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A B S T R A C T

Heat recovery opportunities and total plant energy efficiency improvements need to be evaluated before
manufacturing the real components when addressing the energy and economic effectiveness in industrial
applications. Numerical modelling of the complete energy systems can be a key design tool in order to inves-
tigate the potential solutions to improve the performance of the considered system. In this study, a 0D/1D
numerical analysis and transient system simulation analysis are adopted to investigate the energy efficiency
enhancement given by the application of a heat pipe-based heat exchanger in the ceramic industry. The ther-
mal power is recovered from the exhaust gases of the kilns used to fire the tiles. The numerical model
includes all the main components of the heat recovery system: the primary side of the exhaust gases, the
heat exchanger, the secondary circuit of the heat transfer fluid and the heat sink where the thermal power is
exploited. Particular care is devoted to the modelling of the heat pipe-based heat exchanger and the neces-
sary control strategy of the system; a specific model for the simulation of the secondary side pump is also
accounted for in the analysis. The numerical results of the primary circuit are validated against experimental
measurements carried out on the real ceramic facility. The good agreement between the numerical and
experimental results demonstrates that the numerical model is an appropriate tool for investigating the
energy efficiency enhancement of an industrial plant and for evaluating different configurations and solu-
tions in order to fulfil the industry requirements.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

The application of waste heat recovery systems in an industrial
context has recently attracted considerable interest due to the
increasing consciousness of the potential impact of global warming
in transforming our environment, the constant increase in fuel
prices [1] and regulations and policies introduced to improve energy
efficiency in industry [2,3]. Waste heat recovery from exhaust
streams is one of the key factors for businesses to be competitive in a
continuously changing marketplace. Within this context, the ceramic
industry can be considered suitable for this kind of application
because it is characterised by energy intense processes and a consid-
erable amount of waste heat is lost to the atmosphere; indeed, it has
been estimated that only the Italian ceramic tile and refractory mate-
rials industry has an annual consumption of methane gas equal to 1.5
billion m3 and an electricity demand of 1800 GWh [4]. Thus, the
energy efficiency of the ceramic process can be improved by the use
of waste heat recovery systems, which can reduce greenhouse gas
emissions and primary energy costs.

In literature, Jouhara at al. [5] studied the application of the waste
heat recovery systems in the iron and steel, food and ceramic indus-
tries; a comprehensive review of waste heat recovery methodologies
was presented, and the advantages and disadvantages of the main
techniques were evaluated. An accurate analysis of the potential
waste heat technologies that are and can be applied to the aluminium
industry was carried out by [6].

In the ceramic sector, different solutions for waste heat recovery
from exhaust sources have been analysed and several measures and
techniques that can be implemented in order to enhance the energy
efficiency of the tile manufacturing process were reviewed in the
report named: “Reference Document in the Ceramic Manufacturing
Industry” [7]. One of the most practised techniques highlighted is the
heat recovery from excess hot air produced by a kiln. The energy con-
tent within this hot air exhausted from the cooling zone of a roller
kiln can be used for preheating the air for the drying stage by means
of intermediate heat exchangers. A theoretical approach for the eval-
uation of the energy recovery due to the exploitation of the cooling
gases in the exhaust chamber was presented in [8]. The study

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijft.2021.100080&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:luca.montorsi@unimore.it
https://doi.org/10.1016/j.ijft.2021.100080
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijft.2021.100080
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijtf


Nomenclature

Acronym Description
HPHE Heat Pipe-Based Heat Exchanger
0D/1D Zero Dimensional-One Dimensional
HVAC Heating, Ventilation and Air Conditioning
NTU Number of Transfer Units
qconv Convective heat exchange W
hconv Convective heat transfer coefficient W/m2.K
areaconv Convective heat exchange area m2

Tgases Temperature of the gases K
Twall Temperature of the wall K
Nu Nusselt number Dimensionless
λThermal
conductivity

Thermal conductivityW/m.K

Dh Hydraulic diameter m
qconduction Conductive heat transfer rate W
Tlayer N Temperature of material layer, N K
Tlayer N + 1 Temperature of material layer, N+1 K
Area Heat exchange area m
pout Output pressure bar
pin Input pressure bar
Dp Pressure difference between pin and pout bar
Pmech Power provided by the pumpW
V Volumetric flow rate m3/s
feffGlobal
efficiency
of the pump

Global efficiency of the pumpDimensionless

Qmax Maximum heat transfer rate in the heat
exchanger W

Thot,in Temperature of the warm fluid at the inlet of
the HE K

Tcold,in Temperature of the cold fluid at the inlet of
the HE K

_mhot Mass flow rate of the hot fluid at the inlet of
the HE kg/s

_mcold Mass flow rate of the cold fluid at the inlet of
the HE kg/s

Rhot Thermal resistance at hot fluid level K/W
Rwall Thermal resistance at wall level K/W
Rcold Thermal resistance at cold fluid level K/W
Cphot Specific heat capacity hot fluid J/kg.K
CpcoldSpecific
heat capacity
cold fluid

Specific heat capacity cold fluidJ/kg.K

� Thermal effectiveness of heat exchanger
Dimensionless
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quantified that the maximum potential energy savings in the kiln
consumption was 17% per year by recovering energy from the cooling
gas.

The second strategy commonly used to enhance the energy effi-
ciency of the process is the installation of cogeneration units as there
is simultaneous demand of heat and electric power required for the
industrial processes [9]. Organic Rankine Cycles have been adopted
and applied to the ceramic process; for instance, in [10], an ORC sys-
tem was used to recover heat from the indirect cooling section of the
kiln to produce electricity. The analysis demonstrated that it is possi-
ble to recover 128.19 to 179.87 kW of thermal power, while the max-
imum electrical power is ranged between 18.5 and 21 kW. The
maximum efficiency of the ORC system was 12.47%.

The accurate performance prediction of a proposed waste heat
recovery system is fundamental in order to optimise the solution,
study the integration in the existing industrial process and for the
evaluation of the economics of the design. The design of waste heat
recovery systems can be improved by adopting numerical tools to
evaluate different solutions and configurations and for the investiga-
tion of the performance prior to the manufacture of the real system
or modifying an existing plant [11]. Furthermore, the numerical anal-
ysis can be exploited to study the system behaviour under time
dependent operating conditions or under critical situations that could
potentially occur.

