vapor saturation concentration φmax. The saturation vapor pressure
Psat can be approximated using Clausius-Clapeyron equation or
empirical Magnus-type equation (Equation 21):

Psat(T) = 610.9 exp(
17.625T
243.04+T

) (21)

with T in °C and Psat(T) in Pa (Alduchov and Eskridge, 1996). As air
cools to Tk, the water vapor pressure equals the saturation pressure,
initiating condensation.

To quantify the mass of water vapor that condenses when the air
temperature drops below the dew point, a mass balance approach is
used. The key objective is to compute the amount of water vapor
Δmv that transitions from the vapor phase to the liquid phase as
a result of the temperature reduction. The calculation compares
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FIGURE 3
The Mollier diagram - specific enthalpy h1+x over humidity x; temperature in °C (red), relative humidity in % (blue) and density in m3/kg (green).

the saturation pressure Psat(T) with the current vapor pressure Pv.
When the air temperature decreases below the dew point, the new
saturation vapor pressure becomes lower than the current vapor
pressure, causing condensation.The condensed mass of water vapor
Δmv is calculated as by Equation 22:

Δmv =
Pv − Psat(T)

RvT
V = (φabs −φmax)V (22)

with V the given volume and Rv the specific gas constant for
water vapor (Rv = 461.5 J/kgK). This approach allows for the direct
calculation of condensed water vapor, which can then be used in
the energy balance to account for the latent heat release associated
with condensation. This fits the discretization process made for
the EC system-level simulation using V as the volume for a given
mesh element to simultaniously and accurately align condensation
calculationwith the vectorization.This ensures both high spatial and
time resolution results for humidity in the system.

4.3 Condensation types in the EC system

Themoist air in the system can condense in different ways.

• in the air and thus fog formation
• at the chamber walls (inner and outer)
• directly on the EC material

Since the temperature must fall below the dew point, this
phenomenon will only occur in the cold chamber of the EC system,

which contains the cold EC material after unloading with a lower
temperature than the surrounding air due to the heat transfer
mechanism. This directly can lead to the assumption water droplets
can form on the surface of the EC material. Model implementation
wise, this means an effective heat transfer coefficient he f f can be
used to account for the additional local parts the heat needs to
be transported from the material through the water and then to
the air. On top of this a certain coupling with the energy balance
of the EC material needs to be done because the latent heat of
condensation directly impacts the temperature of the EC material.
To account for local differences in heat transfer due to the water
droplets or water film formations, a possible method to calculate the
effective heat transfer coefficient in this scenario could be a function
to connect the value of condensed mass of water to a “loss term”
which affects the actual heat transfer coefficient of the material as
follows: he f f = f(mcond)∗h. Nonetheless, in this dynamic system, it
remains to be observedwhether the effective heat transfer coefficient
will significantly influence the air temperature.

Condensation as fog formation releases the latent heat directly
into the air leading to a ΔT. This can be implemented by changing
the energy balance of the air the way that an additional term is added
to account for the latent heat of the condensation upon temperature
drops below dew point.

It is less likely that the water vapor will condense at the chamber
walls because it is usually built out of an isolating material to
minimize the heat loss from the chamber to its surroundings.

In sum, fog formation and water droplet or water film formation
are both dominant mechanisms occurring in the system, which are
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yet in need of an experimental investigation. Possible water droplet
or water film formations on the surface of the EC material and their
transport in system can be avoided by implementing a brush system
or air pulse blow system in the transition zones between the hot and
cold sections of the real-life device.

The condensation of water as fog formation is themain objective
of interest in this study and will be implemented and further
explained in the next section.

4.4 Implementation in the EC system
simulations

To integrate the effects of moist air into EC system-level
simulations, the following thermodynamic principles are modified
and applied in Equations 23-25.

