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Abstract

We present a 3D metal printing showerhead mixer to blend effectively two reagent
streams into a confined mixing volume. Each stream is pre-distributed to multiple
channels to increase the contact area in the mixing zone, which enables high mixing
performance with smaller pressure drop. The showerhead mixer shows excellent mixing
performance owing to its ability to intersperse rapidly the two streams as characterized
by the diazo coupling reactions and CFD simulations. Experimental results demonstrate
superior performance of the showerhead mixer compared to two common commercial
micro T-mixers, especially in low Reynolds number regime. CFD results are employed to
i) help understand the mixing mechanism, ii) reproduce the experimental observations,
and iii) inform the design specifications for optimal performance. Good agreement
between experiments and simulations is achieved. The final design includes multiple side-
fed inlets for improved mixing performance of the showerhead mixer, as suggested by

the validated CFD models.
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Introduction

Additive manufacturing (3D Printing) technologies have emerged as an important tool to
quickly create 3D products from computer aided design (CAD) systems. 1-3 Different from
conventional “subtractive manufacturing” processes (i.e. CNC machining) that remove
material from a monolithic system, 3D printing adds material in a layer-by-layer method
to create the final prototype, which potentially reduces components of product during
manufacturing. Moreover, 3D printing can open new design freedom and thus create
complex structures that are difficult or even impossible to make using subtractive
manufacturing processes. In addition, quicker prototyping of parts becomes possible as
computer developed models can be iterated upon to create new prototypes in a short

time.

Recently, 3D printing has enabled applications in numerous areas of scientific research,
whereby plastic material printing is most commonly employed in reactors for organic
synthesis #°, microfluidics topics 8, biological applications 391 and advanced materials
design and development 11-13; but all of those applications are generally limited by the
system-allowed pressure and temperature as well as the chemical compatibility and
stability of material for safe operation 4. Therefore, we decide to explore 3D metal printing
technologies for continuous flow mixer/reactor design. These technologies have the
potential to handle highly exothermic reactions, highly pressurized fluid system, catalysts

coating for heterogeneous catalytic reactions, and corrosive environments. Furthermore,
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we aim to start by fabricating mixers/reactors in lab scale (microscale/milliscale), by
anticipating the design limitations for 3D metal printing, and more importantly, taking full
advantage of the advanced properties of this novel technology by leveraging the unique

geometries that can be accessed.

When evaluating microscale/milliscale reactors, their mixing performance has been the
primary area of interest to engineers in chemical industry. 1>-17 In particular, static mixers
are largely used to enhance mixing in continuous flow reactors and have a critical impact
on reaction processes. 20 Beyond commercialized T/Y-mixers, helical mixers,
splitting/recombining type mixers, and packed beds, we propose a new type mixer/reactor
with similar mixing mechanism, by introducing a bundle of micro T-mixers and combining
them into a laminated “showerhead” structure. It is impossible to machine this prototype
from a single metal part using conventional subtractive manufacturing methods; 3D
printing techniques, however, enable quick fabrication of this structure to precise
specifications. Based on desired chemical and temperature stability, we focus on two
commercial 3D metal printing services to fabricate the mixer: The binder jetting process
(commercially available in ExOne, PA, USA) requires the smallest features to be 0.762
mm for 3D printing a matrix metal material composed of 60% stainless steel and 40%
bronze infiltrant. This technique is notably low-cost whereas the direct metal laser
sintering (DMLS, commercially available in Proto Labs, MN, USA) technique, is more

expensive than binder jetting. The latter method has similar feature resolution but is
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capable of 3D printing purely with 316L stainless steel, which has better chemical
compatibility than metal matrix including bronze. Herein, we test both methods for
fabricating the showerhead mixer and engineer the smallest feature inside the structure

to be 0.889 mm in order to achieve optimal print quality.

An effective continuous flow reactor requires good mixing to ensure precise reaction
control. Regarding mixing characterization experiments, the Villermaux-Dushman
reaction in a competitive parallel reaction system has been widely employed by the
microfluidics community for mixing evaluation with the advantages of being cheap and
easy to handle. 21?2 The reaction is very fast and thus useful for evaluating micromixers
that have very short mixing time scales. 2324 However, for intermediate time scales mixers,
such as the showerhead mixer in this study, the Dushman reaction is no longer suitable
for quantifying the mixing performance. ?° Instead, Bourne reactions 28, such as the diazo
coupling reaction in a competitive consecutive reaction system (Figure 1), offer a better
solution in determining the mixing effects in this regime. Moreover, the rate constants of
diazo coupling reaction are known, enabling simulations with CFD solvers. In addition,
the mixing performance as well as internal flow pattern and pressure drop is investigated
with CFD simulations, which enable better understanding and further improvements on

the mixer structure.

