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Abstract
The development of an innovative and highly efficient heat exchanger (HE) solution for gas–gas heat recovery is one of the 
major objectives of the HYDROSOL-beyond project which aims at enhancing the process efficiency for producing hydrogen 
from water dissociation with concentrated sunlight. Because of the very high temperature level of the process (up to 1400 °C), 
an innovative ceramic HE design was proposed with an integrated lattice structure, as secondary surface, to maximize the 
heat transfer. To assist the design of the HE, a multiscale approach was adopted: a 1D model based on global correlations 
was developed and a 3D computational fluid dynamics model of the secondary surfaces were generated. The former was 
applied to assess the performance of the entire HE; while, the latter was exploited to study in detail the thermo-fluid dynam-
ics behavior of a HE core element and to provide the global correlations to be integrated into the 1D model. In this work, 
the effect of several parameters and operating conditions, namely, number of channels, number of lattice layers located into 
each channel, solid material exploited for the HE structure, parting plates thickness, heat transfer fluid velocity, radiation 
heat transfer and solid material emissivity, on the HE effectiveness are reported and accurately described. Furthermore, based 
upon the results obtained, guidelines on the HE design to maximize its performance are also provided.

Nomenclature

Acronyms
CFD  Computational fluid dynamics
HE  Heat exchanger
HTF  Heat transfer fluid
LMTD  Logarithmic mean temperature difference

Subscripts
C  Low-temperature HTF
H  High-temperature HTF
IN  Inlet
L  Longitudinal
OUT  Outlet
ref  Reference
T  Transversal
tot  Total
W  Wall

Symbology
C  Convective heat transfer coefficient (W  m−2  K−1)
ηo  Global efficiency (-)
f  Friction factor (-)
ρ  Density (kg/m3)
�   Emissivity (-)
h  Enthalpy (kJ/kg)
kt  Thermal conductivity (W  m−1  K−1)
L  Length (m)
p  Pressure (Pa)
Q̇   Rate of heat flow (W)
R  Gas constant (J  kg−1  K−1)
Re  Reynolds number (-)
SL  Longitudinal cross-section  (m2)
St  Total surface heat transfer area  (m2)
T  Temperature (K)
U  Overall heat transfer coefficient (W  m−2  K−1)
�   Channel thermal performance (-)
w   Velocity (m/s)
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1 Introduction

To successfully proceed along the energy transition path from 
a fossil fuel based economy to a clean energy based economy, 
solar energy will play a paramount role. However, to reliably 
exploit this energy source, technical challenges, due to its 
intrinsic intermittent availability, have to be tackled. A pos-
sible solution could be the conversion of solar energy into an 
energy carrier such as hydrogen  (H2). To this purpose, the 
EU-funded HYDROSOL-beyond project [1], the last of a 
twenty-years HYDROSOL projects history, is an ambitious 
scientific endeavor which aims at addressing the major chal-
lenges, identified during the previous projects, to further boost 
the process efficiency of  H2 production from water dissocia-
tion through reversible reduction–oxidation (redox) thermo-
chemical reactions and concentrated solar energy [2]. In this 
process, a temperature level of about 1400 °C is reached dur-
ing the metal oxide reduction step in the receiver/reactor. For 
a proper execution of this step, a large amount of nitrogen  (N2) 
gas flow is required to purge the reactor. Since the  N2 gas flow 
leaving the receiver is at very high temperature, recovering as 
much thermal energy as possible will remarkably increase the 
performance of the whole process. For this reason, one of the 
major objectives of HYDROSOL-beyond project is the design 
and development of an innovative and highly efficient solu-
tion for gas–gas heat recovery system operating at very high 
temperature levels (> 1000 °C). The present study describes 
the developed strategy and tools to preliminarily design this 
component by evaluating its performance for different geo-
metrical configurations and materials. From the analyses of 
the results, general considerations valid for compact high 
efficiency HE are derived and reported showing how some 
commonly employed modeling simplifications can lead to 
incorrect predictions for this kind of configurations.

2  Gas–gas heat exchanger design

Gas–gas heat exchangers (HE) are devices devoted to trans-
fer heat between two or more gaseous fluids at different 
temperatures. According to literature, plate-fin HE is the 

common solution for gas–gas applications [3]. As schemati-
cally represented in Fig. 1, plate-fin HEs are constituted by a 
stack of several layers, separated by parting sheets, through 
which the two gaseous streams flow alternatively in counter- 
or cross-flow arrangements. An additional structure, called 
fin or secondary surface, is integrated between the parting 
sheets with the twofold aim of enhancing the heat trans-
fer and providing mechanical support to the HE structure. 
Plate-fin HEs can provide a very large specific surface area 
(up to about 6′000 1/m) translating into a remarkably high 
effectiveness even up to 95% or above [3]. However, it is 
worth mentioning that, plate-fin HE exploitation is limited 
to applications involving clean flow streams, i.e., without 
impurities, due to the small channels passages and the con-
sequent difficult cleaning process. Moreover, depending on 
the HE frontal area dimensions (generally high) flow mis-
distribution might be an issue.

