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Abstract
In this study, we experimentally investigate fluid–fluid displacement in a Hele–Shaw cell 
where the two fluids react, upon mixing, to form solid precipitates. Under the conditions 
of our experiments, we observe that precipitation reaction along the moving fluid–fluid 
interface generates solids in the form of mineral particle suspensions. We find that both 
electrostatic and hydrodynamic forces control the extent of particle–particle agglomeration 
during the suspension flow. Such particle suspension decreases the overall mobility of the 
multiphase mixture, thus altering the overall displacement. Although the injected fluids are 
viscously stable, the precipitation band that forms between the fluids becomes unstable to 
form finger-like flow channels compartmentalized by solid-deposited walls and clusters. 
We show that the emergence, growth and decay of the fingering pattern are strongly influ-
enced by the injection rate and the initial fluid chemical concentrations. In addition, we 
show that precipitation-induced fingering has a strong feedback on fluid–fluid mixing and 
the subsequent precipitation rate. Lastly, we find that, counter to intuition, a higher injec-
tion rate results in a larger amount of precipitates that are securely deposited in the Hele–
Shaw cell.

Keywords  Mineral precipitation · Pattern formation · Particle-laden flow

1  Introduction

Reactive flows in porous media that results in precipitation of solids are ubiquitous in 
a wide range of applications. For example, in physiology, precipitation process leads to 
kidney stone formation (Walton et al. 1967). In industrial settings, precipitation leads to 
fouling of porous membrane during water treatment (Matty and Tomson 1988), modi-
fication of concrete strength (Zhang et  al. 2014), and salinization of agricultural soil 
(Nachshon et al. 2011a, b; Schoups et al. 2005). In environmental settings, precipitation 
occurs during infiltration of acid mine drainage into groundwater aquifers  (Park et  al. 
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2021) and remediation of groundwater contaminated by dense nonaqueous phase liquids 
(DNAPLs) via in situ chemical oxidation (Wang et al. 2022).

More recently, the study of mineral precipitation in porous media has received 
increased attention in the context of geological carbon storage (Jiang and Tsuji 2014; 
Sigfusson et  al. 2015; Matter et  al. 2016; Snaebjornsdottir et  al. 2017). To this end, 
many studies have shown that mineralization and precipitation of salts in porous media 
can decrease the effective permeability and porosity of the rock formation, leading 
to a significant increase in the pressure drop and a decrease in injectivity and storage 
capacity (Singurindy and Berkowitz 2023; Peysson et al. 2014; Andre et al. 2014; Ott 
et  al. 2015; Miri and Hellevang 2016). Laboratory studies focusing on microscopic 
changes of the porous media have elucidated the complexity of the precipitation pat-
terns  (Maghraby et  al. 2011; Mohamed et  al. 2011; Sankur et  al. 1986; Krevor et  al. 
2016; Pentland et  al. 2011; Krause et  al. 2011) due to the highly nonlinear coupling 
between advection, diffusion, reaction, and the intrinsic heterogeneity of the pore geom-
etry and mineralogy.

Studying reactive flows in quasi-2D geometry such as a Hele–Shaw cell allows one 
to directly visualize the coupled flow and reaction process in a relatively simple flow 
configuration (Haudin et  al. 2014; Barge et  al. 2015; Cartwright et  al. 2002). Using a 
Hele–Shaw cell setup, it has been shown that varying the reactants, concentrations and 
injection rates leads to a fascinating array of diverse precipitation patterns that include 
fingers, spirals, and filaments to name a few (Haudin et al. 2014; Schuszter et al. 2016; 
Ziemecka et al. 2020). Furthermore, there is a strong feedback from reaction onto the 
flow, because precipitation often alters the local fluid viscosity and/or the effective 
permeability of the Hele–Shaw cell  (Haudin and De Wit 2015; Sin et  al. 2019). By 
decreasing the local mobility at the interface, the displacement would not be stable, and 
a hydrodynamic instability arises at the interface (Nagatsu et  al. 2014). However, the 
physical mechanisms behind the coupling between reaction and hydrodynamics, as well 
as the onset and growth of precipitation-driven fingering remain less well-understood.