In literature, there are many examples of using a numerical
approach for the simulation of thermo-hydraulic components or
energy systems in general. For instance, in [12] a numerical approach
was adopted for the investigation of the evolution of the temperature
distribution and the thermo-mechanical stresses due to a liquid alu-
minium injection through a nozzle for a cogeneration system based
on Al-H2O reaction. In the field of industrial food processing, a
numerical approach has been adopted to investigate the operating
parameters of the fruit and vegetables drying process [13]. Bunyawa-
nichakul et al. [14] investigated a pneumatic dryer plant for rice proc-
essing where heat and mass transfer has been modelled with a 0D/1D
approach. Similarly, a 0D/1D steady state approach was used to ana-
lyse different thermal configurations of a thermoelectric generator
for HVAC purposes [15]. Luo et al. [16] carried out a steady state
numerical analysis for determining the energy efficiency enhance-
ment obtained by the combined use of PV façade and solar cooling.

The performance of a lab-scale exhaust to water heat pipe-based
heat exchanger (HPHE) was investigated in [17] by comparing the
experimental results with the simulation results obtained by means
of a transient numerical simulation model, TRNSYS. A reasonable
agreement was demonstrated and the study predicted 33 months
payback for a theoretical full scale unit. This paper presents work
that builds upon this paper by coding a dedicated HPHE component;
significantly more accurate than a standard library component pro-
vided by the TRNSYS software. Further studies conducted on air to
water HPHE units for the purpose of waste heat recovery have been
conducted by [18,19]. In [20], the heat recovery system for the post-
combustion flue gas treatment in a coffee roaster plant is investigated
using a lumped and distributed parameter numerical modelling.

In the field of the ceramic industry, Milani et al. developed a
lumped and distributed parameter numerical model of an entire
ceramic kiln to simulate the performance of the system under
actual operating conditions [11]. Similarly, in [21], a combined
theoretical and numerical approach was adopted in order to
determine the thermal energy that can be recovered by the appli-
cation of a HPHE to the cooling stack of the ceramic kiln. It was
demonstrated that a reduction of approximately 110,600 Sm3 per
year of natural gas can be saved determining a reduction of 164
tonnes per year of carbon dioxide.

An additional study related to the ceramic sector was conducted
by Gomez et al. [22]. The study numerically investigated the feasibil-
ity of substituting natural gas with syngas in ceramic furnaces. The
numerical simulations, in this case a computational fluid dynamic
approach, were used to determine the proper geometry for the syn-
gas burner. Modelling and multi-criteria optimisation was used in
[23] to simulate and optimise the application of a combined heat and
power generation system to a tile manufacturing industrial process.
The optimisation process was carried out considering energy, eco-
nomic and environmental variables in the objective function; the
designed parameters of the systems (number and capacity of the
prime movers, heating capacity of the boiler and cooling capacity of
the chiller) were determined with the numerical model. Finally, the
numerical analysis has been adopted in [24] to investigate the ther-
mal and fluid dynamic behaviour of a ceramic tile cooking roller kiln
and combined with the analysis of the mechanical stresses formed in
the final ceramic product. The 0D/1D model has been employed to
determine the influence of the cooling temperature profile on the
final residual stresses of the tiles. The study demonstrated that the
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ideal cooking profile can be obtained in the real kiln by varying the
operating parameters to obtain an improvement in the quality of
the tiles.

This paper is part of the Horizon 2020 project ETEKINA (heat pipe
technology for industrial applications) (www.etekina.eu). In this
project, the goal is to recover over 40% of the waste heat contained in
the exhaust streams of three different industrial contexts (alumin-
ium, steel and ceramic sector) and to re-use the recovered thermal
energy in the industrial processes in order to decrease their carbon
emissions and increase process efficiencies [1]. This paper focuses on
the ceramic industry and it investigates the application of a HPHE to
a ceramic plant; the benefits gained by the HPHE installation in terms
of energy efficiency improvement and in terms of environmental
impact reduction of the ceramic process are determined by means of
a lumped and distributed numerical modelling. A TRNSYS analysis
was conducted, which shows the requirement for a system with
more controls to reduce fluctuating conditions. Building upon this
work, the 0D/1D model includes the entire heat recovery system
which consists of the primary and secondary circuit. In particular, the
primary side of the system is composed by the waste heat source that
is the exhaust gases of ceramic furnaces. The heat recovery unit, i.e.
HPHE, is considered in the model to simulate the thermal power
recovered to the heat transfer fluid, which is the secondary stream of
the circuit modelled. Water is pumped in the secondary circuit as
heat transfer fluid; the numerical model of the secondary side
accounts for a specific model for the simulation of the pump and for
the heat sink where the thermal power recovered is exploited. Exper-
imental data (temperatures and flow rate of the primary side) are
used as boundary conditions for the simulation of the heat recovery
system performance to assess the stability of the designed control
strategy of the system. The numerical results related to the thermal
losses along the exhaust piping are validated against experimental
data while the thermal performance of the entire heat recovery sys-
tem numerical model is validated against theoretical correlations
under nominal conditions.

The adoption of the HPHE in order to recover the heat from the
exhaust gases of the tile firing process of ceramic furnaces reduced
Fig. 1. Stages of the ceramic ti
the fuel consumption by approximately 40% with respect to the sys-
tem in its current layout, i.e. without heat recovery. The simulation
demonstrated that the designed control strategy is reliable in order
to keep the operating parameters in the desired range. Indeed, the
0D/1D model has been used to investigate the fluid dynamic behav-
iour of the entire heat recovery system; the simulations performed
have enabled to test the influence of the control strategy parameters
on the thermal performance of the heat recovery system when differ-
ent phenomena could take place, such as the excess or the decrease
of thermal energy available in the exhaust and the decrease of ther-
mal energy required by the heat sink process. Finally, the designed
control strategy response has been analysed simulating real fluctuat-
ing conditions detected by the installed sensors. The numerical analy-
sis has been conducted in a reasonable time and with acceptable
computational effort. Therefore, the 0D/1D model is a valuable tool
for tuning the control strategy and for tailoring its parameters to
maintain the desired working conditions of the system, reducing
remarkably time and costs. The simulations provide the opportunity
to investigate different working points of the system that, otherwise,
would have analysed by experimental tests.