1. Addition of q̇cond in the energy balance of air:

ρc∂T
∂t
= q̇con + q̇adv + q̇conv + q̇cond (23)

2. Condensation criteria; if T < Tk:

mv
t+1 =mv

t −mcond ; Qcond = LWmcond (24)

3. Moisture transport:

∂mv

∂t
= ∂
∂x
(Dv

∂mv

∂x
)− ρcv

∂mv

∂x
−
∂mcond

∂t
(25)

with the diffusion coefficient of water vapor Dv.
The addition of q̇cond accounts for the additional latent heat of

condensation if temperatures fall below the dew point related to the
condensation criteria.

5 Results and Discussion

This chapter presents the key results of this study and interprets
their significance within the context of the research objectives.
5.1 outlines the simulation results obtained from the moist air
model, while Section 5.2 provides a critical analysis of these results,
highlighting their novelty and limitations.

5.1 Simulation results

While a whole parameter sweep was done, this study presents
specific parameter combinations of interest. Given that a relative
humidity (RH) of 30% at room temperature (20°C) needs
a temperature decrease of around 18°C to be saturated and
considering condensation, presented results in this chapter are not

TABLE 1 Environmental condition combinations of interest.

T[°C] RH [%] φabs [g/m
3] φmax [g/m

3] Tdew [°C]

15 60 7.7 12.8 7.3

15 80 10.3 12.8 11.6

7 60 4.6 7.7 −0.2

7 80 6.2 7.7 3.8

−7 60 1.8 3.0 −12.7

−7 80 2.4 3.0 −9.5

focused on covering the whole parameter loops, rather than looking
at specific scenarios.

In oceanic-continental climate regions relative humidities
between 60% and 80% are common while temperatures may vary
from around −10°C (winter) up to 30°C (summer). In this study
we will cover condition combinations which seem most critical
for condensation phenomena to occur as well as combinations to
account for a certain critical winter case and summer case.

Table 1 shows the points of interest for a cold region including
the dew point temperatures Tdew along with the absolute and
maximum humidity for the given condition. As an example: for the
first parameter combination a temperature drop from 15°C to 7.3°C
decreases the vapor saturation pressure equal to the actual vapor
pressure initiating condensation. A further decrease in temperature
leads to a higher amount of condensed water vapor covered in the
simulation releasing the respective amount of energy due to the
latent heat of condensation.

As a reference EC system, we use the system-level framework
presented in (Welsch et al., 2018b). It is the well-known rotatory
system with equidistant bundles of EC wires aligned in the
fluid chambers. For the material-level simulation a single crystal
model was used, and the heat transfer medium is air. Specific
material parameters can be read in (Welsch et al., 2020). Reported
transformation stress values of ∼542 MPa and ∼423 MPa for
σa and σm at room temperature respectively, motivates further
investigations and optimizations made for materials used in EC
devices to reduce the overall stress levels and lowering material
hysteresis. A constant latent heat (15.6 J/g) for both forward and
reversed phase transformation is chosen as an average value for
simplicity and computing time reasons. This results in a small
error regarding the material output. The model is implemented in
MATLAB and solved by a standard ode113 solver. The following
system parameters were applied:

As a mid-sized EC device this set of parameters a capable of
producing a temperature difference of ∆T ≈ 6K (simulation-based)
on either side of the system (hot outlet and cold outlet) while
keeping, with a moderate mass of EC material used, the mechanical
input relatively low. Exact values for thermal and mechanical power
are not in the focus of this study and thus not explicitly mentioned.
The temperature difference in each mesh element of the system
seeks the attention, because the value is the key factor for the
condensation criteria.
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FIGURE 4
Schematic overview of the EC system cross section.

TABLE 2 EC system-level simulation parameters.