Here, we study the displacement of aqueous solutions of calcium chloride by sodium 
carbonate in a Hele–Shaw cell where the two fluids react, upon mixing, to form calcium 
carbonate precipitates. We examine the case of equal reactant concentrations in detail 
via high-resolution imaging, which reveals a variety of precipitation patterns at differ-
ent injection rates and reactant concentrations. We find that reaction along the mov-
ing fluid–fluid interface forms a precipitation band in the form of particle suspensions, 
whose width and particle concentration are controlled by the injection rate. This injec-
tion rate dependent behavior arises due to particle–particle agglomeration in the pre-
cipitation band, which occurs when the hydrodynamic force overcomes the electrostatic 
forces (Perez et al. 2020). Therefore, higher injection rates generate larger particles and 
lower suspension mobility, resulting in miscible viscous fingering at the precipitation 
band (Feng et al. 2016). We analyze the emergence, growth and decay of the fingering 
pattern under different injection rates and initial fluid chemical concentrations. We dem-
onstrate that the temporal growth of precipitation amount is diffusive with time in the 
absence of fingering, but is linear with time in the presence of fingering, as explained 
by recirculatory flow inside the fingertip and supported by simple scaling arguments. 
Furthermore, we show that the precipitates uniformly deposit onto the top and bottom 
surfaces of the Hele–Shaw cell as a thin particle layer at low injection rate, but they 
form large particle islands at high injection rates. Finally, we observe erosion of the 
deposited particles due to hydrodynamic stresses after sustained injection.
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2 � Experimental Setup

We study experimentally the reactive flow dynamics of calcium carbonate ( CaCO3 ) pre-
cipitation in a Hele–Shaw flow cell, which consists of two glass discs of radius Ro = 5 cm 
separated by a constant gap of thickness b = 100 �m (Fig. 1). 

The total pore volume of the flow cell is PV = 0.81  mL. To perform an experiment, 
we first fully saturate the cell with an aqueous solution of calcium chloride ( CaCl2 ) (Mil-
liporeSigma). The cell is fully submerged in a reservoir of the same CaCl2 solution. We 
then inject an aqueous solution of sodium carbonate ( Na2CO3 ) (MilliporeSigma) at a con-
stant rate Q using a syringe pump (PHD 4000, Harvard Apparatus), forcing radially out-
ward displacement of CaCl2 . We keep the molar concentrations of CaCl2 and Na2CO3 solu-
tions equal to c0 in each experiment, but vary them between different experiments. Mixing 
between the invading Na2CO3(aq) and the defending CaCl2(aq) triggers CaCO3 precipitation 
by the reaction Na2CO3(aq) + CaCl2(aq) → CaCO3(s).

The experiments take place in a dark box, where the only light source is an LED light 
panel (BK3223, Knema LLC) that uniformly illuminates the flow cell from below. We 
image the experiment via a 16-bit scientific camera (Orca Flash 4.0, Hamamatsu) mounted 
directly above the center of the flow cell. The scientific camera has a complementary 
metal-oxide-semiconductor (CMOS) sensor with 2048 × 2048 pixels, which yields a spa-
tial resolution of 60 �m per pixel. Precipitation of CaCO3 scatters the incoming light and 
reduces locally the amount of light reaching the camera. Therefore, the local light intensity 
indicates the concentration of CaCO3 precipitates semi-quantitatively. We normalize the 
raw images obtained from the camera using

where I, Iref, and Inorm are matrices of the raw image, the reference image (i.e., image 
captured before Na2CO3 injection), and the normalized image, respectively. isat is the 
pixel intensity of regions fully saturated with CaCO3 precipitates. The normalized image 
therefore illustrates the spatial distribution of precipitate saturation, where pixel intensity 
Inorm = 0 indicates regions with no precipitates and Inorm = 1 indicates regions where the 
entire gap of the flow cell is saturated with precipitates (Fig. 2).