Test case

The heat recovery closed loop circuit simulated in this study is a
system that will be installed within the Etekina project in a real
ceramic tile production facility located in the ceramic district in Emi-
lia Romagna, Italy. The ceramic process starts with a selection of the
raw materials (mainly clays, feldspars, sands, kaolin) and they are
grinded in continuous mills with a mixture of water. Secondly,
hydraulic presses are used to mechanically compress the paste in
order to create ceramic ware with a regular geometry; the tile body
are then dried in order to reduce the water content, they are deco-
rated and finally fired in ceramic furnaces at approximately 1250°C,
see Fig. 1. Focusing on the thermal energy consumption of the
ceramic process, the firing stage is responsible for approximately the
53% of thermal consumption, followed by the spray drying (35%) and
drying (10%) [25].
le manufacturing process.

http://www.etekina.eu


Fig. 2. Schematic of the designed heat recovery system.

Table 1
Specification of the sensors installed.

Type of Sensor Location Reference

Temperature transducer Beginning of the exhaust piping of
the kiln#1

T1

Temperature transducer Beginning of the exhaust piping of
the kiln#2

T2

Temperature transducer Manifold T3
Pressure transducer Manifold P3
Temperature transducer Filter inlet T4
Pressure transducer Filter inlet P4
Temperature transducer Filter outlet T5
Pressure transducer Filter outlet P5
Pitot tube Exhaust stack outlet Q1

4 M. Venturelli et al. / International Journal of Thermofluids 10 (2021) 100080
In the Etekina project, the exhaust gases of firing kilns have been
selected to be the heat source for the waste heat recovery since they
are a potential source of high specific enthalpy and they are charac-
terised by traditionally difficult to recover temperatures and flow
rates (220-250°C, 10,000-15,000 Nm3/h per kiln) with a high particu-
late content and also the presence of corrosive condensable gases.
Thus, a HPHE will be installed in the ceramic facility before the main
stack and the recovered heat from the exhaust gases of the furnaces
will be transferred via a thermo-vector fluid, i.e. water, to the spray
dryer. The heat recovered by the water will be transferred to the air
used in the spray dryer by means of two intermediate heat exchang-
ers positioned in parallel. This heat recovery reduces the spray dryer
natural gas consumption by approximately 40%.

Fig. 2 shows the sketch of the heat recovery system layout repre-
senting the main designed operating parameters: in a regime work-
ing cycle, the exhaust gases are cooled down from the temperature of
245°C at the inlet of the HPHE to approximately 155°C, i.e. at the out-
let of the heat exchanger; in the secondary side, the heat transfer
fluid will benefit of approximately 50°C of delta temperature, since
the designed temperature at the inlet of the system is 115°C while at
outlet of the system is 165°C.

In the real facility, the existing primary side, i.e. the exhaust cir-
cuit, is equipped with different sensors that monitor the main operat-
ing parameters, which are temperatures, pressures, and flow rates.
The sensors monitor the parameter values at a sampling rate of 15
minutes. The sensors installed are listed in Table 1 with their loca-
tions shown in Fig. 3. The sensors provide a complete characterisa-
tion of the fluid dynamic behaviour of the exhaust gases; indeed,
different thermocouples are installed along the piping in order to
monitor the thermal losses in the main section of the pipeline and
across filter component. In the designed heat recovery configuration,
the HPHE will be installed before the filter to increase the tempera-
ture of the exhaust gases at the inlet of the system in order to
increase the amount of waste heat that can be recovered.

A detailed control strategy has been designed to keep under con-
trol the main operating parameters of the heat recovery system: the
outlet temperatures at the HPHE, i.e. temperature of the exhaust
gases (primary side) and temperature of the water (secondary side),
which are respectively 155°C and 165°C. In particular, the heat trans-
fer fluid circuit is equipped with a pump and an inverter in order to
vary the flow rate of the water fluid; the desired temperatures at the
outlets of the heat exchanger are maintained by varying the speed of
the pump.

This study focuses particularly on the development of a 0D/1D
numerical model for the simulation of the entire heat recovery sys-
tem. Firstly, the numerical model of the primary side is developed for
the simulation of the heat losses along the exhaust piping; the
numerical results are compared and validated against experimental
data available from the sensors. The lumped and distributed analysis
is then improved with the introduction of specific models for the
HPHE and the secondary circuit of the heat transfer fluid. The numeri-
cal model is validated against theoretical correlations used to design
the system. Table 2 lists themain operating parameters of the designed
heat recovery system. Finally, the numerical modelling is used to study
the effects of the waste heat recovery and the response of the control
strategy to working conditions that could occur in the real system; the
time dependent simulations determine the working points of the heat
recovery system for the tuning of the control strategy.
Materials and methods

HPHE numerical model

A TRNSYS model was developed to visualise the heat recovery
profile from the exhaust with a fixed water mass flow rate and tem-
perature. This was completed using the same methodology as [26] to
determine the necessity for a control strategy. The component used



Fig. 3. Location of the sensors installed along the exhaust piping in the real facility.

Table 2
Operating parameters of the designed heat recov-
ery system.

Design Parameters Quantity

Exhaust Temperature HPHE inlet 245°C
Exhaust Temperature HPHE outlet 155°C
Water Temperature HPHE inlet 115°C
Water Temperature HPHE outlet 165°C
Thermal Power Recovered 700 kW
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for the HPHE was a newly developed cross-flow component, instead
of counterflow as done previously, reflecting the change in HPHE
design. The mathematical code for the HPHE component was
adjusted accordingly.

The HPHE unit
The HPHE modelled is an exhaust to pressurised water system

(rated to 16 bar), Fig. 4 provides a general arrangement schematic.
Fig. 4. General arrangemen
There are a total of 890 heat pipes with an active condenser length of
270 mm and an active vapourisation length of 2,655 mm. Fig. 5 pro-
vides a view of the 40mm thick separation plate and the spacing
arrangement of the heat pipes. Table 3 provides the main design
parameters of the HPHE unit.

