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Abstract. The cement industry accounts for 3 — 5% of global CO, emissions and is difficult to
decarbonize due to the high temperature used in the process. The cement raw material re-
quires temperatures up to 900 °C for calcination and 1500 °C for sintering. Synhelion has
developed an absorbing-gas solar receiver which can provide 1500 °C heat to the process via
an H>O/CO; heat transfer fluid to provide fossil-free heating for the preheating and calcination
stages. However, very little work has been done to investigate the viability of solar-heated H.O
and CO- gases to efficiently calcine the cement raw meal relative to conventional gas-fired
precalciners. The objective of this study is to present an optimized small scale precalciner
considering particle suspension, flow dynamics, heat transfer, and thermochemistry of the raw
meal when using H.O and CO; gases. The optimization of the precalciner geometry using a
CFD model developed in ANSYS is presented.
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1. Introduction

Conventional cement production contributes ~3 — 5% of global carbon dioxide (CO2) emissions
[1] and ~8% of anthropogenic CO2 emissions [2]. About 60% of CO2 emissions results from
the release of CO2 during calcination of calcium carbonate (CaCO3), ~30% results from burn-
ing of fossil fuels to supply heat for the highly endothermic reaction, and ~10% results from
indirect energy needs (e.g., electricity and transportation) [2]. Cement has been in use by hu-
mans throughout history; variations of the material were used up to 12,000 years ago, with the
earliest archaeological discovery of consolidated whitewashed floor made from burned lime-
stone and clay found in modern-day turkey [3]. While the use of cement in concrete has a very
long history, the industrial production of cements started in the middle of the 19th century, first
with shaft kilns then rotary kilns which became the standard equipment worldwide. Emissions
from cement production have increased massively since the 1960s and have more than dou-
bled since the turn of the century. More than four billion metric tons of cement are currently
produced worldwide each year. In 2022, Global emissions from the manufacture of cement
stood at 1.6 billion metric tons of carbon dioxide (MtCO,) [4]. The conceptual layout of a mod-
ern cement production plant is presented in Figure 1. The production of cement involves the
raw material (meal) preparation followed by the pyro-processing steps including the calcination
of the material in calcination vessel at 900 °C and sintering in the rotary kiln at approximately
1500 -C to produce clinker. The heat required for raw meal pyro-processing is provided most
commonly by combustion of coal and petcoke mix. The hot flue gases are used to pre-heat the
raw materials and then treated in a Selective Catalytic Reduction (SCR) unit for NOx removal

[5].
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Figure 1. Conventional cement production system layout [6].

Over 80% of the energy required for calcination and clinkerization is in the preheaters and
precalciner [7]. To move away from the conventional fossil fuel heating approach, Synhelion
has developed an absorbing-gas solar receiver which can provide 1500 °C heat to the process
via an H20/CO; heat transfer fluid. Figure 2 shows a schematic of Synhelion’s receiver used
to generate high-temperature (~1500 °C) heat for solar-driven pyro-processing of cement
clinker [8]. Mixtures of superheated steam and CO; are passed through the receiver and vol-
umetrically heated by thermal radiation from the irradiated walls of the blackbody-like cavity
receiver. The hot gas can be delivered to the precalciner to calciner to drive off mineralized

CO; from the calcium carbonite feedstock (CaCO3; —CaO + CO.).
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Figure 2. Synhelion receiver schematic.

Sandia, Synhelion, and Cemex intend to characterize and optimize particle suspension,
particle and gas compositions, and thermochemical reactions associated with solar-thermal
calcination in cyclonic preheaters and precalciners using CO; and/or H20 as the heat-transfer
fluid (HTF). The models and tests will de-risk and optimize designs for solar-thermal calcination
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(including energy storage for continuous operation) to significantly reduce CO» emissions dur-
ing cement production. The optimization of the precalciner geometry using a CFD model de-
veloped in ANSYS is presented.

2. Methods

2.1 Precalciner Geometry

Cement raw material is calcined with the precalciner vessel located upstream of the kiln where
fuel combustion, heat exchangers, and decarbonation takes place. In existing precalciner ves-
sels, fuel is added and combusted together with the cement raw material suspension. The raw
material falls to the base of the calciner to enter the kiln while the combustion gases flow
upward into the preheater tower where heat is transferred to the raw material. The cement raw
meal is heated to 820-900 °C within the calciner to liberate the majority, 95%, of the CO, from
mineral [9]. Figure 3 shows the standard industrial precalciner structure.
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Figure 3. Precalciner structure in industrial operations [9].