(1)Inorm =
1 − I∕Iref

1 − isat
,

Fig. 1   We study the dynamics of calcium carbonate precipitation in a radial Hele–Shaw cell made of two 
transparent glass disks separated by b = 100 �m-thick shims. The Hele–Shaw cell is initially saturated with 
calcium chloride and placed in a bath of the same fluid to avoid capillary edge effects. We inject sodium 
carbonate into the center of the Hele–Shaw cell at a constant rate Q to drive the precipitation of calcium 
carbonate. We image the experiment from above with a CMOS camera, which captures the change in light 
intensity due to precipitation
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We study the impact of reactant concentration ( c0 = 0.5, 0.75, and 1 mol/L) and injec-
tion rate ( Q = 0.1, 1, and 5 mL/min) on the precipitation pattern of CaCO3 . The tendency 
of our system to form CaCO3 precipitation in the absence of flow can be characterized by 
the saturation index SI= log10(IAP∕Ksp) , where IAP is the ion activity product of the reac-

tant mixture, and K sp = C0

Ca2+
C0

CO2−
3

 is the solubility product of CaCO3 , and 
C0

Ca2+
= C0

CO2−
3

= c0 are the initial concentration of reactants   (Staples and Nuttall 1977; 
Robinson and Macaskill 1979; Schuszter et al. 2016). The saturation indices in our experi-
ments are much greater than zero ( SI = 7.88, 8.23, and 8.84), which indicates supersatura-
tion conditions favorable for CaCO3 precipitation (Schuszter et al. 2016; Sand et al. 2016).

3 � Results and Discussion

3.1 � Experimental Phase Diagram

We present an experimental phase diagram of the final precipitation patterns obtained under 
different injection rates Q and initial reactant concentrations c0 (Fig. 2). The colormap of the 
phase diagram indicates the concentration of the precipitates across the gap of the flow cell 
inferred from imaging. Intuitively, one would expect the amount of precipitation to increase 
with increasing c0 . This is indeed the case across all Q. Interestingly, for a given c0 , increas-
ing Q dramatically alters the size, distribution, and gap-averaged concentration of the precip-
itates. At low Q, we observe the formation of precipitates much smaller than the size of a 

Fig. 2   Precipitation patterns 
for different injection rates 
(left to right: Q = 0.1, 1, 5 mL/
min) and initial concentra-
tions of the reactants (bottom 
to top: c0 = 0.5, 0.75, 1 mol/L). 
These patterns correspond to 
when the precipitation front 
has reached ≈ 80 % of the cell 
radius. The colormap indicates 
gap-averaged concentration of 
precipitates semi-quantitatively
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single pixel, which are then uniformly deposited over the flow cell. At higher Q, however, we 
observe the formation of much larger precipitate aggregates, deposited in the flow cell as dis-
crete clusters along the radially outward direction.

In all experiments, CaCO3 precipitation initiates along the CaCl2(aq)–Na2CO3(aq) inter-
face, which forms a radial band of precipitation particle suspension (Fig. 3a).

3.2 � Precipitation Band Accretion

Precipitation of CaCO3 particles occurs as soon as Na2CO3 enters the CaCl2-saturated flow 
cell. The radial flow profile and accumulation of the particles combine to form a radial 
precipitation band that moves with the injection velocity for all Q, such that its radius 
R(t) =

√

Qt∕�b (Fig. 3c). Additionally, the width of the precipitation band w remains rela-
tively constant in time, though it does increase with increasing Q (Fig. 3b).

The precipitation band accretion takes full shape at ∼ 1 cm away from the injection port. 
Even at this early stage, the gap-averaged concentration of precipitates is visibly greater at 
higher Q, as indicated by the image intensity of the precipitation band (Fig. 4a). The high satu-
ration indices of our experiments indicate instantaneous reaction between the reactants, such 
that CaCO3 precipitation is mixing limited (Haudin and De Wit 2015; De Simoni et al. 2007; 
Valocchi et al. 2019). We hypothesize that the greater precipitation at higher Q is due to flow 
detachment and vortex formation at the entrance of the Hele–Shaw cell (Lee and Kang 2020; 
Stergiou et al. 2022), which enhances mixing and generates more precipitation.