TRNSYS simulation
Fig. 6 shows a view within the TRNSYS software of the model lay-

out. Roughly 61 days of captured data of the exhaust temperature
and mass flow rate were introduced into the HPHE. The sink stream
was fixed at 115°C at a mass flow rate of 11,280 kg/hr as this was a
suitable value for the plant. The outputs and the temperature inlet
parameters were fed into graphical output components to visualise
the outputs of the model. Table 4 provides a description of the com-
ponents used and the identification of the component in TRNSYS.

Fig. 7 shows the predicted exhaust and water outlet temperatures
of the HPHE as well as the inlet temperatures. The simulation predicts
that there will be extreme fluctuations in outlet temperatures of the
t and sizing of HPHE.



Fig. 5. A) HPHE separation plate. B) Equatorial spacing of heat pipes.

Table 3
HPHE Design Parameters.

Design Parameter Value Unit

Exhaust mass flow rate 26,000 kg/hr
Water mass flow rate 11,280 kg/hr
Exhaust average specific heat capacity 0.257 kcal/kg.°C
Water average specific heat capacity 1.000 kcal/kg.°C
Exhaust inlet temperature 245 °C
Exhaust outlet temperature 155 °C
Water inlet temperature 115 °C
Water outlet temperature 167 °C
Recovered heat 700 kW

Fig. 6. Simulation Stud
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water. The water is used to preheat air for a spray dryer. This process
is critical to the quality of the end product and requires control and a
relatively steady state. This graph shows that installing just a HPHE is
not sufficient for this reuse of the recovered waste heat and a control
strategy is needed to control the exhaust and water temperatures
and the overall HPHE performance. The temperature of the water
outlet fluctuated between 145 and 195°C. The exhaust temperature
fluctuated between 125 and 170°C.

Fig. 8 shows the predictions for the energy recovery performance
of the HPHE and the corresponding conductance (UA) value associ-
ated with the HPHE. The energy recovery ranged between 390 and
1080 kW and the conductance was between 12,800 and 16,500 W/K,
ignoring a production stop that occurred within the data collection
io view of model.



Table 4
Icon, type number and description of the components used in the model.

Icon Type Number Description

Type 9a Data input file

Type 204 User built crossflow
HPHE

Type 65d Online graphical plotter
to display outputs
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period. Again, there is a high degree of fluctuation. With the deter-
mined end use of the waste heat being the spray dryer, control is
required.

The HPHE model also gives outputs of pressure drop values, as
shown in Fig. 9. This information is useful in sizing pumps and fans
required to counteract these losses. The pressure drop of the exhaust
reached up to 600 Pa for the evaporator section and was 1820 Pa for
the water sink condenser section. However, the fluctuations are clear,
highlighting the requirement of a control strategy, requiring variable
speed pumps and valves to adjust the exhaust mass flow rate and
hence energy content.

The results shown in Paragraph 3.1 demonstrate the need of a
control strategy for the Etekina heat recovery circuit in order to con-
trol the fluctuating temperatures depicted in Fig. 7. The numerical
model of the entire heat recovery system simulated in this study is
developed by means of the software LMS Imagine.Lab AMEsim,
licensed by Siemens [27].The heat recovery system includes three
Fig. 7. Transient temperature p
main sections: the exhaust circuit (primary side), the HPHE and the
heat transfer fluid circuit (secondary side). The numerical model
accounts for the pneumatic and thermal hydraulic libraries for the
simulation of the exhaust gases and water circuit, respectively. In
addition, the thermal library has been used to consider the solid parts
of the circuits and their influence on the overall heat exchange.

The numerical model simulates the exhaust flow inside the pri-
mary piping accounting for the thermodynamic properties of the
considered gas and the semi-perfect gases approach is accounted in
the simulation. The numerical model of the exhaust circuit simulates
the exhaust gases from the outlets of the ceramic kilns to the main
stack; the input parameters are the flow rate and temperature of the
gases measured by the sensors installed along the piping.

The heat recovery from the exhaust gases is transferred to the
water flow by means of the HPHE located before the main stack; the
waste heat recovery system is based on the heat pipe technology
which uses the two-phase cycle (boiling and condensation) of a
working fluid in order to transfer the heat from a hot stream to a
cooler one. The HPHE system has been modelled in AMESim consid-
ering the heat pipes walls as superconductors using the values calcu-
lated in Fig. 7. Thus, a high value for the thermal conductivities of the
evaporator and condenser sections of the heat pipes have been
implemented in the software to account for the evaporation and con-
densation phenomena respectively.

The water of the secondary side is simulated using an available
thermal-hydraulic library and the fluid properties (density, specific
heat, dynamic viscosity, thermal conductivity) are modelled by poly-
nomials of the pressure and temperature.

Fig. 10 shows the layout of the numerical model implemented in
AMESim.

The focus of this analysis is the investigation of the whole thermal
performance of the heat recovery circuit, as well as the evaluation of
the effectiveness of the control strategy of the system in order to
maintain the desired operating parameters under different working
conditions, i.e. different flow rates and temperatures of the exhaust
gases.
erformance of simulation.



Fig. 8. Transient energy recovery and conductance of simulation.

8 M. Venturelli et al. / International Journal of Thermofluids 10 (2021) 100080
In the model, particular care is devoted to the heat loss
modelling of the exhaust and the water along the primary and
secondary circuit respectively. Furthermore, specific models for
the water pump and for the two intermediate heat exchangers
that transfer the heat recovered by the water to the spray dryer
are developed in the model. In the following, a description of the
model adopted for the components displayed in Fig. 10 is pre-
sented.
Fig. 9. Transient pressure drop predictions of simu
Thermal losses of the primary and secondary side

As already mentioned, the numerical model developed accounts
for the thermal losses in the exhaust and water circuit; the thermal
exchange is considered between the fluid and an external ambient
with an imposed temperature of 25°C.

The heat transfer between the fluid and the external ambient is
composed by three contributions: convection between the fluid and
lation.Heat Recovery System Numerical Model



Fig. 10. Layout of the numerical model of the whole heat recovery system.
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the wall, conduction within the wall of the material and the external
convection between the material and the external ambient. The first
contribution, the convective heat exchange, qconv, between the fluid,
i.e. exhaust gases or water, and the material, i.e. wall of the pipe, is
computed according to the following equation:

qconv ¼ hconv � areaconv � Tgases ��Twall
� � ð1Þ

where areaconv is the convective heat exchange area [m2], Tgases and
Twall are, respectively, the temperature of the gases and the wall [K].