Materials and method
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Materials

3D printing materials — The mixers employed in this study were 3D printed through
commercial 3D printing services into both 60% 316 stainless steel and 40% bronze using
binder jetting (ExOne, $27 in 2017) and 316L stainless steel using direct metal laser
sintering (DMLS, Proto Labs, $650). The bronze did not influence the diazo coupling

mixing experiments.

Diazo coupling materials — 1-naphthol (= 99 %), sulphanilic acid (99.3%), sodium nitrite (=
99.0%), sulphamic acid (99.3%), sodium carbonate (= 99.5%), sodium bicarbonate (=
99.7%), hydrochloric acid (cyc; = 1 mol/L), and potassium iodide starch papers were

purchased from Sigma Aldrich.

3D printed showerhead mixer

We designed a showerhead mixer to effectively blend two reagent streams into a confined
reaction volume, which is 3D printed using metal powder into an integrated structure.
Figure 2 depicts the 3D mixing structure and the 3D printed prototypes using binder jetting
(Figure 2b) and DMLS (Figure 2c). The mixer has 2 stream inlets (shown in red and blue
color in Figure 2a, respectively) where fluids come in and 1 stream outlet for subsequent
in-line mixing/reaction analysis. The red stream, flowing through the bottom inlet, is

divided into 37 inner channels, each of which has a diameter of 0.889 mm, then flows into
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a confined hexagonal reaction zone (1.524 mm height, ~ 500 pyL volume, on top of the
green color zone in Figure 2a). The blue stream, flowing through the side inlet, circulates
within the shell of the mixer but outside the inner micro channels (blue color in Figure 2a),

then flows into the mixing/reaction volume through 27 holes, each of which has a diameter

of 1.041 mm. By design, the cross-section area ratio for both fluids is unity (—n”"j’ =
11'A]1

37x0.8892

Trxioal = 1). Prior to the mixing volume, both streams are isolated. During operations,

the outlet is placed upward and gravity influence can be ignored as for the calculated
Bond number in the narrowest region is smaller than 0.1. To help remove metal powder
from the interior space during 3D printing, 0.762 mm fillets were employed. The thickness
of all reactor walls is kept to 0.762 mm. The printed mixer is hooked up into the continuous
flow system using PEEK fittings (IDEX) after 1/4-28 threads were tapped in the inlet/outlet

ports.

Diazo coupling reaction experiment

The principle behind the diazo coupling reaction procedures is based upon the rate
competition of a quasi-instantaneous reaction between 1-naphthol (A) and diazotized
sulphanilic acid (B) and a very fast reaction between diazotized sulphanilic acid (B) and
the two primary coupling products (p-R and o0-R, respectively). In perfect mixing

conditions, A instantaneously consumes all of B so that no secondary coupling reactions
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would occur. However, if the mixing time scale is comparable to or even longer than the
reaction time scale, local unreacted B would react with p-R and/or o-R to form the
secondary coupling product S. Therefore, the yield of the secondary coupling product

bisazo dye (Ys) can be employed as an indicator for mixing performance.

To prepare the starting solutions, 1-naphthol (A) was dissolved into a Na,C0;/NaHCO4
buffer solution, in which temperature was 298 K, pH was 9.9, and ionic strength was 444.4
mol/m?3, aided by 2 hours sonication in order to obtain a homogeneous solution, where
C40 = 3.6 mol/m3 . Diazotized sulphanilic acid (B) solution (cg, =3 mol/m3) was
prepared by diazotization of a mixture containing sulphanilic acid, sodium nitrite, and
hydrochloric acid. Excess nitrite ions in the solution were eliminated by dropwise adding
sulphamic acid. The presence of nitrite ions in the solution was monitored by potassium
iodide starch papers. It requires that no nitrite ions are present in the solution and freshly
prepared solutions are used in the experiments due to the poor shelf life of both the

reagent solutions.