At high Q, in addition to the higher precipitate concentration, we also observe the forma-
tion of larger particle aggregates, which act to destabilize the precipitation band (Fig. 5b, c). 
Here, we hypothesize that larger precipitates clusters are born out of shear-induced aggrega-
tion of smaller precipitated particles (Perez et al. 2020). In the absence of flow, the dispersion 
and agglomeration of particles in confined spaces are controlled by Derjaguin–Landau–Ver-
wey–Overbeek (DLVO) force F DLVO , which consists of electric double-layer repulsion force 
FEDL (positive) and van der Waals attraction force FvdW (Derjaguin and Landau 1993) (nega-
tive). The FvdW between two colloidal particles is given by:

(2)FvdW =
−Arp

12d2
,

Fig. 3   a We characterize the radial precipitation band by its radius R and width w. b Dimensionless band 
width as a function of dimensionless time for c0 = 1 mol/L experiments at different Q, where � = PV∕Q is 
defined as the amount of time it takes to inject 1 pore volume of the invading fluid. c The evolution of the 
dimensionless band position as a function of dimensionless time for c0 = 1 mol/L experiments at different 
Q. The dashed line indicates the fluid–fluid interface position described by R∕Ro =

√

t∕�
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where A is the Hamaker constant, rp is the radius of particles, and d is the distance between 
the particle–particle pair  (Israelachvili 2011). We use A = 1.44 × 10−22 J, which corre-
sponds to the Hamaker constant value for two CaCO3 particles in water as predicted by the 
full Lifshitz theory (Bergstrom 1997; Dziadkowiec et al. 2018). We use rp = 7.7 � m, which 
corresponds to the experimentally determined initial CaCO3  particle size in a solution with 
SI = 10 and in near quiescent conditions (Tzachristas et al. 2020).

We calculate the electric double-layer repulsion force FEDL using the Poisson–Boltz-
mann equation (Israelachvili 2011; Diao and Espinosa-Marzal 2016)

where �c is the CaCO3 surface potential, pc is the regulation parameter, � is the inverse 
Debye length, � is the dielectric constant of the water, and �0 is the dielectric permittivity of 
vacuum. The �c , pc , and � are sensitive to the ionic composition of the solution (Israelach-
vili 2011; Diao and Espinosa-Marzal 2016). Therefore, calculation of FEDL requires knowl-
edge of the concentration of the ionic species at the precipitation band. The precipitation 
band separates regions of high Na2CO3 concentration and low CaCl2 concentration from 
regions of high CaCl2 concentration and low Na2CO3 concentration. At the precipitation 
band, Na2CO3 and CaCl2 come into contact through diffusion and form CaCO3 precipitates. 
Since the precipitation band moves with the injection velocity at all Q, we can solve a 

(3)FEDL = 2�rp��0�
�2
c
exp (−�d) + 2 exp (−2�d)((2pc − 1)�2

c
)

1 − (2pc − 1)2 exp(−2�d)
,

Fig. 4   a Precipitation band morphology and intensity 1 cm away from the injection port at different injec-
tion rates. The concentrations of CaCl2 and Na2CO3 solutions equal to c0 = 0.75 mol/L. b The DLVO force 
between two CaCO3 particles (solid lines) and the hydrodynamic force (dashed lines) at 1 cm away from 
the injection point at different injection rates. The hydrodynamic force corresponding to Q = 0.1 mL/min is 
insufficient to overcome the DLVO force
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simple set of reaction-diffusion equations to find the evolution of the concentration profiles 
of Ca2+ and CO2−

3
 ions in the frame comoving with the precipitation band  (GaüLlfi and 

RaüLcz 1988; Paster et al. 2013)

where Dm = 10−9 m 2 /s is the molecular diffusion coefficient (Yuan-Hui and Gregory 1974) 
and K = 103.42 m3/mol ⋅ s is the reaction rate constant  (Ubbink 2013; Leaist and Noulty 
1985; Morse and Mackenzie 1990; Stumm and Morgan 2012). C� denotes the concentra-
tion (in mol∕m3 ) of ion � . We find that Ca2+ and CO2−

3
 concentrations are in the single-digit 

millimolar range for all c0 and Q by the time the precipitation band reaches 1 cm away from 
the injection port. For c0 = 0.75 mol/L, we estimate �c = −11.6,−8.62,−7.85 mV, respec-
tively, for the experiments with Q = 0.1, 1, 5 mL/min, while pc = 0.62 for all experiments 
based on colloidal probe atomic force microscopy measurements of Diao and Espinosa-
Marzal (2016). The Debye length is calculated by

where �∞i
 , e, zi , kB , and T are the bulk concentration of each ion at the mixing zone, 

valency of each ion, Boltzmann constant, and absolute temperature. The correspond-
ing Debye length for the experiments with c0 = 0.75 mol/L are calculated to be 
�−1 = 4.17, 5.42, and 7.7 nm for Q = 0.1, 1, 5 mL/min, respectively.