Despite shell-and-tube HEs can be considered as the most 
common industrial HE technology, the increased demand of 
compact and effective HEs, in the case of gas–gas applica-
tions especially (e.g., gas turbines recuperators for power 
and/or propulsion applications), led to the development of 
plate, and plate and fin, HE technology [4, 5].

Several studies can be found in the literature dealing with 
the topic of plate-fin heat exchanger form a very broad range: 
design, numerical characterization, materials, experiments, 
performance evaluation, heat transfer enhancement and so 
on [6–8]. However, among all these contributions, some of 
them were found to be particularly aligned with the specific 
topic of this work. In detail, the thermomechanical design 
of a SiC plate-fin HE, to be integrated in an externally fired 
combined cycle process, was presented in [9]. Based upon 
the forecasted HE duty cycle of 10.2  MWth, with a tem-
perature range between 700 °C and 1250 °C and a pressure 
ratio of 14, a 4 ton HE, constituted by 8 parallel blocks of 
1 m × 1 m × 0.53 m (length x width x height), was proposed. 
Furthermore, Mello et al. [10], proposed a counter-current 
alumina plate-fin HE, constituted by 8 plates of 12 mm 
thickness (6 mm fin height), 355 mm length and 118 mm 
wide, that was designed, manufactured and experimentally 
tested showing effectiveness close to 0.8 considering the 

Fig. 1  Plate-fin HE schematic and example of common secondary structures [3]
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flows Reynolds number in the range from 200 to 500. At the 
end of the experimental campaign, the authors reported the 
onset of some cracks on the HE structure probably due to 
thermal stresses induced by temperature gradients.

The topic of heat transfer enhancement in plate HE was 
also extensively covered through the identification of several 
corrugated surfaces, different fin geometries and the integra-
tion of secondary structures in the form of highly-porous 
random foams or lattices [11]. Concerning the latter, Pelan-
coni et al. [12] investigated both numerically and experi-
mentally the effect, on the overall heat transfer, of integrat-
ing a secondary structure into a heated ceramic pipe. The 
reference secondary structure proposed was a lattice with a 
constant cubic unit cell size of 4 mm. This lattice structure 
was then engineered, with the aim of improving radiative 
heat transfer, through a radial variation of the unit cell size 
leading either to a smaller cell size close to the heated wall, 
i.e. higher density of cells, which was increased towards the 
center of the pipe and vice versa. The outcomes of various 
high-temperature (up to 700 °C) experimental campaigns 
allowed to demonstrate the heat transfer improvement once 
a generic secondary structure is integrated with respect to 
the case of an empty pipe; furthermore, the lattice structure 
with larger cells on the outside and smaller cells close to 
the center of the pipe resulted to be the preferred solution 
in case of high-temperature applications (i.e., when thermal 
radiation is the relevant heat transfer mechanism).

In summary, based on the aforementioned foreseen 
advantages, the plate-fin configuration was selected as start-
ing point for the design phase of the HE to be implemented 
into the HYDROSOL process which requires a system with 
high operating temperature levels, high effectiveness and 
compact design. Since nitrogen will be exploited as heat 
transfer fluid (HTF) and, as reported in Table 1, the oper-
ating temperatures of the HE will be well above 1000 °C, 
ceramics materials can be considered as the only suitable 
candidates for the HE structure. Additional details on the 
process followed for selecting the most appropriate material 
is available in [13]. Moreover, to maximize the heat transfer, 

the design included lattice structures as secondary surface 
based upon tetrakaidecahedron cells, also known as Kelvin 
cells.

3  Numerical models development

The conceptual HE core design was performed by combin-
ing the information acquired from two different numerical 
tools developed on purpose: (i) a 1D numerical model, based 
on global correlations designed to evaluate the HE effective-
ness; and (ii) a 3D computational fluid dynamics (CFD) 
approach suitable to obtain detailed information on the fluid 
flow and heat transfer behavior of the HE under investi-
gation. The coupling between these tools was realized via 
specific correlations implemented into the 1D model derived 
through several 3D CFD simulations campaigns varying rel-
evant geometric and operating parameters. In the follow-
ing, a specific description of this tool chain, along with a 
presentation and discussion on some of the relevant results 
obtained, are reported. Additional information about the 3D 
CFD simulations campaigns can be found in [13].

