
7th US National Combustion Meeting 
Organized by the Eastern States Section of the Combustion Institute  

and Hosted by the Georgia Institute of Technology, Atlanta, GA 
March 20-23, 2011 

A DNS of a CuO particle in CO Environments 
E.A. Goldstein and R. E. Mitchell 

Department of Mechanical Engineering, Stanford University, 
Stanford, California 94043, USA 

A model that predicts the physical changes of a copper oxide particle during reduction in carbon 
monoxide has been developed.  The partial differential equations that describe the transport of 
CO through the porous structure of a copper oxide particle (CuO) when exposed to CO/N2 
mixtures at specified temperatures are solved as a function of time.  In the model, the CuO 
particle is divided into a number of concentric spherical volume elements.  The rate of 
conversion of CuO to Cu2O and Cu, specific surface area, and apparent density in each volume 
element depend upon the rates of chemical reactions, which depend on the local gas phase CO 
concentration and the particle temperature.  In our approach, a previously proposed reaction 
mechanism that predicts CuO reduction with CO under kinetically controlled conditions was 
used to predict the transition temperatures at which the CuO reduction rates in CO are limited by 
the effects of intrinsic chemistry (zone-I reduction), the combined effects of chemistry and mass 
transport (zone-II reduction) and mass transport effects alone (zone-III reduction).   

1. Introduction 
Global CO2 emissions, of which nearly 44% of the CO2 comes from coal combustion, have been 
and will continue to grow at an unprecedented rate.  Between the United States, China, India, 
Russia and Australia, which account for largest populations, the largest economies, and utilize 
the most energy per capita, they also contain nearly 80% of the worlds coal reserves [1].  In order 
for these countries to maintain their growth, they will need electricity, which more likely than 
not will come from burning their abundant coal resources.  If the potential negative impacts from 
global warming are to be avoided, in addition to investigating alternative fossil fuel energy 
sources, it is also prudent to investigate methods for removing CO2 from the exhaust of coal and 
biomass fired power plants.  One such technology that is capable of enabling the capture of CO2 
from coal and biomass fired power plants is chemical looping combustion (CLC) [2-6]. 

Chemical looping combustion (CLC) differs from conventional combustion processes in that air 
and fuel are never in direct contact.  Instead, an oxygen carrier, typically a metal oxide such as 
Fe2O3 or CuO, is circulated between a fuel reactor and an air reactor to transfer the oxygen 
necessary for combustion of the fuel.  In this work, the metal oxide being considered is CuO.  
The net heat released from both reactors is the same as that with conventional combustion of the 
fuel in air.  Work is extracted from the hot, nitrogen-rich stream that exits the air reactor and 
from the hot products stream that exits the fuel reactor.  

The advantage of CLC is that the exhaust gas from the fuel reactor consists primarily of CO2 and 
H2O, essentially free of nitrogen-containing species.  With little additional energy requirements, 



a pure stream of CO2 can be readily produced [3,4,7-9].  Other technologies for CO2 separation 
typically consume energy such that the overall thermal efficiency is generally lowered by 15-
30% [10]. 

In the past decade, CLC has been applied successfully to natural gas combustion [11-13].  
Despite this, there is relatively little kinetic data available on CLC with gaseous fuels [6,9,11,14-
18].  Only more recently has CLC been applied to solid fuel combustion [19-26].  Many 
researchers in the CLC field believe that before CLC of solid fuels can be fully understood and 
optimized for power plant design, first the chemistry between the primary gases (CO, H2, CH4) 
and metal oxides in the CLC reactors must be measured and modeled.  To that end, this paper 
presents a direct numerical simulation (DNS) for a single CuO particle in CO environments.  

Under conditions expected in CLC fuel reactors, overall CuO particle reduction rates will not be 
kinetically controlled, but instead they will be partially-to-fully controlled by mass transport of 
reactants to and through the CuO particle.  Observed reduction rates will occur either in a so-
called zone-II regime (in which the combined effects of mass transport and chemistry control 
overall reduction rates) or in a zone-III regime (in which only mass transport controls overall 
reduction rates).  Under zone-I conditions, typically found at relatively low temperatures, 
chemistry is the rate-limiting process.  For zone-I conditions, it is expected that the CO 
concentration will be uniform throughout the particle and hence, the consequences of chemical 
reaction (variations in adsorbed species concentrations, specific surface area, etc.) will be 
uniform throughout the particle as well.  Under zone-III conditions, typically found at relatively 
high temperatures, chemical reaction rates (which increase exponential with temperature) are fast 
compared to mass diffusion (which increases approximately as T1.5), rendering mass transport of 
reactants to the particle as the rate-limiting process.  For zone-III conditions, it is expected that 
the CO concentration will be near zero in the interior of the particle (i.e., an unreacted core will 
exist), and that there will be steep density gradients where CuO is converted to Cu, from the 
outer diameter inward.  In zone-III, the system will approach that of the idealization of a shirking 
core model.  The single particle model developed includes the influences of both mass diffusion 
and chemical reaction and hence, is capable of describing the variations in the CO concentration 
profile inside a single particle as a function of the particle temperature and the ambient CO 
concentration.  The model can be used to identify the CuO reduction regime as a function of the 
temperature. 