For a given particle–particle pair, the magnitude of FEDL and FvdW are functions of the 
distance between the particles. The repulsive electric double-layer force acts at a longer-
range compared to the attractive van der Waals force, such that the repulsive force barrier 
must be overcome to bring the particles close enough for aggregation to occur (Israelach-
vili 2011). Figure  4b shows the DLVO forces at different particle separations for the 
experimental condition of c0=0.75 mol/L and different injection rates. We hypothesize that 
the repulsive DLVO force can be overcome by the hydrodynamic shear force (Perez et al. 
2020; Zaccone et al. 2010), which is a function of the shear rate. The maximum hydrody-
namic force Fs pushing two particles together is determined by Husband and Adams (1992)

where � is the fluid viscosity, G = 6v∕b is the maximum shear rate in a Hele–Shaw cell, 
and v = Q∕(2�Rb) is the average local velocity. We find that, at 1 cm away from the injec-
tion port, Fs is much lower than the maximum F DLVO required for particle agglomeration 
in the low injection rate ( Q = 0.1  mL/min) experiment, and the precipitation band con-
sists of diffuse particles (Fig.  4). In contrast, Fs is greater than the maximum F DLVO in 
both the intermediate and high injection rate ( Q = 1, 5 mL/min) experiments, leading to the 
agglomeration of large particles in the precipitation band (Fig. 4).

(4)
�CCO3

2−

�t
= Dm∇

2CCO3
2− − KCCO3

2−CCa2+ ,

(5)
�CCa2+

�t
= Dm∇

2CCa2+ − KCCa2+CCO3
2− ,

(6)�−1 =

�

�0�kBT

e2
�
∑

i �∞i
z2
i

�

�
1

2

,

(7)Fs = 6.12��r2
p
G,
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3.3 � Fingering Instability and Pattern Evolution

Even though the invading and defending fluids are viscosity-matched in our experiments, 
the generation and accumulation of CaCO3 particles at the invading front give rise to par-
ticle-induced viscous fingering at the higher injection rates  (Fig. 5b, c). Particle-induced 
viscous fingering has been observed and studied using a Hele–Shaw cell during immis-
cible displacement where a particle-laden oil is displacing air  (Tang et  al. 2000; Feng 
et al. 2016; Kim et al. 2017; Luo et al. 2018), or during miscible displacement where oil is 
displacing a particle-laden oil suspension (Sin et al. 2019; Luo et al. 2020). The physical 
mechanism behind this fingering phenomenon is that the particle-laden suspension has a 
higher effective viscosity than the pure invading fluid (Tang et al. 2000). While the existing 
body of literature on this phenomenon focuses on displacing a pre-existing particle suspen-
sions, our experiments demonstrate that, even though the initial defending fluid is particle-
free, active generation of particles at the displacement front can also act to destabilize the 
invading process. We observe the same type of “stubby” fingers (Fig. 6b) as in Feng et al. 
(2016), which is attributed to the inherently stable displacement of the defending CaCl2 by 
the more viscous precipitation band.

Figure  5 shows the time evolution of the precipitation pattern at different injection 
rates with the same initial reactant concentration ( c0 = 0.75  mol/L). At the low injec-
tion rate ( Q = 0.1 mL/min), the accreted precipitation band has relatively low precipitate 

Fig. 5   Evolution of CaCO3 precipitation pattern for different injection rates (top to bottom: 
Q = 0.1, 1, 5 mL/min) at different dimensionless times (left to right: t∕� = 0.02, 0.1, 0.25, 0.44 ). The con-
centrations of CaCl2 and Na2CO3 solutions equal to c0 = 0.75 mol/L
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concentration and small particle size, and fingering is absent throughout the experi-
ment (Fig. 5a). At the high injection rate ( Q = 5 mL/min), however, the relatively high pre-
cipitate concentration and large particle size yield vigorous fingering throughout the exper-
iment  (Fig.  5c). At the intermediate injection rate ( Q = 1  mL/min), fingering is initially 
evident, but it shuts down as the displacement velocity decreases away from the injection 
port. This shutdown is accompanied by the apparent decrease in the intensity of the pre-
cipitation band (Fig. 5b).