Parameter Value Description

D [mm] 340 System diameter

nB [-] 12 Number of bundles

nW [-] 30 Number of wires per bundle

 mEC [kg] 0.0357 Mass of EC material

lW [m] 0.5 Wire length

dW [µm] 200 Wire diameter

εmax [%] 5 Maximum strain

 V̇ [L/min] 1,000 Flow rate main chambers

f [1/s] 0.5 Rotation frequency

To directly match the localization of moist air simulation results
with the EC system Figure 4 visualizes the EC system cross section
of the parameters shown in Table 2:

In Figure 4 black arrows indicating air flow direction, big dots
indicating bundle location and color scaling indicating temperature
distribution (qualitative). The system rotates clockwise and thus
operates in counter-flow mode. Top right is the outlet of the warm
side, bottom right the inlet of the warm side, top left the inlet of the
cold side and bottom left the outlet of the cold side. Between both top
and bottom inlets and outlets is the transition zone between warm
and cold side. In these transition zones the material is mechanically
loaded andunloaded indicated by the black line.Themodel accounts
for overflow/mixing between the warm and cold sides to better
represent a real-life EC system in operation. The total incoming
volume flow is divided, with 83.33% directed to the main chambers
and 16.66% to the transition zones. Consequently, the volume flow

FIGURE 5
Simulation results; RH = 80% and Tin = 15°C.

TABLE 3 Moist air stream and condensate generation rate.

T[°C] RH [%] Ṁmoist [g/h] Ṁcond [g/h]

15 60 693 39.5

15 80 927 451.1

7 60 414 20.9

7 80 558 425.3

−7 60 162 7.8

−7 80 216 363.0

rates in the transition zones equal 20%of themain chamber’s volume
flow rates.

The moist air simulations follow the numerical calculations as
described in the previous chapters. Figure 5 shows the moist air
transport in this specific EC system at an environmental temperature
of 15°C and a relative humidity of 80%:

The results show that the temperature drop in the cold chamber
triggers the condensation as expected. Once the temperature drops
below the dew point temperature, condensation criteria is met.

Transported mass of water vapor plays a significant role when it
comes to quantifying the effect of condensation. Table 3 summarizes
the results for the given parameter sweep in Table 1 regarding moist
air stream Ṁmoist and condensate generation rate Ṁcond.

The moist air stream represents how much water vapor will
be transported throughout the system over time. This value is
highly sensitive to the volume flow rate of the EC system since
it directly affects heat transfer, temperature difference and moist
air transport velocity. The condensation generation rate Ṁcond
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FIGURE 6
Comparison dry air vs moist air: temperature distribution over time for
the given EC system; RH = 90% and Tin = 30°C with (A) V̇ = 1000 l/min
and (B) V̇ = 500 l/min.

is the calculated condensed mass of water vapor over time in
presented system.

Not only is the moist air transport important, but the actual
temperature distribution is also a parameter of interest as well. By
comparing simulation results of the same parameter combinations
with completely dry air vs moist air, we assess the importance of
the consideration of moist air effects in EC system-level models.
As an example, the same operating parameters were applied, but
the temperature of the environment is set to 30°C to account
for a warmer region. Increasing the temperature from 15°C to
30°C nets a higher saturation pressure of water vapor (following
Equation 21) and thus a higher absolute humidity if the relative
humidity remains constant. This means the air can hold more water
vapor in the gas phase exponentially. Cooling down this warm air
by the same amount of ∆T, the more water vapor will condense,
resulting in a higher amount of released heat. This way we can
highlight the actual difference in system performance regarding
cold output with the moist air model. The temperature difference
between dry air and moist air for the inlet temperature of 30°C
is shown in Figure 6. Important note: the machine is already in
steady state.Thus, shown results represent one rotation of the system
in steady state.

Figure 6A follows the same operating parameters as Table 2 at
higher temperature. The results show the expected heat transfer
between EC material and fluid. However, comparing dry air vs.
moist air temperature distribution, a certain difference can be
observed, which implies that the condensation in that area occurred
and released its latent heat to increase the temperature of the
air. The temperature of the could output changes from Tdry