2. Theoretical development  
In order to study how a single CuO particle evolves in the presence of CO in a CLC reactor, both 
chemistry and transport phenomenon need to be considered.  For the given CuO particle, the CO 
concentration will vary with time and particle radius in accord with the solution to the following 
differential equation:  
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which is solved subject to the following initial and boundary conditions: 
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Here, R̂
CO

 is the reactivity of the CO (in moles/m3-s), ρA is the local apparent density of the 
particle (in g/m3), Sg is the local mass specific surface area (in m2/g), and Deff is the effective 
diffusivity (in m2/s), which reflects the combined effects of Knudsen and bulk diffusion of CO 
through the particle pores.  It is given by: 
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In these expressions, kb is the Boltzmann constant, NAV is Avogadro’s number, φ is the porosity 
of the particle, and τ is the tortuosity.  The tortuosity accounts for the unknown tortuous 
diffusion path, and is taken to be 3 for a random distribution of pores.  The bulk diffusion 
coefficient is based the Chapman-Enskog description of diffusion in binary mixtures of gases.  
For CO/N2 mixtures, A = 4.891e-4 Pa-m2/s-K1.66.  The mean pore radius (rp) is based on the 
specific surface area and pore volume per gram, and is approximated via the following 
expression:  
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We measured values for the initial apparent density and specific surface area, and determined the 
initial porosity (0.32-0.36) from the measured apparent density and true density of CuO (6.31 
g/cm3). 

As a result of chemical reactions between CO and the present copper species, a net change in the 
number of moles of species i occurs according to the following equation:  
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where S is the total surface area (in m2) available for adsorption, [Xi] is the surface molar 
concentration of species i (in mol/m2 for a surface species and mol/m3 for a gas phase species), 
and ˆ!!R

i
 is the overall reaction rate of species i per unit surface area (in mol/m2-sec).  The surface 

molar concentrations [Xi] are determined as a function of the species site fractions, θi:   
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where ηi is the number of sites that comprises species i (e.g., Cu2O comprises two Cu sites), Sd is 
the total surface site density (sites/m2) and NAV is Avogadro’s number.   

With some manipulation, Eq. (6) can be written in the following form:  
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where the form of the reactivity of species i, will depend on the chemical mechanism in the 
following manner:  
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Here, ˆ!!Rj , the rate for reaction j, is defined via the law of mass action as the product of the 
product concentrations minus the reactant concentrations times their respective rate coefficient.  

The third boundary condition (Eq. (2c)) provides the link between the CO concentration in the 
free stream and that at the surface of the CuO particle.  Equating the flux of CO to the particle to 
the overall mass loss rate yields an expression from which the surface concentration of CO can 
be determined.  
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where for CO reacting to form CO2 (a mole conserving reaction): 
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The Sherwood number (Sh) is taken as 2. 

In previous work by the authors [6], the following chemical mechanism was proposed and shown 
to fit intrinsic chemical kinetic data for CO oxidation with CuO and Cu2O: 

 

! 

CuO + CO" CuO(CO)                              (R.1)

CuO(CO)# Cu+CO2                                (R.2)

CuO+CuO(CO)# Cu2O+CO2                 (R.3)

Cu2O+CO# Cu2O(CO)                           (R.4)

Cu2O(CO)# 2Cu+CO2                            (R.5)

Cu2O" CuO+Cu                                     (R.6)

Cu+CO" Cu(CO)                                   (R.7)

Cu+CuO(CO)" CuO+Cu(CO)              (R.8)

Cu+Cu2O(CO)" Cu2O+Cu(CO)           (R.9)



In this mechanism, CO adsorbs onto free copper sites (either CuO, Cu2O or Cu) forming 
adsorbed CO species (CuO(CO), Cu2O(CO)  and Cu (CO)).  Reduction occurs as the adsorbed 
CO desorbs, escaping the surface with an oxygen atom, forming CO2.  Reactions R.8 and R.9 are 
representative of migration reactions, where the adsorbed CO can diffuse on the surface between 
the different copper sites.  These reactions are assumed to be reversible, as is reaction R.6, which 
is representative of oxygen diffusion within the copper oxide matrix.  Based on this mechanism, 
Eq. (9) yields the following expressions for the CO and CuO reaction rates:  
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In the model the total surface area of the copper oxide particle is assumed to depend on the 
species site fractions as follows:  
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Initially, when θCuO = 1, this expression correctly gives the total surface area of a CuO particle 
and at complete conversion, when θCu = 1, this expression correctly gives the total surface area 
of a Cu particle.  At 50% conversion, the expression gives the total surface area of a Cu2O 
particle. 