The observed fingering instability also exerts fundamental control over the precipita-
tion rate in our system. We illustrate this effect quantitatively by plotting the evolution of 
the total normalized intensity 

∑

Inorm , which is a measure of the total amount of precipi-
tation in the flow cell. At the low injection rate, the amount of precipitation grows diffu-
sively with time 

∑

Inorm ∼ t
1

2 (Fig. 7a). At the high injection rate, the amount of precipita-
tion grows linearly with time 

∑

Inorm ∼ t (Fig. 7c). At the intermediate injection rate, the 
amount of precipitation grows linearly at early times, but slows down and begins to evolve 
diffusively after some time, which corresponds to shut down in fingering (Fig. 7b). 

We note that similar transition has been observed in radial miscible viscous fingering 
in the absence of particles (Bischofberger et al. 2014; Chui et al. 2015). Specifically, Chui 
et al. (2015) found that the length of the mixing zone between the less viscous invading 
fluid and the more viscous defending fluid grows linearly at early times and diffusively at 
late times. The physical picture is different in our experiments, however, since the precipi-
tation band remains stable.

We rationalize the observed precipitation trend via simple scaling arguments. Specifi-
cally, CaCO3 precipitates form as a result of mixing between Na2CO3 and CaCl2 at the 
precipitation band. The amount of precipitation produced in a unit of time is given by wR , 
where w is the reaction zone width and R is the production rate. Gálfi and Rácz (1988) 

Fig. 6   a The depletion zone widths of CO2−
3

 and Ca2+
3

 , defined as the region where the reactant concentra-
tions are significantly smaller than their initial concentration, increase diffusively in time in the absence of 
fingering. b Fingering creates a recirculatory flow that brings fresh Na2CO3 solution to the fingertip, such 
that the concentration of CO2−

3
 is not depleted and wCO

2−
3

d
 remains constant in time
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made the scaling assumptions that w ∼ t� and R ∼ t−� . In our system, w ∼ t0 since the 
width of the precipitation band remains constant in time (Fig. 3b). In the frame of refer-
ence comoving with the precipitation band, the reactants enter the reaction zone via dif-
fusion, whose fluxes jCO2−

3
∼ jCa2+ ∼ c0∕wd , where wd is the width of the depletion zone, 

defined as the region where the reactant concentrations are significantly smaller than their 
inital concentration c0 (GaüLlfi and RaüLcz 1988). It is well-known that the depletion zone 
width grows diffusively in time (Pillai et al. 1980), such that jCO2−

3
∼ jCa2+ ∼ t

−
1

2 . The aver-

age reactant concentration on the reaction front can be estimated as CCO2−
3
∼ wjCO2−

3
∼ wt

−
1

2 
and CCa2+ ∼ wjCa2+ ∼ wt

−
1

2 . Since CaCO3 precipitation is a second order reaction, its pro-
duction rate can be obtained as R ∼ t−� ∼ CCO2−

3
CCa2+ ∼ w2t−1 ∼ t−1 . In a radial geometry, 

the perimeter of the precipitation band grows as Γ ∼ t
1

2 . Finally, the cumulative amount of 
precipitation is given by

This scaling agrees with the measured precipitation evolution in the low injection rate 
experiments (Fig. 5a).

In the high injection rate experiments, fingering structure incurs recirculation flow 
within the invading phase  (Tan and Homsy 1988; Rocha et  al. 2021), which serves to 
mobilize precipitates away from the fingertip and deposits them along the sides of the fin-
ger (Fig. 5b) (Nagatsu et al. 2008). We hypothesize that advection associated with the recir-
culation flow brings fresh Na2CO3 solution to the reaction zone, such that the concentration 
of carbonate ions near the invading fluid front is not depleted. Therefore, the diffusive flux 
of carbonate ions jCO2−

3
∼ t0 . Meanwhile, the depletion zone width of calcium ions in the 

defending fluid grows diffusively, such that the diffusive flux of calcium ions jCa2+ ∼ t
−

1

2 . 