Heat-transfer in a system using a H.O/CO2 HTF needs to be evaluated to ensure uniform
heating of raw materials and calcination reactions. The current system being developed is a
small-scale system that will be used to validate the CFD models. A commercial scale system
will be modelled once the small-scale system experiment has validated the inputs to the CFD
models. The study conducted here is simply ensuring that we can efficiently react the material
at small scale. The proposed geometry needs to yield the most efficient calcination of raw meal
possible to ensure commercial viability by maximizing residence time and calcination of the
particles. The proposed geometry in figure 4 keeps a commercial cylindrical shape but uses a
slightly different approach to introduce the raw meal and the hot greenhouse gases. The ge-
ometry uses a counterflow configuration in which particles are dropped with gravity against a
counterflowing H2O/CO. stream. The insertion of the raw meal occurs in the top centre of the
cavity, while the H,O/CO- stream enters the system at the opposite side flowing annularly
along the reactor walls to help minimize contact with the walls and reduce entrainment. An
expanding volume was added below the cavity to separate the particles from the entrained gas
stream for sampling.
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Figure 4. Precalciner proposed geometry.
2.2 Latin Hypercube Sampling Study

The purpose of this study is to design and optimize a small scale precalciner. The Dakota
software package [10] was selected to govern the optimization process. Dakota is an open-
source toolkit developed at Sandia National Labs that provides a framework for optimization,
uncertainty quantification, parameters estimation, and sensitivity/variance analysis. It was cho-
sen primarily for its flexibility in coupling with other simulation codes and its robust library of
existing optimization routines and sampling strategies.

A Latin hypercube Sampling (LHS) study was developed to generate several geometric
variations. The study was set to run a total of 184 samples with the variables outlined in table
1. Using the meshing scripts described in section 2.3, each geometric variation was generated
and meshed. Then, each geometric realization was simulated using the CFD model in parallel.
The incremental LHS approach was pursued. The study started with a small number of sam-
ples, and more were added in stages. As more samples were added, the statistical results
were being monitored to see if they became more consistent. This helped to ensure a sufficient
number of samples were produced for optimization.

Table 1. Geometric variables for LHS study.

Variable Lower bound Upper bound
Molar mass flow (mol/s) 0.15 0.30
Mass fraction 0 1

Center Height (mm) 500 2000
Center Slope (mm) 0 20

Center diameter (mm) 250 1500
Inlet thickness (mm) 25 50
Bottom cone height (mm) 200 400

A post-processor script was written in python to compare and rank all cases. The post-
processor took the particles ID, X, y, z positions, residence time, calcination rate, and temper-
ature data for 10,000 discrete phase model steps from each Fluent case. This data was used
to calculate the mean residence time, calcination rate, temperature and fraction exited. The
fraction exited refers to the number of particles that reached the bottom of the precalciner. This
valued was calculated by taking the y position of the particles from fluent and specifying in the
post-processor the y position of the bottom wall of the precalciner. By doing this, all the parti-
cles that had its y position value equal to the y position of the bottom wall would be counted as
exiting the geometry.
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2.3 CFD Model

To model the various geometries, a script was developed using the meshing software Cubit to
reliably construct and mesh each variation. Examples of the geometries produced by this script
are shown in figure 5. Consistent mesh sizes were used for the domain, and five boundary
conditions added: ‘meal stream” for particles injection, “outlet” for particles to exit the geometry,
“inlet” for the H.O/CO, stream, “kiln stream”, and “walls”. While this doesn’t guarantee an ap-
propriate spatial discretization for a given simulation, it was assumed that those simulations
with inadequate meshes wouldn’t affect the global trends significantly.

Figure 5. Examples of precalciner geometries created by meshing script.

The CFD model was developed using ANSYS Fluent. The model utilizes the energy equa-
tion (1) to simulate the heat transfer between the fluid flows. The realizable k-epsilon turbu-
lence model with scalable wall function was utilized to simulate the flow. This turbulence model
provides better accuracy for particular flow regimes including those involving strong streamline
curvature, vortices, and rotation. The model consists of two transport equations: one for the
turbulent kinetic energy (2) and one for the turbulent dissipation rate (3). The term "realizable"
means that the model satisfies certain mathematical constraints on the Reynolds stresses,
consistent with the physics of turbulent flows. This ensures that the predicted turbulent kinetic
energy and dissipation rate are physically realistic. The scalable wall function is designed to
improve the robustness and accuracy of simulations involving turbulent flows near walls, es-
pecially when dealing with coarse meshes or complex geometries ensuring the wall treatment
remains valid and effective regardless of the near-wall mesh resolution. Radiation was mod-
eled using the Discrete Ordinates (DO) radiation model. This radiation model solves the radi-
ative transfer equation (4) for a finite number of discrete solid angles, each associated with a
vector direction fixed in the global Cartesian system. To calculate the absorption coefficients,
the weighted sum of grey gases model (WSGGM) is implemented. The WSGGM model is a
reasonable compromise between the over simplified gray gas model and a complete model
which considers particular absorption bands. The species transport model is used to model
the chemistry between the H,O/CO-, gas and the raw meal particles. The transport equation
for the mass fraction is given by equation (5). The Arrhenius rate law is used to model the
reaction kinetics in the model. This law is based on the Arrhenius equation, which describes
how the rate constant of a reaction varies with temperature. The pre-exponential factor and
activation energy used are 1.0.10%, and 1.617.10% respectively. Equation (6) shows the gen-
eral form of the Arrhenius equation. The Discrete Phase Model (DPM) is used to simulate the
raw meal particles in the system. The particle mean diameter for this study is 3.5.10%° m. The
trajectory of a discrete phase particle is determined by integrating the force balance on the
particle as shown in equation (7).