3.1  1D model

For the development of the first component of the tool-
chain (i.e., the 1D model), the HE was schematized as a 
stack of pairs of parallel channels in which hot and cold 
fluid streams flow alternatively in parallel or counter-flow 
arrangement (Fig. 1). The 1D model considers one of these 
pairs only, assuming that all of them behave in the same 
way. This element is divided into three subsystems: the 
hot and cold fluid channels and the solid parting plate 
between them. For each of these subsystems, the energy 
balance equation is solved with the addition of mass and 
momentum equations for the fluid phases. These equations 
are discretized along the axis (longitudinal direction) of 
the HE.

The global system of energy equations is:

Table 1  Reference HTF 
characteristics and operating 
conditions considered for the 
HE design

HTF entering the HE from cold side composition N2 [-]
inlet temperature 600 [°C]
mass flow rate 100 [kg/h]
operating pressure  < 200 [kPa]

HTF entering the HE from hot side composition N2 (99.9 wt%) +  O2 
(0.01 wt%)

[-]

inlet temperature 1200 [°C]
mass flow rate 100 [kg/h]
operating pressure  < 200 [kPa]
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In the previous equations, subscripts C, H and W repre-
sent the cold HTF, the hot HTF and the solid wall respec-
tively. T is the temperature, ρ is the density, h the specific 
enthalpy, c the convection coefficient provided by correla-
tions, k is the thermal conductivity and w is the velocity.

Beside the modified convection coefficient, the effect 
of the secondary structure, integrated into the channels, 
is described by the total heat transfer surface St and the 
resulting global efficiency ηo.

The equations of mass conservation and a simplified 
form of momentum equation are solved to provide the 
velocity and density to the energy equation:

where p is the pressure and f is the friction coefficient.
The friction and convection coefficients and the fin 

efficiency are computed through correlations which can 
be found in the literature [14] or can be obtained from 
specifically designed CFD simulations [13].

The HTF thermo-physical properties were modeled as 
a function of temperature and pressure through standard 
equation of state, JANAF coefficients [15] and gas kinetic 
theory expressions [16]; for the solid material (i.e., parting 
plates), constant properties were assumed.

A novelty of this model is the description of the solid 
parting plate, which employs a quasi-2D approach: the trans-
versal temperature profile inside the solid is assumed to be 
a polygonal chain formed by two segments (see Fig. 2) with 
a sudden change of slope in the middle point of the cell due 
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to the longitudinal imbalance of the rate of heat flow ( Q̇L ), 
which is supposed to be concentrated in this point. This 
causes a jump of the local transversal rate of heat flow ( Q̇T ) 
and therefore a variation of the temperature profile slope. 
The two straight lines (blue and red) in Fig. 2 represent the 
assumed temperature profiles along the transversal direc-
tion. Q̇T ,HW is the rate of heat flow entering the wall from 
the hot gas side while, Q̇T ,WC , is the rate of heat flow exit-
ing the wall towards the cold gas side. When the difference 
between Q̇L,1 and Q̇L,2 , which in steady state is equal to the 
difference between Q̇T ,HW and QT,WC, is not zero, the slope 
of the temperature profile between TW,H and TW is different 
from the one between TW and TW,C. In this way, the model 
includes both the effects of transverse thermal resistance and 
axial heat flux. As shown in the following, the latter can play 
a significant role for high efficiency HE.

The previous description is translated into a mathematical 
framework with the following system of equations:

where Δy is the wall thickness and SL is the longitudinal 
cross section of the cell.

The first equation of system (3) represents the jump of the 
temperature profile slope at the middle point of the wall cell, 
which is equal to the longitudinal heat flow imbalance. The 
second equation relates the transversal temperature slope 
of the solid half parting plate closer to the hot side (red line 
in Fig. 2) to the difference between the temperature of the 
surface in contact with the hot side fluid ( TW,H ) and the one 
in the point in the middle of the cell ( TW ). This rate of heat 
flow is also equal to the convective heat transfer between 
the fluid and the solid. The third equation of system (3) is 
similar to the second, but applied to the solid half parting 
plate closer to the cold fluid side (blue line in Fig. 2).

System (3) can be rearranged to find the temperature 
on the surface in contact with the fluids ( TW,H and TW,C ) 
and the solid average temperature TW . The latter, being 
chosen as a variable of the problem, was exploited to 
estimate the enthalpy of the single cell, as a function of 
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Fig. 2  Schematic of the wall which separates the channels: three 
consecutive computational cells are represented together with the 
exchange of heat flows rates on the central cell
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the temperature at the center of the parting plate ( TW  ), 
along with the hot and cold HTF temperatures TH and TC.

where:

Once the constitutive relations (4) are employed in (1), 
this becomes a system of three equations with three vari-
ables (enthalpies or temperatures). Systems Eqs. (1) and 
(2) were discretised and solved with the same procedure 
described in a previous authors’ work [17], to which the 
reader is referred for further details.