With the reagent solutions ready, they were fed into the respective micromixer at identical
flowrates via syringe pumps (Harvard Apparatus PHD 2000) for precise flowrate control.
During experiments, total flowrates from 2 mL/min to as high as 200 mL/min were
investigated. It is worth mentioning that the sealing between the 3D printed mixer and
PEEK fittings worked well even when the flow apparatus was tested at 300 mL/min. In

order to evaluate pressure drop, digital pressure transducers (SSI Technologies Inc.)
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were hooked up in the system. We used an in-flow UV-vis (Ocean Optics) to monitor
products, but collected samples for more accurate stationary UV-vis measurements when
stable readings were observed in the flow UV-vis. Typically, samples were taken at the
mixer outlet after 5 mean residence times to make sure that the system reached
hydrodynamic steady state. The collected samples were immediately diluted with the
above Na,C0;/NaHCO5 buffer solution to quench the reaction and subsequently
employed for UV-vis analysis (Shimadzu UV-3101 PC UV-VIS-NIR Scanning

Spectrophotometer) at a wavelength range of 400 — 700 nm.

We created an in-house MATLAB multilinear regression algorithm to determine the
concentrations of products, based upon the literature reported molar extinction
coefficients of 0-R, p-R, and S. 26 The absorption peaks in the monoazo isomers (p-R
and o-R) fully overlap, making it impossible to separate those monoazo isomers using
this method, however, we were able to determine their concentrations in sum (c,_g +
co—r)- Since diazotized sulphanilic acid (B) is the limiting reagent in the system and
participates in all reactions, the analysis of reaction (i.e. mass balance, product yield) is
referenced to the initial concentration of B (cp,). In the above reaction system, the mass
balance is reported in Eq. 1 and the yield of bisazo dye S (Ys) is calculated using Eq. 2

(V4 = Vg is employed in experiments):

Vgcpo = (V4 + VB)(Cp—R + Co-r t+ 2CS) €Y
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Yo = — 2
s Cgo  Co—r t Cp_r + 2¢s @

where V, is the flowrate of reagent solution of A, V; is the flowrate of reagent solution of
B, cgo is the initial concentration of B, c¢,_x is the concentration of p-R, c,_¢ is the
concentration of 0-R, and cs is the concentration of S. For low Y, the mass balance closes
very well (fitting error is smaller than 2%), while in conditions of Ys > 25%, the fitting error
increases due to the formation of unknown byproducts 2728 but the qualitative

conclusions of the mixing performance are still valid in this regime.

CFD simulations

We conducted three dimensional computational fluid dynamics (CFD) simulations via
COMSOL Multiphysics 5.3a to further understand the working mechanism of the
showerhead mixer and reveal more detailed information absence from experimental
results. Due to the symmetric property of the mixing structure, half of the whole 3D
geometry was solved to reduce computational cost without losing physical information.
The Navier-Stokes equation (Eg. 3) in conjunction with the continuity equation (assuming
incompressible flow, Eq. 4) was solved in steady state (assuming laminar flow), with
boundary conditions applied corresponding to (i) inlet flowrates, (ii) outlet atmospheric

pressure, (iii) no-slip wall, and (iv) symmetry plane.
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p(u-V)u = —Vp + uViu 3)
V-u=0 (4)

where p is the density of the mixture solution (estimated by 1,000 kg/m3), u is the
velocity vector, p is the local pressure, and u is the dynamic viscosity of the mixture
solution (estimated by 0.001 Pa-s). Notably, it is reasonable to assume that the diazo
coupling reactions occur isothermally at 298 K for that the solution is dilute and the
thermal diffusivity is about two orders of magnitude greater than the mass diffusivity.??:30
The solution for the velocity field was used as input to solve for the species concentration

profiles in the next step.

The second simulation aims to describe the mixing of the two streams in the absence of
any reaction. The corresponding convective-diffusive mass transport equation of both
reagents (described by Eq. 5) is solved using stationary solvers given the velocity field
solution from the previous simulation (u). This one-direction coupling between fluid flow
and mass transfer is a reasonable assumption since variations in physical properties of

the solution (density and viscosity) caused by concentration changes are negligible.
u- VCi =V - (Dl-Vci) (5)

Here c; is the concentration of reagent i, and D; is the diffusion coefficient of reagent i in
water. The corresponding boundary conditions used are (i) inlet species concentration,

(i) outflow, (iii) no-flux wall, and (iv) symmetry plane. In general, the stationary
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concentration map provides enough information for mixing evaluation, for example, using
the concept of “mixing intensity (I,,)". 2* Alternatively, mixing could be evaluated by adding
a homogeneous reaction term to Eq. 5 and simulating the yield of S by including the diazo
coupling reaction; however, the steady state solver converges poorly at these operating
conditions due to the large source term in the system (reaction rate constant as high as

12,238 m3/(mol - 5)).