The heat transfer coefficient, hconv, is calculated by:

hconv ¼ Nu � λ
Dh

ð2Þ

where Nu is the Nusselt number, λ is the thermal conductivity of the
fluid [W/m*K] and Dh is the hydraulic diameter [m].

In the case analysed, both the exhaust and the water piping
are insulated; thus, the heat transferred by the conduction phe-
nomenon within the walls of the pipes can be calculated accord-
ing to:

qconduction ¼ Tlayer N � Tlayer Nþ1
dN

Area�λN þ
dNþ1

Area�λNþ1

ð3Þ

where Tlayer N is the temperature of material layer N, dN is the dis-
tance between temperature point of material layer N and tempera-
ture point of material layer N+1, Area is the heat exchange area and
λN is the thermal conductivity of material layer N. The same defini-
tions apply for the properties of material N+1.

Finally, the last contribution is the heat exchange between the
piping walls and the external environment, which is calculated
according to (Eq.1. The external ambient temperature is set equal to
25°C and the heat transfer coefficient is 6 W/m2K, which is a standard
coefficient of natural convection.
Water circuit
The secondary flow is pumped into the HPHE by means of a ther-

mal-hydraulic centrifugal pump. The difference in pressure of the
fluid passing through the pump is calculated using affinity laws. The
fluid temperature at the pump outlet is calculated from the tempera-
ture at the pump inlet and the energy provided (with an overall effi-
ciency) by the pump to the water. The characteristic curves
(volumetric flow rate-pump head) have been implemented into the
software for different velocities.

The mass flow rate at the suction of the pump is calculated so
that the output pressure, pout (high pressure), reaches the follow-
ing value:

pout ¼ pin þ Δp ð4Þ
where pin is the input pressure (low pressure) and Δp is the pressure
difference. The pressure difference into the pump is interpolated
thanks to the reference data.

The power, Pmech, provided by the pump to the fluid is as follows:

Pmech ¼ V �Dp � feff ð5Þ

0�feff�1 ð6Þ
where V is the volumetric flow rate, Dp is the pressure difference and
feff is the global efficiency of the pump.

The super-heated thermal fluid flows in the secondary piping
toward the intermediate heat exchangers that transfer the recovered
heat to the air required by the spray dryer process. The two heat
exchangers are placed in parallel and they are designed to transfer
490 kW and 180 kW, respectively, to the air required by the spray
dryer process. In the numerical model, the heat exchangers are mod-
elled according to the efficiency-NTU method. A warm fluid with
mass flow rate _mhot (kg/s) enters the heat exchanger at temperature
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Thot,in (°C) and goes out the heat exchanger at temperature Thot,out (°
C). Meanwhile a cold fluid with mass flow rate _mcold [kg/s] enters the
heat exchanger at temperature Tcold,in °9C) and leaves the heat
exchanger at temperature Tcold,out (°C). The heat transfer rate
between the cold fluid and the hot fluid cannot exceed a maximum
value Qmax. This value is given by:

Qmax ¼ Cmin � ðThot;in � Tcold;inÞ ð7Þ

where Cmin is the minimum heat flow rate capacity written as:

Cmin ¼ min
���� _mhot

����Cphot

���� _mcold ¢Cpcold

� �
ð8Þ

The efficiency-NTU method states that the heat flux can be writ-
ten as:

Q ¼ 2 � Qmax ð9Þ
where e is the efficiency or thermal effectiveness of the heat
exchanger. This thermal effectiveness can be written as a function
of the number of transfer units, NTU, and the flow-stream capac-
ity ratio, Cr:

2 ¼ f NTU;Crð Þ ð10Þ
NTU and Cr are defined as:

NTU ¼ UA=Cmin ð11Þ

Cr ¼ Cmin=Cmax ð12Þ
where:

U � A ¼ 1
Rhot þ Rwall þ Rcold

ð13Þ

Cmax ¼ max
���� _mhot

���� ¢Cphot;

���� _mcold

���� ¢Cpcold

� �
ð14Þ

Rhot, Rwall and Rcold are the thermal resistances, in K/W, at hot fluid
level, wall level and cold fluid level, respectively.

Control strategy

In the numerical model, a temperature sensor is placed at the
condenser outlet in order to measure the temperature of the
water flow. A pump with variable rotational velocity from
1800 rpm to a maximum of 3000 rpm maintains the water
stream at the desired temperature value of 167°C. Therefore, if
the thermal power available in the exhaust stream is higher than
the designed value, the pump increases the water flow rate in
order to avoid the overheating of the water flow. In the event
that this control strategy is inadequate for keeping the tempera-
ture at the desired value, the bypass of the HPHE in the primary
side, i.e. exhaust, is partially opened to decrease the thermal
power available in the gases. A total bypass of the HPHE primary
side will be operated during downtime periods of the heat sink
and during maintenance procedures.

Conversely, a decrease in the temperature or the flow rate of the
exhaust gases at the inlet of the evaporator with respect to the
designed values could lead to a decrease of the temperature of the
exhaust at the outlet of the system; this condition must be avoided
due to the acid condensate that could condense in the exhaust. As a
consequence, in this scenario, the inverter decreases the speed of the
pump to reduce the water flow rate. When the decrease of the ther-
mal power available in the exhaust is significant, the control strategy
activates a bypass of the intermediate heat exchangers in order to
transfer less thermal power to the spray dryer. Thus, the heat recov-
ered in the HPHE by the water will decrease allowing a higher
temperature at the HPHE outlet to avoid dropping below acid con-
densation temperatures.
Experimental-numerical validation of the exhaust gases heat
losses

As mentioned above, the first case is the simulation considering
only the exhaust gases circuit, i.e. no heat recovery is considered in
the simulation, in order to compare the numerical results with the
experimental data. This simulation is useful to determine the gap
between the experimental and numerical thermal losses along the
exhaust piping. The experimental temperature and flow rate mea-
sured by the sensors at the manifold, see the sensors location in
Fig. 3, are implemented in the numerical model as input parameters
for the exhaust gases source. Fig. 11 shows the experimental values
for temperature and flow rate collected over a period of approxi-
mately 2 days. The temperature measured at the manifold varies
from a minimum of 210°C to a maximum of 260°C, while the flow
rate has been normalized on the basis of its maximum value accord-
ing to the following equation:

FlowRate %ð Þ ¼ FlowRate=FlowRateMaxð Þ � 100 ð15Þ
The registered flow rate varies in the range from 40% to 100%.
Fig. 12 shows the comparison between the numerical and calcu-

lated temperature of the gases before the main stack, where the
HPHE will be installed. The agreement between the numerical results
and the experimental measurements is satisfactory, concluding that
the thermal losses of the exhaust gases along the piping are predicted
accurately. Indeed, the time-dependent temperature curves are
aligned, and the difference is approximately 4-5°C; a maximum dif-
ference of 11°C can be noticed at approximately 50,000 and 75,000
seconds.
Numerical-theoretical validation of the entire heat recovery
system

In the second simulation, the heat recovery system is introduced
within the simulation. The HPHE and the closed loop heat transfer
fluid circuit presented previously are included in the numerical
model. The simulation has been carried out with the designed tem-
perature and flow rate at the inlet of the exhaust piping and with the
designed rotational speed of the pump, where the exhaust tempera-
ture is equal to 245°C and the pump rotational speed is equal to
2520 rpm. The initial temperatures of the materials components and
of the water flow is 20°C. This simulation determines the deviation
between the numerical results and the operating parameters of the
designed heat recovery system, shown in Table 2, which are deter-
mined by theoretical correlations.

Fig. 13 displays the main numerical operating parameters of the
system: the temperature of the exhaust gases at the outlet of the
HPHE and the inlet and outlet temperatures of the water from the
HPHE and the thermal power recovered by the heat exchanger. The
warm-up phase of the water flow can be noticed at the beginning of
the simulation: the water takes approximately 10,000 seconds to
reach its steady value of 115.4°C. The water temperature at the outlet
of the heat exchanger stabilizes at 166.7°C while the numerical tem-
perature of the exhaust before flowing to the atmosphere is 155.5°C.
These numerical results are very close to the designed parameters of
the system reported in Table 2. The numerical thermal power recov-
ered by the HPHE is reported in Fig. 13 and it is equal to 716,850 W.
Therefore, the model predicts the energy recovery performance 2.4%
higher than the manufacturers provided designed recovery power of
700 kW. Thus, the numerical model is able to reproduce the designed
heat recovery system operating parameters determined by theoreti-
cal correlations.



Fig. 12. Experimental and numerical temperature of the before the main stack.

Fig. 11. Experimental temperature and flow rate of the exhaust at the manifold implemented in the numerical model as input data.
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Fig. 13. Numerical temperature of the exhaust at the outlet of the HPHE (yellow line) and of the water at the inlet (blue line) and outlet (red line) of the HPHE. Thermal Power recov-
ered by the HPHE (green line).

Table 5
Simulated scenarios varying the flow rate of the intermediate heat
exchangers.

Simulation
Number

Flow Rate of
Intermediate HE#1
(% of designed flow rate)

Flow Rate of
Intermediate HE#2
(% of designed flow rate)

1 100 100
2 90 90
3 80 80
4 70 70
5 60 60
6 50 50
7 40 40
8 30 30
9 20 20
10 10 10
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Control strategy sensitivity analysis

Once the numerical model has been validated against experimen-
tal data and theoretical correlations, the 0D/1D model has been used
to simulate different working points of the heat recovery system
under variable boundary conditions. Different simulations have been
carried out to investigate the thermal performance of the system in
situations that could occur during the real working conditions.

Case A-sensitivity analysis of spray dryer flow rate variation and bypass
valve opening angle

In this scenario, the inputs of the exhaust gases have been kept
equal to their designed value: 245°C and 100% (non-dimensional
value for the flow rate). The pump rotational speed is maintained
constant at the designed value of 2520 rpm.

The influence of two parameters have been analysed on the ther-
mal behaviour of the system: the opening of the bypass of the evapo-
rator section of the HPHE and a reduction of the flow rate of the
spray dryer air (the secondary flows that recover the heat in the
intermediate heat exchangers). In both the intermediate heat
exchangers, a reduction in the air flow rate has been investigated:
the air flow rate has been decreased from the nominal value of 100%
(designed working condition) up to the 10% of the designed flow
rates. In every simulation, the air flow rate in the intermediate heat
exchangers has been reduced of a 10% with the respect to the nomi-
nal value (100%). Table 5 summarises the simulations carried out
varying the air flow rate in the intermediate heat exchangers.

The influence of opening the bypass of the HPHE evaporator sec-
tion has been investigated for every simulation reported in Table 5.
In particular, different bypass angles have been considered starting
from the bypass valve angle equal to 0 (completely closed) up to 90
(completely opened) varying the opening angle of 10 degrees every
simulation. Thus, considering the simulation carried out varying the
flow rate of the intermediate heat exchangers and the influence of
the bypass opening valve, a matrix of 100 simulations is determined.

Fig. 14, Fig. 15 and Fig. 16 show the numerical results of the simu-
lations’matrix carried out for this analysis, in particular, the tempera-
ture of the exhaust at the outlet of the HPHE and the temperature of
the water stream at inlet and outlet of the condenser are presented.
For each variable analysed, an operating 3D map and a table summa-
rising the numerical results have been obtained to determine the
working points of the heat recovery system considering the different
openings of the bypass valve and the air flow rates in the intermedi-
ate heat exchangers simulated.

The predicted outlet temperature of the exhaust gases of the
HPHE is shown in Fig. 14. It can be noticed, in the designed condition
(100% flow rate to the spray dryer and bypass closed), the outlet



Fig. 14. Numerical temperature of the exhaust at the outlet of the HPHE varying the air flow rate in the intermediate heat exchangers (spray dryer) and the opening of the bypass
valve in the exhaust flow.
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temperature is 155°C. By increasing the opening of the bypass valve, a
greater amount of the exhaust gases flows through the bypass and
the heat recovery in the heat exchanger decreases. No heat recovery
takes place when the bypass valve is completely opened, i.e. 90
degrees, because the exhaust completely bypasses the heat
exchanger.