In the following, system (1) together with relations 
(4) constitute the model which is identified as the 1D 
3-equations model (1D-3Eqns). A simplified version of 
this model solves the temperature equations only with 
the wall which is simply treated as an equivalent thermal 
resistance. Hence, it does not include the longitudinal 
heat transfer. Its results are closer to the ones predicted by 
standard NTU method [18]. This model will be referred 
hereinafter as 1D 2-equations model (1D-2Eqns). Albeit 
both models are able to solve transient problems, only 
steady state results are analyzed in this work.
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3.1.1  1D model – Effect of solid material thermal 
conductivity on HE effectiveness

An example which shows the different behaviour of the 
1D-2Eqns and 1D-3Eqns models is provided in Fig. 3a, 
where the predicted influence of the parting plate material 
thermal conductivity on the HE effectiveness is compared. 
The analyzed setup is a plate-fin HE with counter-flow 
arrangement, whose secondary structures are pins placed 
with a staggered arrangement, whose characteristic correla-
tions are available in [14]. The length of the HE core was set 
to 600 mm and the number of channels for each of the two 
sides, whose height is 6 mm, is 17. The pins pitch, thick-
ness, length and spacing were respectively 6.5 mm, 4 mm, 
16 mm and 18 mm which provide a specific heat transfer 
surface of 473 1/m and a void-fraction of 0.28. The plate 
thickness was assumed to be 4 mm. As reported in Table 1, 
the HTF considered was pure nitrogen with a mass flow rate 
of 100 kg/h on both sides. The inlet temperatures at the hot 
and cold side were 1200 °C and 600 °C respectively; while, 
the inlet pressure was set to 150 kPa on both sides.

The resulting HE effectiveness curve, provided by the 
1D-3Eqns model (black dotted line in Fig. 3a), showed 
a maximum due to the trade-off between the transverse 
resistance, which decreases with increasing conductivity, 
and the heat flow within the plates along the axis, which 
increases with increasing conductivity. Without the latter 
contribution, the effectiveness always increases with ther-
mal conductivity as predicted by the 1D-2Eqns model (red 
dotted line in Fig. 3a). This effect is typical for compact 

Fig. 3  a HE effectiveness as function of the solid thermal conductivity ( k
t,W ) for fixed geometry and operative conditions. b Temperature profiles 

along the axis of the HE computed with the 1D-3Eqns for k
t,W = 100 W  m−1  K−1
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high efficient heat exchangers, for which the longitudinal 
temperature gradient is not negligible [18]. The effective-
ness reduction can be explained through Fig. 3b which 
shows that it is linked to the shape of the temperature pro-
files close to the inlets of the hot and cold sides.

This 1D model can be exploited to extend the results 
of CFD simulations to the entire HE and to find, for the 
assigned target effectiveness, the dimensions of the HE 
which minimize its volume and number of plates (linked 
to cost and thermal inertia reduction).

When using the 1D model, the total HTF mass flow 
rates processed by the heat exchanger on the two sides is 
evenly distributed among the various channels, which well 
represents the behavior of actual compact heat exchangers 
as the pressure losses along the finned channels are usually 
much higher than the one generated by the manifold. The 
pair of parallel channels which is solved by this model is 
representative of the region in the middle of the stack of 
plates which constitute the heat exchangers. Since the first 
and last channels, which are heated or cooled only on one 
side while the other is in contact with the insulator, are not 
well described by this model, its results are more accurate 
when the total number of channels is large enough so that 
the border effects can be neglected. Another assumption of 
this model is the perfect insulation of the outer surfaces in 
contact with ambient air (i.e., adiabatic condition), which 
is also representative of most applications.

3.1.2  1D model – Effect of core width, plates thickness 
and number of channels

Another example of a parametric study performed by the 
1D code is presented in Fig. 4, where a plate-fin HE with 
a counter-flow configuration is analyzed. In this case, the 
secondary structure employed in the analysis is the 2 lattice 
layers shown in Fig. 7b, whose elementary cell has an edge 
of 6.35 mm and a strut diameter equal to 1.1 mm, which 
provides a specific heat transfer area of about 642 1/m and a 
void-fraction of 0.84. The correlations which define the heat 
transfer behavior of this structure are available in [13]. In this 
particular configuration, the length of the HE core was fixed 
to 41 lattice cells (about 260 mm), while the elaborated total 
mass flow rate of pure nitrogen was 100 kg/h on both sides. 
The HTF inlet temperatures at the hot and cold side were 
1200 °C and 600 °C respectively; while, the HTF inlet pres-
sure was set to 150 kPa on both sides. The solid conductivity 
was assumed to be 46 W  m−1  K−1 which is a representative 
value for Si-SiC within the considered temperatures range.