This computational capability for obtaining Y5 using simulation facilitates investigation of
the relationship between mixing and reaction, thus enabling rapid iteration of new mixer
designs. Therefore, time dependent simulations were further conducted to obtain the
dynamic analysis of reactions. While a main drawback for such transient calculation over
3D structure is the large computational cost, this was mitigated by only simulating the
mean residence time (total volume / total flowrate). The corresponding species transport
equation of each species with reaction (reagents: A, B; formed products: p-R, 0-R, S) is

described by Eg. 6:

dc;
a—tl+u'VCi =V - (D;Vc;) + R; (6)

where the velocity vector u is the result of step 1, R; is the reaction rate of
reagent/product i. Boundary conditions for Eq. 5 and Eq. 6 are listed in Table 1, where u

is the velocity vector, U, is the initial velocity magnitude, p is the local pressure, p, is the
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atmosphere pressure, n is a unit normal vector, c; is the concentration of reagent i, ¢y ; is

the initial concentration of reagent i, and D; is the diffusion coefficient of reagent i in water.

As a standard procedure of simulation, mesh independence was checked and confirmed
prior to each step (Supporting Information Figure S1). To reduce computational cost, we
built coarser grids in the regions where both inlet fluids are isolated while much finer grids
in the space where reactions would occur (See Figure S2). All simulations were
performed on a ThinkPad P50 Workstation with Intel Core i7-6820HQ CPU @ 2.70 GHz

and 64 GB RAM.

Results and discussion
Diazo coupling reaction experiment

We conducted experiments using the showerhead mixers made of both (i) 316L stainless
steel, and (ii) the matrix material of 60% 316 stainless steel and 40% bronze, respectively,
and obtained very similar results, indicating that both methods (binder jetting and DMLS)
provided good resolution when the characteristic length was > 0.762 mm. All the reported
experimental results in the following sections were based upon the mixer in the matrix
material, for which the corrosion problems were mitigated by short mean residence times

(0.54 — 54 s) and a 15 min DI water flushing after each use.
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As reported in Figure 3, we compared the variations of Ys of the showerhead mixer with
the results of the commercial micro T-mixers with inner diameter of 0.5 and 1.25 mm (To.s-
mixer, and Ti.2s-mixer, respectively) obtained using the same experimental conditions, as
reported by Schwolow et al. 2. For both T-mixers, mixing performance is poor in the low
Re regime (Ys > 40% at Re < 200), while becomes better when Re reaches 300 for T1.25-
mixer, and 700 for Tos-mixer, respectively. However, the showerhead mixer performs
better in mixing than both micro T-mixers when operated in small Re regime (Re < 200).
In addition, its mixing performance significantly increases with increasing Re at Re < 50,
and slowly increases and then finally approaches to perfect mixing conditions when Re
reaches 200, indicated by Ys|ge=200 < 0.5%. In comparison, both T-mixers end up with a
Ys of 0 — 0.5% when Re is sufficiently large (Re ~ 1000), confirming that, at any Re, the
showerhead mixer provides the best mixing. Moreover, the pressure drop in the
showerhead mixer is measured to be one order of magnitude smaller than that in the
micro T-mixers, suggesting less energy intensive operation at larger Re. This is due to
the parallelization of smaller T-mixers effectively dropping the flowrate in each contacting
zone of the showerhead, and thus, decreasing the overall pressure drop while maintaining
efficient mixing. The showerhead mixer works as a bundle of combined T-mixers, which
increases the contact area between the fluids in the confined mixing volume, significantly
enhancing mixing performance. The good mixing performance of the showerhead mixer

even at low flowrates is desirable for flow chemistry studies with long residence times.
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CFD simulations

CFD simulations were conducted to gain further insights of the mixing principle by solving
the momentum and mass equations in the mixing system. Figure 4a illustrates the velocity
streamlines in the showerhead mixer at hydrodynamic steady state when V, =V =
40 ml/min, confirming that materials are uniformly distributed through all interior
channels. Furthermore, the velocity profiles indicate that the highest velocity magnitude
is observed in the entrance region of the central channel, where the highest pressure
exists (Figure 4b), due to the shrinking channel size there (0.889 mm). The hydrodynamic
solver converges well in the test range (total flowrate = 2 — 200 ml/min) at steady
state and the velocity streamlines remain unchanged, indicating that laminar flow
condition is maintained in any localized region of the mixer and the flow is in similar

hydrodynamic regime in the test range.

