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Summary 
Electrification of the chemical industry, using renewable energy sources instead of crude oil 
as feedstock is a very promising solution against Global warming. The amount of 
applications is projected to grow fast and in order to compete with conventional systems, 
electrolyzer technology needs to be enhanced. To increase the performance of 
electrochemical reactors three aspects needs to be optimized, mass transfer from the bulk of 
the liquid to the electrode, uniform hydrodynamics and minimize inlet- and outlet effects, by 
the fact these often dominate the mass transfer rates and makes translation to larger scale 
difficult. In this report mass transfer within a parallel plate electrolyzer has been investigated. 
Among the effects investigated are: entry effects, the use of calming sections, the influence 
of turbulence promotors on mass transfer and local mass transfer rates.  

Mass transfer measurements were performed on a laboratory size 3D printed parallel plate 
electrolyzer. Results were translated into Sherwood-Reynolds correlations in the form of 
𝑺𝑺𝑺𝑺 =  𝒂𝒂𝑹𝑹𝑹𝑹𝒃𝒃𝑺𝑺𝑺𝑺𝑺𝑺 and were compared to literature. The electrode had a length of 0.100 m and 
width of 0.040 m, the electrode spacing was 0.005 m respectively. Flow rates were varied 
between 20 – 90 l/hr resulting in Reynolds numbers of 259 – 1168. For one experiment also 
lower flow rates of 5 – 20 l/hr were used and corresponds to Reynolds numbers of 64 – 259. 

Four different inlets, conic, trumpet, tube and divider inlet respectively, were designed and 
mass transfer rates were measured. Conic and trumpet inlet were slightly different in design, 
but resulted in similar mass transfer rates. Jet formation of the tube inlet resulted in largest 
mass transfer rates. Good flow distribution by the 16 channels of the divider inlet led to 
lowest mass transfer rates. Reynolds powers obtained from all different configurations 
indicated turbulent flow (~0.7), concluding mass transfer performance was inlet dominated. 

Addition of a short calming section of 0.15 m influenced mass transfer rates significantly. 
From this point, the conic, tube and divider inlet were tested. Results of the conic and tube 
inlet were similar and the divider inlet again resulted in the lowest mass transfer rates. 
Transition of laminar to turbulent flow was visible for all inlets and took place between 389 – 
519 Reynolds. Although transition was calculated to occur a bit earlier. Overall Reynolds 
powers were between 0.46 – 0.56, still indicating turbulent flow and domination of inlet 
effects. Using 0.55 m of calming section instead of 0.15 m, similar mass transfer rates for all 
inlets were obtained. Inlet effects were extinguished with a calming section of 0.55 m. 
Reynolds powers determined were about ~0.3 indicating (developed) laminar flow. Transition 
to laminar flow took place at 1038-1168 Reynolds, which was as expected from calculations. 

Enhancing mass transfer by turbulence promotors was also examine. Inlet effect and 
addition of 0.15 m of calming section were evaluated, in which the total channel was filled 
with turbulence promotors. Four different turbulence promotors were tested, of which three 
different size gyroid structures and a tubes structure. The tubes and largest gyroid turbulence 
promotor resulted in lowest mass transfer rates with and without calming section of 0.15 m.   

Segmented mass transfer measurements were done to visualize the development of the 
diffusive boundary layer. Averages from these investigations agreed with the averaged 
values measured over the non-segmented electrode. Experiments were done for the conic, 
tube and divider inlet with and without calming section of 0.55 m. Without the calming 
section, a large spread of Sherwood numbers could be found, indication indicating flow 
circulation. The divider inlet Showed a gradual decrease in Sherwood numbers becoming 
constant at the end of the electrode for low flow rates. With the addition of 0.55 m of calming 
section, no difference was determined for all inlets up to 70 l/hr. 
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1. Introduction 
Creating a green CO2 neutral future where crude oil has been phased out as the main energy 
feedstock and feedstock for chemicals, will only be possible by taking advantage of 
electrochemical reactors [1]. The urgency of phasing out crude oil stems from issues such as 
global warming and ecological collapse caused by the exploitation of oil and coherent CO2 
emissions. Besides these issues, the growing world population and increasing global living 
standards further increases demand for energy, food and products. Electrifying the chemical 
industry, using renewable energy sources instead of crude oil as feedstock is one of the most 
promising solutions against climate change. Presently, electrochemical reactors are used in 
processes such as the refining of several metal ores, the production of bulk chemicals such 
as hydrogen, chlorine etc. [2][3]. The amount of electrochemical applications is projected to 
increase, yet electrolyzer technology needs to be competitive to existing technology [4].  

In industry most electrolyzer systems are encountered in a filter press arrangement or a 
stack of cells in the form of parallel plates or meshes [5]. The dominant usage of (filter press) 
parallel plate electrolyzers has several reasons, capability to use various sorts of electrodes, 
i.e. plates, sheets, 3D electrodes or meshes and easiness to scale up by stacking cells [5]. 
Furthermore, electrolyte compartments can be easily separated by a membrane. The 
extensive usage of parallel plate electrolyzers in industry makes doing research attractive 
[6][7][8].  