The parameters investigated were: (i) the number of lat-
tice kelvin cells along the width of the HE, (ii) the number of 
channels for each side and (iii) the thickness (t) of the plates 
which separate the hot and cold HTF streams. Figure 4 shows 
how these parameters affect the overall HE effectiveness; in 

detail, it is possible to observe that there is an optimal line 
of possible configurations for the three cases, which is given 
by the combinations of width and channels numbers provid-
ing almost the same cross sectional area and average velocity. 
The optimal cross section area decreases as the wall thickness 
increases. This can be seen in Fig. 5a, where the effectiveness 
data reported in Fig. 4 are related to the maximum velocity 
reached by the fluid in the 1D domain. For lower plate thick-
ness, the maximum of the effectiveness moves towards lower 
velocities. This effect is explained by the following argument: 
higher residence times promotes heat transfer; while, higher 
heat flow within the solid decreases the HE effectiveness. 
As the core width increases both these quantities, there is a 
tradeoff which generates the reported maximum. For lower 
plate thickness, higher plate width are required to reach the 
value of solid cross section area which counters the benefit of 
higher residence time; hence, the maximum moves towards 
lower velocities. To support this explanation, Fig. 5b reports 
the same cases computed with the 1D-2eqns model which does 
not includes the longitudinal heat transfer within the solid. 
The effect of transversal resistance for a solid conductivity of 
46 W  m−1  K−1 is negligible and the data for the three thickness 
are very close, moreover there is no more a maximum, but the 
effectiveness always increases with higher residence times.

The trend predicted by the 1D-3Eqns model in Fig. 5a 
is still valid when the HE heat losses with the environment 
are not negligible but, if this would be the case, the maxi-
mum would move towards higher velocities (lower residence 
time), as heat losses would be promoted by a greater external 
surfaces, while the available energy would be the same if the 
HTF mass flow rate and inlet temperatures are kept constant.

Fig. 4  HE effectiveness as function of the number of channels and 
of the core width at different plates thickness (t) computed with the 
1D-3Eqns model
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3.1.3  1D model – Effect of radiative heat transfer

All the previous results neglect thermal radiation. Figure 6 
compares the model results with and without radiative heat 
transfer for the case just discussed with plate thickness equal 
to 6 mm. As described in [13], this 1D model can include 
the effect of radiation through an effective fin efficiency, 
which is correlated to the local temperature distribution, 
that is higher than the value computed without radiation. 
This model assumes that the fluid is transparent to thermal 
radiation, therefore this mechanism only affects the parting 
plates and makes the temperature of the fin more uniform 
and closer to the one of its base, increasing, by definition, 
its effectiveness. Specifically, two cases are reported. In the 
first one, both the plate and the secondary structure thermal 

conductivities were set to 46 W  m−1  K−1, which is repre-
sentative of Si-SiC; conversely, in the second case, the plate 
and secondary structure thermal conductivities were set to 
2 W  m−1  K−1 which is representative of  ZrO2.

As expected, results show that the thermal radiation heat 
transfer always improves the HE performance. The latter is 
negligible when the fin efficiency is already high because of 
high thermal conductivity (Fig. 6a) or for low velocities (the 
gap between the two lines in Fig. 6b is reduced as the velocity 
decreases). Moreover, Fig. 6b further supports the already dis-
cussed effect of longitudinal heat transfer, which is smaller for 
low plate thermal conductivity, and makes the results resemble 
the ones where this effect is not modelled. These results show 
that, from a thermodynamic point of view, high conductivity 
materials are not always the best solution for high effective HEs.

Fig. 5  HE effectiveness as function of the maximum velocity with different plates thickness (t): a Results of the 1D-3Eqns model. b Results of 
the 1D-2Eqns model

Fig. 6  Effect of radiation on the HE effectiveness for the setup with plate thickness equal to 6  mm. a k
t,W = 46  W   m−1   K−1; b k

t,W = 
2 W  m−1 K.−1
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3.2  3D CFD model

The second tool of the HE design toolchain, developed on 
purpose, is a 3D CFD-based numerical model. The latter, 
developed with ANSYS Fluent (v20) code, solves continuity, 
momentum and energy conservation equations. The latter 
is solved for the fluid and the solid regions of the domain. 
An example of the 3D computational domain, depicted in 
Fig. 7, is constituted by two parting sheets separated by a 
12.9 mm high and 19 mm long lattice structure containing 
a total of 18 tetrakaidecahedron cells of 6 mm equivalent 
diameter. Since a single channel only was considered, con-
stant temperature boundary conditions were set on the part-
ing sheets to replicate the presence of the other channels at 
different temperature of the counter-current configuration. 
Based upon the operative  N2 flow rate, laminar flow regime 
can be considered for all the simulations (range of Re based 
on cell hydraulic diameter) [19].