9(pE)

— -tV (pvE) =V- (kepfVT) + Sg (1)
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An approximation was made to calculate the calcination of one ton of CaCO3. Assuming
that there is no kinetic limitation to the rate of reaction and there is no sensible heat addition,
the heat of reaction for calcium carbonate can be used to derive the energy required. The
upper bound for the energy required to calcine calcium carbonite is 178 kdJ/mol (1778 kJ/kg).
1 ton of CaCO3 would require 1778000 kJ of energy. By assuming a 200 K DT on the steam
side which gives a total enthalpy of 9.46 kJ/mol (62.90 - 53.44 kJ/mol using enthalpy tables for
steam) (524.8 kJ/kg), the total mass of steam needed to react 1 ton of cement would be 3387
kg. In this study, we are reacting 10 kg/hr. (0.0027 kg/s) of cement in the vessel. This would
require a steam flow rate of 0.0094 kg/s. The steam flow rate that the system has at nominal
operating conditions is 0.0044 kg/s. Since a much higher DT is used on the steam side, 1200
°C to ~800 °C, about half the calculated flow rate would be needed for the reaction, 0.0045
ka/s.

3. Results and Discussion

There are three main variables that are considered to select the best geometry. Calcination
rate, fraction exited, and residence time. The precalciner must calcine as much of the particles
as possible, and the particles must reach the bottom of the precalciner. These were ranked
from highest to lowest for all cases, and the results for the top five cases are shown are shown
in table 2.

Table 2. Top five ranked cases from highest to lowest calcination rate.

Case number Calcination rate Fraction exited Mean residence time
(s)
13 0.8728 0.6222 1.6011
72 0.7204 0.3933 1.9783
20 0.6931 0.4472 1.9482
114 0.6653 0.4421 1.8318
59 0,6629 0.425 1.7648

Case number 13 had the highest calcination rate, and thus was selected as the best ge-
ometry for the precalciner design. The case number 13 precalciner geometry is shown in figure
6, and the geometric dimensions for the precalciner are showed in table 3.
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Figure 6. Case number 13 geometry.

Table 3. Case number 13 geometric dimensions.

Center height 1500 mm.
Center min diameter 500 mm.
Center slope 100
Bottom cone height 400 mm.
Bottom cone diameter 150 mm.
Top cone height 400 mm.
Top cone diameter 200 mm.

Although case number 13 ranked the highest of all the cases, the slope made the geom-
etry hard and thus expensive to manufacture. To solve this, the center slope was removed,
and a single cylinder-shaped geometry case was created. A new refined mesh was created
for both case number 13 and the cylinder-shaped case. The new meshes had 1 million ele-
ments each. These cases were simulated, and their results compared in table 4 to determine
if the simplified cylinder-shaped geometry would keep close results to the original. The cylin-
der-shape case proved to have even better results compared to the case number 13 case. The
calcination rate, fraction exited, and mean residence time improved from case number 13,
making this simplified cylindrical-shape geometry the chosen one for manufacturing. It is im-
portant to note that the results from table 3 to 4 change significantly since the mesh from the
previous cases was not as refined, and thus causing the difference in the results. The finalized
geometry can be seen in figure 7, and the visualization of the particles calcination rate, and
residence time can be seen in figure 8.

Table 4. Cylinder-shape vs case number 13 results.

Case Number 13

Cylinder-Shape Case

Calcination Rate 0.3958 0.4564
Fraction Exited 0.8736 0.9167
Mean Residence Time (s) 0.7229 0.8253
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Figure 7. Finalized precalciner geometry.

Figure 8. Particles residence time (left) and calcination rate (right).

4. Conclusion and Future Work

A geometry optimization study for a precalciner for cement production using a H20 and CO-
heat transfer fluid was presented. The geometries were ranked from highest to lowest calcina-
tion rate and residence time to determine the best geometry. The geometry was then simplified
to reduce complexity and manufacturability. The geometry will now be manufactured and
tested to both validate the CFD model, and asses the efficacy of this system.

Data availability statement
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