In our numerical approach, the particle is divided into K concentric spherical volumes 
(elements), in which the mass and apparent density of each element k (mk and ρk, respectively), 
are followed in time by following the variations in the site fractions.  In each spherical element, a 
finite difference form of Eq. (1) along with Eq. (6) are integrated in time, simultaneously, to 
determine the CO concentration and site fraction populations in each element.  The mass in each 
element is determined from the surface molar concentrations and the total surface area in the 
element considered: 
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The apparent density for each element is determined from the true density of the particle material 
(ρΑ,k = [ρt(1-φ)]k, where the true density for element k is calculated from the species site fractions 
in the element, as follows: 
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As a consequence of CuO reaction with CO to form Cu2O and ultimately Cu, the diameter of the 
CuO particle changes owing to the difference in the true densities between CuO, Cu2O and Cu.  
During the numerical integration, the particle volume is evaluated from the summation of the 
volumes of the spherical elements (

! 

Vparticle = Vk" ), where the volumes of the spherical elements 
are calculated from the mass and apparent density of each element k:  Vk = mk/ρk.   Assuming 



spherical particles, the diameter of the particle is calculated from the particle volume: 
dparticle = (6Vparticle/π)1/3.

 

3. Calculated results  
In the calculations presented, a 100 µm diameter CuO particle was divided into 75 elements 
using a non-uniform spatial grid, with higher gradation at the outer surface.  This grid spacing 
yielded a system of 450 ordinary differential equations that were solved simultaneously for the 
CO concentration and site fractions of copper oxide species.  The CuO particle was assumed to 
be exposed to 1.6 % CO at 1 atm.  Initially, there was no CO inside the particle.  Shown in Table 
1 are values of the rate coefficients used in the calculations and shown in Table 2 are values of 
properties and key parameters used in the calculations.   

 
Table 1: Rate coefficients for the CuO-CO reaction mechanism 

Reaction Forward rate 
coefficient 

Reverse rate 
coefficient 

 Aa E (J/mol) A E (J/mol) 

R.1   1.41E+05 91600 1.84E+09 81600 
R.2   1.65E+03 17204 [-] [-] 
R.3   4.77E+10 69090 [-] [-] 
R.4   1.84E+04 76230 9.64E+02 49550 
R.5   9.20E+08 45045 [-] [-] 
R.6   1.47E-10 80000 b b 
R.7   1.92E+05 21100 8.97E+06 20000 
R.8   5.36E+06 30160 [-] [-] 
R.9   1.07E+09 63200 [-] [-] 

aUnits consistent with surface concentrations in mol/m2
 and time in s 

bReverse rate calculated from equilibrium constant 
 

Table 2: Properties used in the calculations 

Sg,CuO [g/m2] 40 [m2/g] ρtrue,CuO 6.3 [g/cm3] 
Sg,Cu2O [g/m2] 60 [m2/g] ρtrue,Cu2O 6.0 [g/cm3] 

Sg,Cu [g/m2] 90 [m2/g] ρtrue,Cu 8.9 [g/cm3] 
Particle Diam.  100 [µm] ϕ 0.35 [-] 

XCO,∞ 1.6  [%] Ptotal 101325 [Pa] 
 
Show in Fig. 1 is a legend and the initial conditions in the particle and in Fig. 2 are comparisons 
of the calculated site fractions and CO mole fractions within the particle at low (200 ˚C), 
intermediate (500 ˚C) and high (800 ˚C) temperatures.  Comparisons are made at four extents of 
conversion: 25 %, 50 %, 75 %, and 97 % conversion of CuO to Cu.  
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Figure 1: Initial Conditions for DNS calculations 

There are numerous differences in the CO concentration and species profiles within the particle.  
In the case of the 200 ˚C DNS calculation, the CO concentration throughout the particle is nearly 
uniform at all times during reduction of CuO to Cu.  This implies that for a 100 µm sized particle 
in 1.6 %, at 200 ˚C, the particle is reacting under zone I conditions.  From the CO concentration 
profiles of the DNS at 800 ˚C, the CO concentration is near zero in the core of the particle, and 
there is only appreciable CO at the interface of Cu with the other copper oxide (Cu2O and CuO) 
species.  Only near complete conversion is the CO concentration relatively uniform inside the 
particle.  This CO concentration profile implies that at this temperature, the particle is reacting 
under zone III conditions (up until late in conversion).  An outer shell of Cu forms as the CuO 
particle is reacted with CO in zone III.  As for the DNS at 500 ˚C, the CO concentration 
throughout the particle is non-zero at all times indicating that the particle might be reacting under 
zone I conditions. However, there are also gradients in the CO concentration through out the 
particle such that the outer shells of the particle are consumed faster then the inner ones.  
Therefore, at 500 ˚C, the CuO particle is reacting under zone II conditions.   