Given the high HE operating temperature (reported in 
Table 1), thermal radiation heat transfer was also accounted 
for. First, a discrete ordinate method was compared with 
the surface-to-surface (S2S) radiation method [20]. Eventu-
ally, the latter was chosen thanks to its proven accuracy and 
computationally affordability in comparison to the discrete 
ordinate method. Indeed, the S2S is suitable to replicate 
radiative heat transfer among opaque grey bodies through 
transparent media, like dry air or pure nitrogen in the range 
of emission frequency of temperatures encountered in engi-
neering applications. All surfaces were considered in the 
calculation of the view factors. For all solid walls the same 
emissivity value was set, � = 0.7 for  ZrO2 and � = 0.6 for 
Si-SiC. Instead, for the inlet and outlet sections an emissiv-
ity value of 0 was imposed excluding therefore the onset of 
additional radiative heat transfer coming from regions out 
of the computational domain under analysis (e.g., inlet and 
outlet ducts, flow distributors). View factors were calculated 
using a face-to-face approach, applying a cluster for each 
surface, i.e., no clustering is applied. The radiation equation 

was solved for each iteration of the energy equation. The top 
and bottom parting sheets, as well as the lattice structures 
surfaces, were assumed smooth and a no-slip condition was 
applied. Symmetry condition was considered on the lateral 
vertical surfaces.

On one hand,  N2 was modeled as incompressible ideal 
gas with temperature dependent physical properties approxi-
mated with piecewise polynomials. On the other hand, the 
following approach was employed to take care of possible 
temperature variations of the solid materials’ properties: 
constant values were used for all simulations with  ZrO2 [21]; 
while, for Si-SiC, the constant thermo-physical properties 
[22] were adjusted according to the temperature level of each 
analysis, for instance when studying the behavior of the hot 
and the cold side.

Finally, grid-independent results for this setup were 
obtained with about 3.5 million cells. Spatial discretiza-
tion of the transport equations was performed with a second 
order accurate upwind scheme. Steady simulations were 
solved with the SIMPLE algorithm [23]. Convergence was 
considered to have been achieved when mass and momen-
tum residuals were below  10–5 and energy residual was 
lower than  10–9.

3.2.1  3D CFD model – Representative results obtained 
from some parametric analysis

The purpose-built 3D CFD model was extensively applied 
to evaluate the thermo-fluid dynamics behavior of the HE 
representative core element subjected to various boundary 
conditions and/or topological variations. This setup was also 
employed in [13] but, while the focus of that work was the 
characterisation of the lattice structure in terms of convec-
tive heat transfer, here the effect of radiative heat transfer, 
including the related material properties and possible geo-
metrical issues which can affect the ideal performance of 
the secondary structure, is investigated in detail. As for the 
1D model previously described, the most representative 

Fig. 7  3D Computational domain for 2-layer CFD simulations: a 
enclosure surrounding the lattice, b the enclosure content without the 
lateral boundaries. The boundary conditions are represented with dif-
ferent colors: blue patches are adiabatic no-slip walls; green patches 

are symmetry planes and red patched are fixed temperature no-slip 
walls. The lattice surface (in grey) is set as an interface between the 
fluid region and the solid one. The inlet and outlet patches are not 
depicted
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results and design considerations, gathered through several 
simulations campaigns, will be reported in the following. In 
detail, the effect of relevant parameters, such as: (i) number 
of lattice layers of the secondary structures, (ii) HE solid 
material (i.e.,  ZrO2 or Si-SiC), (iii) contact or non-contact 
between secondary structure and the top parting sheet, and 
(iv) influence of emissivity of the solid surfaces, on the HE 
thermo-fluid dynamics behaviour will also be presented and 
discussed.

Starting from the reference HE design, depicted in 
Fig. 8a, the number of layers of the integrated second-
ary structure was reduced down to 2 (Fig. 8b and c) and 1 
(Fig. 8d). The difference between Fig. 8b and c is the pres-
ence, and absence respectively, of a gap between the second-
ary structure and the parting plate on top of it.