Furthermore, the increase in the exhaust gases temperature is
determined also by the decrease in the air flow rate in the intermedi-
ate heat exchangers. A maximum temperature of 228°C can be
reached when the air flow rate in the intermediate heat exchangers
is at 10% of the designed value. A similar behaviour can be noticed for
the water temperature at the inlet (Fig. 15) and at the outlet (Fig. 16)
of the condenser section of the HPHE. Indeed, the temperature is
approximately 115°C and 167°C at the inlet and outlet, respectively,
in the designed working condition, i.e. 100% of the air flow rate in the
intermediate heat exchanger and with the bypass completely closed.
The temperature of the water (both at the inlet and outlet) decreases
when opening the bypass valve. This leads to a lower amount of ther-
mal energy recovered by the HPHE.

If the air flow rate in the intermediate heat exchangers decreases,
the temperatures of the water increases. The opening of the bypass is
necessary to keep the water temperatures in the desired range.

The temperature at the outlet of the HPHE is one of the main
parameters that need to be monitored in order to avoid the acid con-
tent within the exhaust gases condensing. The opening of the exhaust
bypass will be used to maintain the temperature in the desired range.
The matrix of the simulations carried out has been used to determine
the exhaust gases temperature increase per unit time (°C/s); this



Fig. 15. Numerical temperature of the water at the inlet of the HPHE varying the air flow rate in the intermediate heat exchangers (spray dryer) and the opening of the bypass valve
in the exhaust flow.
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calculated value is fundamental for the tuning of the control strategy
in order to open the bypass valve at the required angle when out of
range parameters occur.

Fig. 17 shows the temperature gain in °C/s (y-axis) for the exhaust
gases at the HPHE outlet per each spray drier mass flow rate and per
each bypass valve opening angle simulated (x-axis). Analysing the
curve at a random spray dryer flow rate, it is clearly visible that, as
expected, the temperature gain increases with the increase of the
bypass valve opening. For instance, with the 100% air flow rate curve,
the temperature gain increases from 0.0003°C/s at 10 degrees bypass
valve opening up to 0.23°C/s when the bypass is completely opened.
For the same curve, when the bypass is opened at 20 degrees, the
gain is 0.006°C/s which means approximately 3.6°C in ten minutes.
In addition to this, for a certain bypass valve opening, the temper-
ature gain increases with the decrease of the air flow rate at the inter-
mediate heat exchangers meaning less thermal energy is exploited
when the air flow rate decreases. Thus, the water stream flows at the
inlet of the condenser at a higher temperature, recovering less ther-
mal energy in the HPHE condenser inlet and leading to an increase in
the exhaust temperature at the outlet of the evaporator section.

Case B-sensitivity analysis of exhaust thermal power variation

The control strategy has been tested for two conditions that simu-
late different parameter fluctuations that could occur in the real sys-
tem, namely an excess of or a decrease in thermal energy available in



Fig. 16. Numerical temperature of the water at the outlet of the HPHE varying the air flow rate in the intermediate heat exchangers (spray dryer) and the opening of the bypass
valve in the exhaust flow.

M. Venturelli et al. / International Journal of Thermofluids 10 (2021) 100080 15
the exhaust gases. The first simulation is related to an excess of
energy content in the exhaust. In particular, data characterised by a
higher temperature and flow rate than the designed value are imple-
mented as inputs to the numerical model. Finally, the second simula-
tion concerns a temperature and a flow rate, and hence energy
content, in the exhaust lower than within the designed values.

Fig. 18 shows the temperature and flow rate of the two out of
range conditions simulated. The exhaust flow rate is normalized to
the designed value in both cases. After a simulation time of 30,000
seconds where the input parameters are kept constant to the design
values in both cases, the perturbations occur. In Fig. 18 (a) (simula-
tion with higher energy content) the temperature and the flow rate
of the exhaust reach 260°C and the 120%, respectively. In the simula-
tion with the less energy content the temperature and flow rate
decrease up to 210°C and 76%, see Fig. 18 (b). In these simulations the
control strategy is activated; the speed of the pump is regulated to
maintain the water temperature at the condenser outlet at 165°C.
If the variation of the water flow rate is not sufficient, a partial
bypass of the evaporator will be operated in case of excess of thermal
power in the exhaust while the bypass of one intermediate heat
exchanger will be performed in the second simulation, i.e. decrease
of thermal power in the exhaust gases.

In the following sections, the results of the two perturbations are
reported.

Excess of thermal power in the exhaust gases

Fig. 19 shows the numerical results of the simulation for an excess
of thermal power condition in the exhaust stream. The temperatures
of two streams and the rotational speed of the pump are shown in
Fig. 19 (a). When the source of the exhaust gases are in the designed
condition (245°C and 100 % of the flow rate) the temperatures stabi-
lise at the nominal conditions. Specifically, 155°C for the exhaust
temperature at the outlet of the HPHE evaporator section, 115°C and



Fig. 18. (a) Experimental temperature and flow rate of the exhaust at the manifold implemented in the numerical model as input for the excess of thermal power. (b) The case for a
decrease in available thermal power.

Fig. 17. Exhaust temperature gain per unit time [°C/s] under different bypass valve openings and spray dryer flow rates.
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165°C for the water temperature at the inlet and outlet of the HPHE
condenser section, respectively. The nominal conditions are reached
also for the pump rotational speed, see Fig. 19 (a), and thermal power
recovered, see Fig. 19 (b).

A major energy content increase in the exhaust (starting from
30,000 seconds) leads to an increase in thermal power recovered
from the HPHE, that is approximately 14% more with respect to the
thermal power recovered in the nominal conditions. Thus, an
increase of the characteristic temperatures can be noticed; indeed,
the exhaust gases temperature before exiting to the atmosphere is
181°C while the water stream temperatures registered are 135°C and
186°C at the inlet and outlet of the condenser respectively.