Our calculations indicate that at 500 ˚C, particles in the 75 – 100 µm size range react in the 
transition region between zones I and II.  In light of this, the kinetic parameters determined in 
our previous work [6] may have been influenced by mass transport effect.  We are performing 
additional tests at temperatures in the 350 to 450 ˚C range to provide data at the high-temperature 
end of zone I conversion. 

There is no sharp boundary between the reaction regimes, no exact transition temperature 
between conversion zones.  Predicted CO profiles are relative uniform inside a 100 µm CuO 
particle when particle temperatures are less than 400 ˚C.  CO profiles characteristic of Zone III 
conversion are predicted at temperatures greater than about 600 ˚C.  The model predicts a 
lowering of the transition temperatures as particle size is increased.  Transition temperatures are 
predicted to be higher for smaller particles.  At 600 ˚C, a 40 µm diameter particle reacts under 
zone I conditions, a 100 µm diameter particle under zone II conditions and a 150 µm diameter 
particle under zone III conditions.   
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Figure 2: Calculated site fractions and CO mole fraction as a function of time and radius 

 

As for the copper species profiles, the mechanism faithfully reproduces the expected cascading 
of CuO  Cu2O  Cu at high temperatures and the direct conversion of CuO  Cu at low 
temperatures.  In the case of the DNS at 200 ˚C, under zone I conditions, the metal oxide species 
site fraction profiles are nearly uniform throughout the particle, indicating that reactions are 
occurring uniformly throughout the particle.  At 800 ˚C, under zone III conditions, the species 
site fractions resemble a shrinking core, in which a shell of Cu grows from the outer periphery 
inward towards the center of the particle.  Finally, at 500 ˚C, under zone II conditions, there is a 
combination of both types of features (uniform reduction and shrinking core) in the site fraction 
profiles.  



Our calculations indicate that the conversion regime is quite sensitive to the initial porosity of the 
CuO particle.  The calculations presented are consistent with our measured porosity in the range 
0.32 - 0.36.  We noted that an initial porosity of 0.2 - 0.25 is sufficient to limit diffusion rates to 
the point where zone II behavior is encountered at temperatures as low as 400 ˚C for a 100 µm 
diameter CuO particle.  Such sensitivity could account for the observed variations in conversion 
regime when temperatures are in the 400 – 500 ˚C temperature range.  

The conversion regime changes during CuO particle conversion to Cu.  Chemical reaction rates 
depend on the concentrations of adsorbed species, which are quite low initially, rendering 
diffusion rates fast compared to chemical reaction rates at the onset of reduction.  No matter how 
high the particle temperature, CuO reduction begins under zone I conditions as CO totally 
penetrates the particle as free CuO sites are being filled with CO.  Depending on the temperature, 
this CO can be completely consumed before additional CO diffuses inside the particle.  As the 
particle undergoes changes from CuO to Cu2O to Cu, particle apparent density and total surface 
area change in a manner that causes a decrease the mean pore size with conversion.  This 
increases diffusional resistances during conversion.  As a result, at a given temperature, this can 
cause a particle reacting in zone I to shift to zone II or even zone III conditions as conversion 
progresses.  As a consequence, the boundary between zone I and zone II conversion is blurred. 

In the literature, many research groups have published rates for CuO particles reacting with H2, 
CO and CH4 measured at temperatures greater than 600 ˚C [6,9,11,14-18].  In many of these 
studies, the authors assumed that the conversion rate of CuO with the reactive gas was limited by 
mass transport effects, and used a shrinking core model to describe the process.  This work 
supports this assumption when CO is the reactive gas and the particle is larger than 100 µm. 

4. Conclusions   
A direct numerical simulation was performed to estimate the burning regimes for a copper oxide 
particle in CO environments.  The simulation showed that a 100 µm copper oxide particle will 
react in zone I conditions at temperatures less than 400 ˚C and for temperatures greater than 
600 ˚C, zone III conditions will persist.  Although there was no easily definable transition for 
zone I / zone II or zone II / zone III, zone II conditions can be observed at temperatures between 
400 ˚C to 600 ˚C.  Additionally, the model illustrated that at temperatures relevant to CLC power 
systems (~ 900 ˚C), a shrinking core reaction rate model adequately describes overall particle 
conversion rates.   

It was also show that in addition to being sensitive to the temperature and particle diameter, the 
reaction regime is also sensitive to the initial porosity of the CuO particle.  As the particle 
undergoes changes from CuO to Cu2O to Cu, particle apparent density and mass specific surface 
area change in a manner that decreases the mean pore size with conversion, enhancing the impact 
of diffusion on overall particle conversion rates. 
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