The equivalent cells diameter was kept unchanged as well 
as all the boundary conditions (BC) considered. Concern-
ing the latter, constant temperature BCs, of 1167 °C and 
1200 °C, were applied on the parting sheets and the inflow 
stream respectively for the study of the hot side, whereas 
for the cold side, 640 °C and 600 °C were applied to the 
parting sheets and inflow stream. The parting sheets tem-
peratures were derived accordingly with the results of the 
1D model to get an efficiency of order 0.9 for a total length 
of the HE core of 600 mm. The operating pressure was fixed 
to 150 kPa. The same  N2 mass flow rate was considered 
through the whole HE (100 kg/h) for all cases. Due to the 
specific plant layout, the same mass flow rate of  N2 was 
imposed to the hot and cold sides. Furthermore, the total 
cross-section area of the whole HE was maintained constant, 
leading to a variable number of channels that was adjusted 
according to the number of lattice layers of the secondary 
structures considered for each setup.

As the welding of ceramics material is not trivial and 
this kind of secondary structures and plates are manufac-
tured separately, clearances can appear when they are cou-
pled together in the final HE. In order to study this issue, 
the effect of the absence of contact between the secondary 
lattice structures and the top parting sheet (Fig. 8b and 
c), a vertical gap of 0.25 mm was introduced in selected 
models, by removing the corresponding material from the 
secondary lattice structures. An example of the 3D solu-
tions obtained during the simulation campaign is shown 

in Fig. 9, where the temperature contour plot is displayed 
over a vertical longitudinal cross-section together with the 
streamlines.

To evaluate the thermal performance of the single channel 
the following quantity was defined:

where TIN, TOUT and TW are the mass-averaged absolute tem-
peratures of  N2 at the inlet and outlet cross-sections and 
the temperature of the solid parting sheets, respectively. It 
should be noticed that the channel thermal performance � , 
for the present configuration, can be related to the ratio of 
the actual heating power transferred to (or from) the fluid 
and the maximum heating power that could be transferred 
to (or from) the fluid in an infinitely long HE. In Fig. 10, it 
can be observed that the general trend of the channel ther-
mal performance decrease with the increase of the number 
of layers in the secondary lattice structures. Moreover, the 
difference in thermal performance between the hot and cold 
side is remarkably higher when  ZrO2 is employed as a con-
struction material, instead of Si-SiC (cases with contact). 
This is mainly due to the relatively low thermal conduc-
tivity of  ZrO2 as well as the decrease of the radiation heat 
transfer that characterize the cold side. As previously dis-
cussed (Fig. 6), the high conductivity of Si-SiC leads to a 

(6)� =
(TIN−TOUT )

(TIN−TW )

Fig. 8  Schematic of the computational domains considered for the CFD simulations campaign: a reference geometry with 3 lattice layers, b 2 
lattice layers with gap, c 2 lattice layers without gap and c 1 lattice layer

Fig. 9  3D visualization of the channel internal flow field details. In 
grey the solid lattice structure and the bottom wall. The vertical wall 
on the background displays the temperature field in the  N2 stream. 
The streamlines are colored by the velocity vector magnitude. The 
flow streams from right to left



 Heat and Mass Transfer

1 3

dominating role of conduction in the heat transfer process 
in the solids, homogenizing the temperature of the lattice 
structures, showing only a slight decrease of channel thermal 
performance between the hot and cold side, despite the lower 
thermal radiation. In view of this, the inclusion of even a 
small constant gap (0.25 mm), between the top parting sheet 
and the secondary lattice structures, impacts heavily the 
thermal performance of the Si-SiC HE. When low conduc-
tive materials are employed for the HE manufacturing, the 
drop in the channel performance is less pronounced. These 
considerations are important, not only for understanding 
and evaluating objectively the thermal behavior of the sin-
gle channels, but also for favoring particular manufacturing/
matching techniques and adopting specific designs depend-
ing on the material selection.

Among the numerous properties used to define the 
numerical model, the surface emissivity of the materials 
presents the largest uncertainty. In order to assess its influ-
ence on the channel thermal performance, a sensitivity study 
was run for the case in which the HE was made of ZrO2, 
with 0.25 mm constant gap with a single layer constituting 
the secondary lattice structure immersed in the cold stream 
of  N2. Such decision has to be considered conservative since 
the thermal radiation is present but not at its peak (i.e., it 
does not already dominate the heat transfer1) and the influ-
ence of thermal conductivity inside the lattice structures is 
minimised (i.e. low thermal conductivity material and no 

contact between the top plate and the lattice structures). The 
explored range of emissivity values was 0.5 ≤ � ≤ 0.9 with 
uniform step-size of Δ� = 0.1 . In addition to the channel 
thermal performance, the overall heat transfer coefficient 
was also evaluated. The latter is defined as:

with Q̇tot is the total thermal power transferred to (or from) 
the fluid, St is the total area on which the heat transfer 
between the solid and the fluid takes place, and the loga-
rithmic mean temperature difference is given by:

From Fig. 11, it can be seen that a linear increase of the 
cold channel thermal performance was measured by vary-
ing the surface emissivity of  ZrO2. As expected, also a lin-
ear relationship was recovered for the global heat transfer 
coefficient as function of � . Remarkably, the increase of the 
surface emissivity from 0.5 to 0.9 positively influence the 
channel thermal efficiency, which increases by about a 7%. 
For the same emissivity range, the global heat transfer coef-
ficient shows a corresponding increase of about 14%.