The precipitation rate can be obtained as R ∼ t−� ∼ CCO2−
3
CCa2+ ∼ w2t

−
1

2 ∼ t
−

1

2 . Therefore, 
at high injection rate, the cumulative amount of precipitation is given by

(8)Mlow
CaCO3

≈ ∫ ΓwRdt ∼ ∫ t
1

2 ⋅ t0 ⋅ t−1dt ∼ t
1

2 .

(9)M
high

CaCO3
≈ ∫ ΓwRdt ∼ ∫ t

1

2 ⋅ t0 ⋅ t
−

1

2 dt ∼ t.

Fig. 7   Evolution of total normalized intensity as a function of dimensionless time for different flow rates. 
The amount of precipitation grows as t

1

2 at the low injection rate, but it evolves as t at the high injection rate 
for all initial concentrations. At the intermediate injection rate, the precipitation growth transitions from t at 
early times to t

1

2 at late times, which occurs due to shutdown in miscible viscous fingering
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This scaling agrees with the measured precipitation evolution in the high injection rate 
experiments  (Fig.  5c). The scaling arguments also support the transition from linear to 
diffusive scaling observed in the intermediate injection rate experiments (Fig. 5b), which 
occurs when fingering shuts down.

We note that the scaling relations of our experiments differ from that of  Gálfi and 
Rácz (1988), who found � =

1

6
 and � =

2

3
 for simple A + B → C reactions. In a radial 

geometry, these exponents predict the cumulative amount of reaction product to scale as 
∫ ΓwRdt ∼ ∫ t

1

2 ⋅ t
1

6 ⋅ t
−

2

3 dt ∼ t . Brau et al. (2017) demonstrated both experimentally and 
through theoretical analysis that the scaling exponents of Gálfi and Rácz (1988) still hold 
for a system subject to passive radial advection. Specifically, Brau et  al. (2017) injected 
an aqueous solution of 0.4  mol/L Na2CO3 into an aqueous solution of 0.2  mol/L CaCl2 
at a flow rate Q = 0.1 mL/min in a radial Hele–Shaw cell with a gap thickness of 500 � m 
and found MCaCO3

∼ t in the absence of any fingering instability. The key difference of our 
experiments is the significantly smaller gap thickness of 100 � m, which accentuates the 
importance of precipitation on reaction and diffusion in the system.

3.4 � Precipitation Deposition and Erosion

After the formation of CaCO3 precipitates, some of the particles are advected out of the 
flow cell, while others deposit inside the cell and alter the porosity and permeability of 
the flow cell. In the low injection rate experiments, CaCO3 precipitates deposit on the top 
and bottom surfaces of the flow cell and form a uniform layer due to the electrostatic inter-
actions between the hydrated CaCO3 particles and the glass surface  (Durán et  al. 1996; 
Shaik et al. 2021). The CaCO3 layer on the glass surfaces is relatively thin, as evidenced 
by the low intensity of the precipitation pattern (Fig. 5a). At higher injection rates, larger 
precipitates form at the fingertip as a result of shear-induced aggregation of smaller parti-
cles. Furthermore, the recirculatory flow inside the fingertip brings particles to the sides 
of the finger. The accumulation of particles at the sides of the finger eventually leads to 
pinch-off that form discrete islands of trapped particles (Fig. 5b, c). The particle islands are 
elongated and oriented in the radially outward direction. Therefore, the interplay between 
hydrodynamics and chemical reaction can significantly alter the porosity and permeability 
of the flow cell, and it has the capacity to transform an initially homogeneous medium into 
a heterogeneous one structured with regular preferential pathways.

We investigate the fate of the deposited CaCO3 particles by continuing to inject Na2CO3 
after the precipitation band reaches the perimeter of the Hele–Shaw cell. At this point, 
further precipitation ceases since all CaCl2 has been flushed out of the cell. After 3 pore 
volumes, the difference in the remaining particles are striking—both the amount and size 
of the precipitates in the high injection rate experiment far exceeds those generated in the 
lower injection rate experiments (Fig. 8a, b). In addition, we observe erosion of the depos-
ited particles due to hydrodynamic stress exerted by the invading fluid. This is most evi-
dent in the high injection rate experiments since the hydrodynamic force increases with 
the invading fluid velocity and the precipitate particle size squared (Eq.  7). Indeed, we 
observe significant erosion of the large precipitate islands near the injection port (Fig. 8a 
right panel). 