Steady state concentration profiles are subsequently calculated for variations of inlet
flowrate in the test range (2 — 200 ml/min). A typical result obtained at V, =V =
40 ml/min, c,o = 3.6 mol/m3,cgy = 3.0 mol/m3 is shown in Figure 5a, indicating that
materials coming through both inlets are well blended in the mixing zone when flowing
out at steady state conditions. In the map of ¢4 (A flows through the side inlet), there is a

concentration rich zone on its left (close to inlet of A) and a large volume around the edge
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where c, is almost zero, while the map of ¢z looks opposite to that of c,. This effect
reflects that, at hydrodynamic steady state, the pressure induced from the incoming B
stream on the far side of the A inlet is too large to overcome, thus making the paths of
less resistance (those nearer to the inlet of A). Despite of this “dead volume”, the overall
mixing performance of the showerhead remains strong, since the concentrations of both

A and B on the outlet surface are very well blended.

Transient simulations of concentration profiles show that after the mean residence time
A is preferentially filled into the left half (Figure 5b) while B is uniformly distributed. This
uneven distribution of A implies that it would take longer time for A to transport to the right
region, which is not ideal for an effective mixer. As a consequence, we modified the

structure as discussed in the next section.

The reaction yield obtained using simulation (5.4%) is higher than the experimental one
(2.2%), which we attribute to simulations only including the mixer structure whereas there
are additional downstream connectors and tubing in the experiments. These additional
downstream sections allow for additional secondary reactions prior to the quench. The
higher simulated reaction yield could also be a result of fabrication tolerances.
Simulations performed at different flowrates (V, =V = 20ml/min,andV, =V =
10 ml/min) correlate well with the experimental data (Table 2) indicating that the CFD

models are useful for predicting of mixing behavior.

This article is protected by copyright. All rights reserved.



Improvements on design

Inspired by the above results, we investigated several strategies to mitigate the dead
volume. The current showerhead structure can be easily modified by adding extra inlets
on the side, both in CAD software and 3D printing process. In the hexagon shape, the
two side inlets structure could have the second inlet towards the original inlet, as
illustrated in Figure 6a; the three side inlets structure could have the second and third
inlets 120° and 240° from the original inlet, as illustrated in Figure 6b. Figure 6 shows the
structures of these 2 modified mixers, and simulations are achieved by applying symmetry
constraints in the validated CFD approach to substantially reduce the memory

requirements and solution time.

In order to quickly check the mixing performance over different structures, the mixing
intensity (I,,) concept is employed. ?* If I, is closer to 1, mixing is almost complete, and
if I, iIs small, mixing is incomplete. Figure 7a-c compare the mixing intensities on the
mixer outlet surface obtained using the original showerhead mixer, and the modified
mixers with double and triple side inlets. The results show that in the original structure
(Figure 7a), there still are poor mixing areas where dark blue color (denoting the local I,
to be 0) exists. The blue regions (Figure 7a) on the left and in the center, respectively,

make a clear argument that the inlet of A needs further optimizing. By introducing one
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extra side inlet, the poor mixing region corresponding to the side inlet is largely mitigated
(Figure 7b), whereas the central blue region appears unchanged. However, using the
structural configuration as shown in Figure 6b, both the edge and central poor mixing
regions are reduced (Figure 7c) and its surface averaged I is the largest among the
three (I . > Iy p > Iy q). Therefore, the 3 side inlets configuration facilitates mixing the

most by reducing pressure gradients across the inlet manifold.

We further employ time-dependent simulation including the diazo coupling kinetics in the
mass transport study to reveal more information for this evaluation. Both the original mixer
and the two modified mixers are simulated for one mean residence time (total flowrate 80
ml/min). Figure 8a-c illustrate the 2D maps of Y on the mixer outlet surface and the
corresponding surface averaged Y; of the 3 mixers are 5.4%, 3.3%, and 0.7%,
respectively, indicating that with 3 side inlets the modified mixer exhibits the best mixing
profile. Interestingly, the edge region in Figure 8a and the central region in Figure 8b both
have lighter blue color, indicating a larger local Ys, both of which coincide with the
interpretations of Figure 7 for poor mixing regions. The results show that using multiple
side inlets facilitates reducing the time for the side inlet reagent A to fill in the whole space

with minimal, uniform resistance.