out,cold ≈
24.8°C to Tmoist

out,cold ≈ 25.3°C reducing the cold output by a factor of
∼ 0.90. In addition Figure 6B shows same results with a decrease
in fluid flow rate (V̇ = 500 l/min) to increase the overall ∆T of
the system by increasing the time to transfer the heat between
the EC material and air. The temperature distribution shows a
less decaying heat transfer but a slight increase in temperature
output of the system. This results in a higher gap between dry and
moist air since the increased temperature drop is the reason to
condense more mass of water vapor. In this case the temperature of
the cold output changes from Tdry

out,cold ≈ 22.5°C to Tmoist
out,cold ≈ 24.2°C

reducing the cold output by a factor of ∼ 0.77. To visualize the
temperature drops and resulting condensed mass of water vapor,
the two cases shown in Figure 6 are added to the Mollier diagram
as follows.

In Figure 7 path 1–2-3 shows how a temperature drop of ∆T =
5.2K. The thermodynamics of the moist air does not directly follow
the path, indicated by the dashed black lines entering the fog region.
Instead, the air reached point three by following the saturation line
(100% RH) once the vertical temperature drop intersects with the
saturation line. The reduction in humidity ratio x of point 1 and
3 equals the actual condensed mass of water vapor for the given
temperature drop. The second path 1–2′-3′ shows similar scenario
with a temperature drop of ∆T = 7.7K with higher difference on
humidity ratio before and after the temperature drop (1–3′). This
aligns with the temperature differences shown in Figure 6 due
to the increased mass of water vapor condensing with a bigger
temperature drop.

Figure 8 provides a general overview of the impact of
moist air under different ambient conditions, illustrating
the expected energy loss with respect to the system’s
temperature output in the cold chamber compared to
dry air. Ambient temperatures of 15°C and 30°C were
selected, with relative humidity levels ranging from
50% to 100%:

The key difference between the two selected ambient
temperatures is the absolute humidity at a given relative humidity
value. As expected, we see an increase in temperature loss for the
30°C ambient temperature due to a higher value of condensed
mass of water, which leads to greater latent heat release from
the condensation mechanism. For both scenarios we see the
condensation phenomenon to have a considerable effect on the
system starting between 70% and 80% relative humidity, reducing
the efficiency by a factor of up to ∼0.89 and ∼0.79 at 100% RH (fully
saturated moist air in the inlets) for 15°C and 30°C respectively.
Since the system’s thermal power is directly correlated with the
temperature difference between inlets and outlets of the system,
those values are expected to show similar trends. The volume flow
rate was set to 1000 l/min. The results demonstrate the impact of
different ambient conditions on the EC system on heat loss and thus
thermal power output.
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FIGURE 7
Simulation results shown in the Mollier diagram - connections 1-2-3 and 1–2′-3′ represent the two different scenarios.

FIGURE 8
The effects of different ambient conditions on the thermal output of
the system: 15°C (blue) and 30°C (red) at different relative
humidity levels.

5.2 Discussion

The simulations reveal significant insights into the moist air
dynamics. This section discusses these results considering moist air
transport and condensation in the EC system.

Both the inlet for the air in the warm chamber at an angle
of 175° and the inlet for the air in the cold chamber at an angle
of 355° have the input parameters of Table 1. Following the air
flow of the warm chamber from an angle of 175°–5°, we see a
steady decrease in relative humidity which is connected to the
increasing temperature of air due to the heat transfer from the
incoming loaded EC material releasing its latent heat. This means
we see an increase in temperature along with a decrease of relative
humidity. The absolute humidity φabs remains constant because
no condensation occurs in this chamber. The heated-up air in
the outlet is considered dry due to the low relative humidity.
In contrast to the warm chamber, the cold chamber does reveal
more interesting results. With the air incoming at an angle of 355°
the moist air steadily increases in relative humidity because the
incoming unloaded EC material at the angle of 185° absorbs heat
from the environment, resulting in a temperature decrease of the
air. In the simulation for incoming air with a relative humidity of
80% at 15°C, we see that the condensation is triggered shortly before
the air reaches the outlet of the cold chamber. The combination
of multiple factors influences both temperature and water vapor
content in these mesh elements. The constant air flow transports
moisture and is responsible for the temperature gradient in the
chamber. In each element containing the EC material a certain heat
exchange directly happens which decreases the temperature of the
moving air. This results in a step wise temperature decrease passing
bundle per bundle. Thus, the relative humidity in the cold chamber
shows similar trend due to the direct connection to temperature.
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The moment the vapor saturation is reached, condensation criteria
is met and the latent heat of condensation additionally affects the
surrounding air temperature. This phenomenon is accounted for as
described by Equation 23. Relative humidity values above 100% only
represent the difference in current humidity andmaximum possible
humidity (Equation 21) to calculate how much mass of water vapor
condenses. A direct drop of current humidity due to condensation is
not present in the results because the air flow constantly transports
water vapor between mesh elements (Equation 25). The outcoming
moist air of the cold chamber is mostly saturated, which is an
important criterion for specific applications. The air then mixes
with the concurrent air present on the application, increasing the
overall humidity.