Fig. 19 (a) shows that the pump accelerates up to 3000 rpm when
the perturbation occurs, but the increased water flow rate is not suffi-
cient to maintain the temperature of the water at the desired temper-
ature of 165°C. In response, the bypass valve operated at 50,000
seconds to reduce the energy content in the exhaust gases, opening
to 40 degrees.
The thermal power recovered by the HPHE shown in Fig. 19 (b)
decreases up to the nominal value, i.e. 700 kW and the water temper-
ature at the outlet of the condenser stabilizes at 165°C. The opening
of the bypass valve generates an increase of the exhaust temperature,
i.e. 195°C; the increase in temperature of the exhaust is approxi-
mately 15°C in 20 minutes, which is very close to the rate shown in
Fig. 17 for the same valve opening.

Decrease of thermal power in the exhaust gases

The results of the perturbation with the lower energy content in
the exhaust with the respect to the nominal condition are shown in
Fig. 20. The thermal behaviour of the system is the same as the one
shown in the previous section when the designed conditions are sim-
ulated, up to 30,000 seconds. The decreased of the energy content in
the exhaust, starting at 30,000 seconds, determines a lower thermal
energy recovered by the HPHE: 550 kW with the respect to the 700
kW recovered in the nominal condition, see Fig. 20 (b). The control



Fig. 19. (a) Numerical results for an excess thermal power condition. (b) Corresponding thermal power recovered by the HPHE.
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Fig. 20. (a) Numerical results for an insufficient thermal power condition. (b) Corresponding thermal power recovered by the HPHE.
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Fig. 21. Numerical results for a real test case. Temperature of the exhaust at the HPHE evaporator outlet when the control strategy is active and inactive.
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strategy slows down the pump’s speed when the perturbation is reg-
istered, i.e. 30,000 seconds, to decrease the water flow rate in the
condenser but it is not sufficient to maintain the water temperature
at 165°C. The water stabilizes at 137°C and 80°C at the inlet and out-
let, respectively, while the exhaust gases temperature is 120°C, see
Fig. 20 (a).

The solution to increase the characteristic temperature in the
bypass of the intermediate heat exchanger is to exploit less thermal
energy in the spray dryer. In response, at 50,000 seconds, the bypass
of the main heat exchanger is performed. It can be seen from Fig. 20
(a) that the water and exhaust temperatures rise. The speed of the
pump increases up to 3000 rpm to maintain the water outlet at 165°
C.

Application of the control strategy to a real test case

In this paragraph, the performance of the control strategy pre-
sented in Paragraph 3.3 has been tested with fluctuating experimen-
tal data, i.e. the same input values used to run the numerical
simulation in Paragraph 3.1.2. The results of the control strategy sen-
sibility analysis reported above highlights the requirement of an
additional component in the control loop: a Proportional-Integral-
Derivative controller (PID) that aims at minimizing the error between
the calculated temperature at the evaporator outlet and the setpoint
temperature, i.e. 155°C. When the exhaust thermal energy in the
exhaust is larger than the designed value (larger flowrate or tempera-
ture in the exhaust), the PID controller opens the exhaust bypass
valve decreasing the exhaust flowrate that flow through the HPHE
unit. The following figures compare the outlet temperatures (both at
the evaporator and the condenser sections) when the control strategy
is active and when it is not, i.e. results of the simulation shown in Par-
agraph 3.1.2.

In Fig. 21, it is shown that the exhaust temperature at the HPHE
outlet when the control strategy is active fluctuated between 140
and 180°C. Thus, the temperature of the exhaust is maintained above
the acid dew point temperature. When the control strategy is
inactive, the temperature of the exhaust reached 125°C that leads to
acid condensation, please refer to Paragraph 3.1.2. Similarly, the
water temperature seen at the outlet of the condenser benefits from
the implementation of the control strategy; indeed, the water tem-
perature reaches a maximum of 180°C preventing any vapourisation
of the water stream, see Fig. 22. The control strategy is able to reduce
the water temperature of 15-20°C with the respect to the results of
the simulation without the control strategy.

Conclusion

In this paper, the energy efficiency enhancement due to the heat
recovery from the exhaust gases of ceramic furnaces has been evalu-
ated. The application of a HPHE to improve the energy efficiency and
to reduce the environmental impact of a ceramic process is investi-
gated. In the study, a lumped and distributed numerical model of the
exhaust piping from the outlet of the furnaces to the main stack has
been constructed and validated against experimental data. The agree-
ment between the calculations and the measurements showed good
agreement when investigating the thermal losses along the exhaust
gases piping.

A TRNSYS analysis of the proposed HPHE installation without a
control strategy showed the necessity to introduce one, due to the
high fluctuations in the exhaust temperature and mass flow rate, in
order to a steadier state required to maintain the quality of the prod-
uct through the spray drying process. Furthermore, there were times
when the temperature of the exhaust dropped below the due point
of some aggressive condensable gases. This could not occur in the
real scenario to prevent fouling and corrosion issues, and to ensure
the equipment introduced has longevity of life.

Afterward, a numerical model of the entire heat recovery system
has been developed to investigate the thermal performance of the
system and to tune the control strategy of the heat recovery circuit.
The 0D/1D model accounts for the main components of the circuit:
the HPHE and the heat transfer fluid closed loop circuit with specific
models for the pump and the heat exchangers that exploit the energy



Fig. 22. Numerical results for a real test case. Temperature of the water at the HPHE condenser outlet when the control strategy is active and inactive.
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recovered in the heat sink. The results of the proposed numerical
model are validated against theoretical correlations under the nomi-
nal working condition designed for the system.

3D operating maps are determined to investigate the influence of
the variation of the spray-dryer flow rate and of the opening of the
bypass valve on the thermal performance of the heat recovery system
under the nominal working conditions, i.e. designed exhaust temper-
ature and flowrate.

Furthermore, the control strategy behaviour is investigated under
two different perturbations: excess and decrease of thermal energy
content in the exhaust. The numerical analysis demonstrated that it
is necessary to open the bypass valve to 40 degrees when the maxi-
mum spike in the exhaust flow rate and temperature is registered,
while a bypass of the main heat exchanger is necessary when the
energy content of the exhaust is at a minimum.

Finally, the control strategy is tested with real fluctuating condi-
tions. The numerical investigation showed that acid condensation in
the primary stream is prevented since the temperature of the exhaust
is maintained above 140°C, i.e. acid dewpoint temperature. Similarly,
the water temperature registered at the condenser outlet is lower
than 180°C: the secondary stream vapourisation is avoided even
under an excess of thermal energy in the exhaust.
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