Conclusion
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We designed an in-line 3D showerhead mixer and fabricated it using two commercial 3D
metal printing services (binder jetting and DMLS). The unique structure of this mixer
provided intensified mixing between the feed streams, while inducing minimal pressure
drop. The mixing performance of the showerhead mixer was systematically investigated
using diazo coupling reaction experiments and CFD simulations. Results indicated that
the showerhead mixer performs better than the 2 common commercial micro T-mixers,
especially in the low Re regime, and the experimental results were reproduced using CFD.
The validated CFD models further suggested that flow distribution of the feeds is an

important design consideration for improved mixing performance of showerhead mixers.
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Figure & Table captions:

Figure 1. Diazo Coupling reactions between 1-naphthol (A) and diazotized sulphanilic
acid (B) form primary coupling products 4-[(4’-sulphophenyl)azo]-1-naphthol (p-R) and 2-
[(4’-sulphophenyl)azo]-1-naphthol (0-R) and secondary coupling product 2,4-bis[(4'-
sulphophenyl)azo]-1-naphthol (S). The rate constants (m3/(mol - s)) are reported for a
temperature of 298 K, pH of 9.9, and an ionic strength of 444.4 mol/m?3 as follows: kip =

12,238 + 446, k1o = 921 + 31, kop = 22.25 + 0.25, and k2o = 1.835 + 0.018. 26

Figure 2. 3D printing showerhead mixer. (a) The CAD file. Blue color denotes pathway
of fluid I coming from side inlet; red color denotes pathway of fluid 1l coming from bottom
inlet; green color denotes mixing zone on top; (b) 3D printed mixer using binder jetting in
a matrix material of 60% 316 stainless steel and 40% bronze; (c) 3D printed mixer using

DMLS in 316L stainless steel.

Figure 3. Results of the diazo coupling reaction experiments are exhibited, in which the
showerhead mixer shows superior mixing and less pressure drop. (a) Variations in Ys with
Re in the showerhead mixer and the 2 standard commercial micro T-mixers (data

extracted from Schwolow’s work 28). (b) Pressure drop versus Re in all three mixers.

Figure 4. Stationary CFD hydrodynamic simulations of the showerhead mixer. (a)

Velocity streamlines through the mixer and slices showing 3D velocity profiles. (b)
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Pressure contours filled inside the mixer. The flowrate used in (a) and (b) isV, =V =

40 ml/min (Re = 100).

Figure 5. Concentration profiles of the showerhead mixer at (a) steady state condition,
and (b) transient condition, respectively. Flowrates: V, = Vz = 40 ml/min (Re = 100),
corresponding to a mean residence time of 2.7 s. (a) Maps of ¢, and cy of the mixing zone
and the mixer outlet surface, all at steady state; (b) Maps of ¢4, cg, and cs in the mixer,

and cs at the mixer outlet surface, allatt=2.7 s.

Figure 6. Showerhead mixer with (a) double and (b) triple side inlets. Top views show the
symmetry elements. Blue color denotes the pathway of fluid I, red color denotes the
pathway of fluid I, green color denotes the mixing zone, and yellow color denotes

symmetry planes. The angle between the symmetry planes is (a) 90° and (b) 60°.

Figure 7. 2D maps of the mixing intensity (I,;) on the mixer outlet obtained using
stationary simulation in (a) the original showerhead mixer (V, = Vz = 40 ml/min), and
the modified mixers with (b) double (2V,; = 2V,, =V = 40 ml/min) and (c) triple

(3Vyq = 3Vy, = 3Vy3 = Vg = 40 ml/min) side inlets.

Figure 8. Transient simulation results of the yield of S (Y;) at one mean residence time
(2.7 s) in (a) the original showerhead mixer (V; = Vg = 40 ml/min), and the modified

mixers with (b) double (2V,; = 2V,, = Vg = 40 ml/min) and (c) triple (3V,; = 3V, =

This article is protected by copyright. All rights reserved.



3V,3 = Vz = 40 ml/min) side inlets. 2D maps of Y are shown on the mixer outlet surface

and the corresponding surface averaged Ys are (a) 5.4%, (b) 3.3%, and (c) 0.7%.
Table 1. Boundary conditions for fluid flow (5) and mass transfer (6) simulations.

Table 2. Comparisons of experimental and simulated Y values at the mixer outlet.
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