Finally, besides the channel thermal performance, other 
criteria that are worth considering during the HE design 
phase, and directly or indirectly function of the number of 
layers of the secondary lattice structure, are the risk of foul-
ing during operation and the material cost. In the present 
study, since the total cross-sectional area of the HE is pre-
served, the number of parting sheets as well as material costs 
decrease with the increase of the number of layers of the 

(7)U =
Q̇tot

StLMTD

[
W

m2K

]

(8)LMTD =

(
TIN − TW

)
− (TOUT − TW )

ln
(
(TIN−TW)
(TOUT−TW )

) [K]

Fig. 10  Comparison of hot and cold channel thermal performance for 
three configurations (1, 2, 3 layers) of the secondary lattice structures 
and two materials  (ZrO2, Si-SiC) with radiation. For each material, 
also two configurations (1, 2 layers) were investigated with the pres-
ence of a constant gap between the top parting sheet and the second-
ary lattice structures

Fig. 11  Sensitivity study to surface emissivity of  ZrO2 for the cold 
side, with a single layer and gap. Black dots represent the channel 
thermal performance (values on the left scale). Red dots represent the 
global heat transfer coefficient (values on the right scale)

1 Indeed, the channel efficiency variations for the hot side have been 
measured as low as 3%.
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lattice structures within a single channel (i.e. less channels 
are required to operate the same mass flow rate). Moreover, 
the risk of fouling also decrease with the increase of the 
number of layers within a single channel. For the specific 
application considered here, a balance between performance, 
material costs and a limited risk of fouling was found for 
the configuration with two layers in the secondary lattice 
structures.

4  Summary and conclusions

An innovative ceramic HE was preliminarily conceptual-
ized with the aim of improving the overall efficiency of 
the HYDROSOL process, for exploiting water dissociation 
for  H2 production with concentrated sunlight, through the 
recovery of heat from the high-temperature  N2 flow leav-
ing the receiver/reactor during the process. To assist the HE 
preliminary design phase, a toolchain constituted by two 
numerical approaches have been developed: a 1D model 
based on global correlations was developed with the aim of 
evaluating the performance of the entire HE core; while, a 
3D CFD-based approach was exploited to perform detailed 
thermo-fluid dynamics analysis of the HE under various 
topological and/or operative conditions.

Several parametric analyses were conducted and the 
results of the most relevant ones were reported and dis-
cussed. As an example, besides the flow characteristics, fun-
damental analysis on the heat transfer within the HE allowed 
to observe the relevant contribution of the axial heat flow 
along the parting plates in the case solid materials, with 
high thermal conductivity, are exploited. Furthermore, the 
impact on the HE performance of various parameters such 
as number of channels, lattice cells along the width, parting 
plates thickness and HTF velocity, was also investigated. 
The results showed that, in the case of compact HEs built 
with high thermal conductivity materials, the effectiveness 
has a maximum, with respect of the HTF velocity, and also, 
materials with lower thermal conductivity allow to reach 
higher effectiveness. From a thermodynamic point of view, 
ideally, the compact high temperature HE should be made 
with two kind of materials, one with high conductivity, like 
SiC, for the secondary structure and one with moderate ther-
mal conductivity, like  ZrO2 or  Al2O3, for the parting plates.

Given the remarkably high HE operating temperature, the 
effect of radiative heat transfer on the HE effectiveness was 
also analyzed with a special focus on the sensitivity on the 
material emissivity. As expected, the results showed that the 
HE effectiveness increases once radiative heat transfer is 
accounted for into the model. Moreover, a beneficial effect 
on the HE effectiveness was also observed by increasing 
the material emissivity. At these temperatures and moderate 

channel heights, thermal radiation is able to partially com-
pensate for the lower fin efficiency associated with moderate 
thermal conductivity materials, making them an attractive 
choice with respect to high conductivity ones, when the 
whole HE is made with a single material to prevent higher 
thermal stresses. The use of lattice structures can consider-
ably decrease the weight and thermal capacity of the HE, 
making it less affected by transients.

In conclusion, for the specific application under investiga-
tion, according to all the information gathered from the para-
metric analyses conducted, a balance between performance, 
material costs and a limited risk of fouling the HE configura-
tion with two layers in the secondary lattice structures and 
Si-SiC as structure material should be preferred.
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