With the results shown condensationwill likely occur for specific
environmental conditions. Nonetheless Table 3 summarizes how
much water vapor is transported over time. This includes the
moist air stream solely from the air velocity and transportation
of water vapor, and the condensation generation rate covering
the condensed mass of water vapor over time. The sum of
both values results in the overall moist air stream coming out
of the EC system. Comparing these results with the moist air
stream of around 500g/h of a standard air conditioner with
similar performance, the results show promising accuracy of the
model. Gravitational effects were intentionally neglected in this
study. Given the used airflow velocities of 500–1,000 l/min, the
air transport terms in the energy balance are significantly more
dominant than any gravitational influence on moist air movement
or transport. For gravitational effects to have a meaningful impact
relative to the air velocity, the airflow would need to be reduced
to levels so low that no EC system could operate efficiently or
effectively.

The temperature analysis reveals important and interesting
results. Looking specifically at the warm region case to exploit
higher absolute humidity shows significant differences between
dry air and moist air in the model. As the cold side is capable
of cooling down the air below dew point, the latent heat of
condensation is responsible for the change in temperature outputs
of the cold outlet. The results show the significance of the
moist air model pointing out that considering moist air effects
will change EC system-level designs to account for condensation
phenomena.

Moist air physics includes both condensation and evaporation
mechanisms. While this study focused on the condensation part,
evaporation was not included in the model.

6 Summary and outlook

This study presents a model to account for moist air dynamics
for EC systems based on mass balance and condensation
criteria. While the model has not yet been validated with
experimental data, it helps to address discrepancies between
experimental results and simulations from existing system-
level models that neglect moist air effects. Every real-life
system is exposed to environmental conditions even if they are
less present in specific scenarios.

The primary goal of this work is to characterize and
model moist air dynamics and condensation effects. A deeper
optimization of both material-level and system-level models was
not done. The results serve as a baseline for future EC device
development, particularly for replacing less efficient and outdated
technologies.

Applications sensitive to changing environmental conditions
require a deeper understanding of how temperature or humidity
affects the system. Future work should focus on validating the
model using controlled experiments to refine parameters and
ensure alignment with experimental data. These experiments
should carefully control humidity and temperature and incorporate
detailed observations of condensation phenomena, such as water
droplets and layers, to capture localized heat transfer variations
accurately. Further parameter studies will be done to account for
the sensitivity of the system to fluid flow rate, relative humidities
and temperature of incoming air. Furthermore, a deeper analysis
of winter cases (−10°C–10°C) and summer cases (25°C–45°C)
will be done to cover a broad spectrum of possible application
scenarios.

The material used for this simulative study is currently
the only EC material available in large quantities for building
devices. With the high transformation stress levels in this
tension case, it is not expected to show sufficient lifetime cycles.
Partial loading, rather than full transformation, could help
to extend the material’s lifetime. However, the drawback is a
reduced latent heat output. Future studies should also focus
on comparing new materials, particularly those optimized for
EC applications. Additionally, experimental characterization
should be performed to extract key parameters for the
simulations.
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