We plot the evolution of the total normalized intensity 
∑

Inorm , and restrict the region 
of interest (ROI) to R < 0.8Ro to remove noises associated with clamps at the edge of the 
Hele–Shaw cell. We observe a sharp drop in 

∑

Inorm as the precipitation band leaves the 
ROI, which is followed by linear decrease in both the high injection rate and intermediate 
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injection rate experiments (Fig. 8c). The erosion rate in the low injection rate experiment is 
much gentler, and 

∑

Inorm plateaus after ∼ 2 pore volumes.

4 � Conclusion

In this study, we experimentally investigate the displacement of CaCl2 by Na2CO3 in a 
Hele–Shaw cell. The reaction between these two fluids, upon mixing, forms a suspen-
sion flow consisting of solid CaCO3 precipitates. We vary the injection rates and initial 
concentrations of the fluids to reveal a variety of precipitation patterns (Fig.  2). We 
observe that precipitation reaction occurs along the fluid–fluid interface and forms a 
radial precipitation band that moves with the injection velocity (Fig. 3). The accretion of 
the precipitation band is strongly influenced by the injection rate—both the amount and 
size of the particles increase with increasing injection rate (Fig. 4a), which we attribute 
to enhanced mixing due to cell entrance effect and particle–particle agglomeration due 
to the interplay between electrostatic and hydrodynamic forces. Specifically, we show 
that in the cases where the hydrodynamic force overcomes the DLVO force between the 
particles, it causes them to agglomerate and generates bigger particles (Fig. 4b).

The accumulation of CaCO3 particles at the precipitation band increases the local 
effective viscosity and consequently leads to particle-induced miscible viscous fingering 

Fig. 8   Long-term behavior of the deposited precipitates after 3 pore volumes of Na2CO3 injection. a Pre-
cipitation deposition pattern. Erosion of the deposited particles due to hydrodynamic stress is evident in the 
high injection rate experiment near the injection port. b Particle size distribution for high and intermediate 
injection rate experiments. The size of the deposited precipitates in the low injection rate experiments is 
below the pixel size. c Evolution of total normalized intensity as a function of dimensionless time for differ-
ent injection rates
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instability, even though the two fluids have the same viscosity  (Figs.  5,  6). We show 
that the hydrodynamic instability exerts fundamental control over the total amount of 
precipitation, which grows as t

1

2 in the absence of fingering, but it evolves as t in the 
presence of fingering (Fig. 7). We attribute this interesting finding to the recirculatory 
flow inside the finger tip, which constantly brings fresh Na2CO3 to the precipitation 
band  (Fig.  6); without the recirculatory flow, the concentrations of both Na2CO3 and 
CaCl2 are depleted diffusively. Our simple scaling arguments agree with the experimen-
tal findings. We note that our results differ from the well-established scaling relation-
ship for simple A + B → C reactions in radial Hele–Shaw cells, which highlight the 
important feedback precipitated particles have on reaction and diffusion in the system.

While the precipitation band is advected radially outwards, some of the precipitates 
deposit inside the cell. At a low injection rate, the deposited particles form a thin layer on 
the top and bottom surfaces of the flow cell. Interestingly, a higher injection rate leads to a 
larger amount of precipitates that are securely deposited in the Hele–Shaw cell. This occurs 
as a result of shear-induced aggregation of smaller particles that accumulate at the sides 
of the fingers due to recirculatory flow, which eventually pinch off to form discrete pre-
cipitate islands that span the entire gap of the flow cell (Fig. 5). Further injection beyond 1 
pore volume induces erosion of the deposited particles due to hydrodynamic stress exerted 
by the invading fluid  (Fig.  8). In the context of a natural porous rock, the deposition of 
thin CaCO3 layer on the surface of solid grains can gradually decrease the pore throat size, 
while the deposition of larger aggregates of CaCO3 have the potential to completely block 
the pore space (Perez et al. 2020), significantly decreasing the local permeability and alter 
the flow paths  (Bizmark et  al. 2020; Wu et  al. 2023). Our results illustrate the complex 
interplay between mixing, reaction, and hydrodynamic instability in mineral precipitation, 
which could have important implications in predicting the evolution of permeability and 
injectivity in CO2 mineralization projects.
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