In order boost efficient operations, the design of these electrolyzers has to optimize three 
aspects, mass transfer from the bulk of the liquid to the electrode, uniform and developed 
hydrodynamics and minimal inlet- and outlet effects [9]. Disturbed hydrodynamics by in- and 
outlets are especially important for laboratory scale electrolyzers, by the fact these often 
dominate mass transfer rates and makes translation to larger scale difficult. Accomplishing 
better mass transfer and understanding of hydrodynamics will decrease capital- and 
operational costs. Also, translation of mass transfer correlations observed at laboratory scale 
into industrial scale would be beneficial for the implementation of various electrochemical 
processes [4]. Still, publications about mass transfer correlations and parallel plate 
electrolyzers is scarce and are only valid for specific reactor geometries. Besides that, a 
more general correlation does not exist. Furthermore, the numerous studies done on 
convective mass transfer are not valid for electrolyzers. Most mass transfer rates within 
laboratory scale parallel plate electrolyzers are a factor of 5 to 10 times larger than predicted 
by conventional mass transfer correlations. This discrepancy is likely caused because the 
assumption of a fully developed concentration profile cannot be fulfilled [10]. The most 
probable cause is the in- and outlet effects playing a significant role inside the short 
electrodes used at laboratory scale. Another differentiating factor from regular mass transfer 
measurements is the use of turbulence promotors, meshes or 3D electrodes, resulting in 
even more diverse hydrodynamics and larger mass transfer rates compared to regular mass 
transfer measurements [11].  

Mass transfer is affected by numerous parameters. To start with electrolyzer geometry, the 
mass transfer dependency can be divided into the three-dimensional cell parameters such 
as: the width, length and gap of the electrolyte channel, the shape of the inlet, inlet length, 
wall roughness and electrode shape. Moreover, turbulence promotors, 3D electrodes or 
meshes also have a significant effect on mass transfer. To rigorously quantify the effect of all 
these geometric factors is difficult to achieve using conventional electrolyzers, because most 
of the geometric parameters cannot be easily adjusted. Fortunately, modern technology such 
as 3D-printing enables rapid prototyping, fast change in design and is a well suitable 
production method to change one parameter at a time keeping all others fixed [12]. 
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In this report, mass transfer within laboratory scale parallel plate electrolyzers has been 
evaluated. First, entry effects and the significance of these were reviewed. Second, the 
influence of additions or changes with respect to reactor design was investigated. Third, the 
effect of turbulence promotors with and without inlet effects was analyzed. And fourth, the 
development of the diffusive boundary layer, having non-developed and developed 
hydrodynamics, was studied [12].  

Chapter 2 explains the theoretical background of mass transfer, mass transfer in specific for 
electrochemical reactors, the limiting current technique, the usage of redox couples for mass 
transfer measurements and the Sherwood-Reynolds correlations system in which are 
relevant used to quantify / qualify the results. 

Chapter 3 describes the experimental section in which the measurement setup is presented, 
materials and analyzing apparatus used can be found. 

Chapter 4 discusses in several topic the results of this work. Section 4.1 presents the mass 
transfer results of various inlet designs for the same parallel plate laboratory scale 
electrolyzer and evaluates the effect of each single inlet. The various inlet configurations are 
presented in Sherwood-Reynold correlations and compares these results to literature.  
Section 4.2 reviews the effect of adding a calming section to see in what extend the 
disturbances in hydrodynamics caused by inlets keep on dominating mass transfer rates 
within an electrolyzer. Results and observations are compared to several literature findings 
and summarized in Sherwood-Reynolds correlations. Section 4.3 highlights the effect of 
turbulence promotors, intensifying mass transfer. Not only the effect of turbulence promotors 
is investigated, but also inlet effect and addition of a small calming section together with 
turbulence promotors is examined. The outcomes again are given in Sherwood-Reynolds 
correlations and findings are also analyzed with the help of literature. Section 4.4 discusses 
pressure drop measurements done in the electrolyzer and describes the relevance of the 
measurements. Section 4.5 examines local mass transfer and inlet effect for developed and 
non-developed hydrodynamics within the parallel plate electrolyzer. Local mass transfer 
rates are measured by using 32 mini electrodes and presented in figures with Sherwood 
numbers for every separate segment. These findings are discussed compared to few other 
publications. 

Chapter 5 presents the overall conclusion of this research. Furthermore, observations of all 
topics are summarized. Recommendations are presented in section 5.1. 
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2. Theoretical background 
2.1. Mass transfer limited electrochemical reactions 

Transfer of mass in an electrochemical reactor occurs by applying current through the 
electrodes and electrolyte, causing ions to move. To get an electrochemical reaction, the 
electrodes needs to be polarized, so specific species will move to the electrode to undergo a 
reaction. This will take place if the applied potential is larger than the equilibrium potential of 
the reacting molecules [10]. In fact, the electrode is also acts as a catalytic mechanism. 
Depending on the specific mechanism, commonly a cycle of 5 elementary steps takes place 
near the electrode, first molecules move from the bulk to the surface of the electrode (mass 
transfer), second adsorption of the molecule to the electrode takes place, third species 
undergo a chemical reaction on the electrode surface, fourth desorption of the molecule from 
the surface takes place and fifth mass transfer from the electrode to the bulk of the liquid 
[10][13], Figure 2.1 presents a schematic view of the cycle near the electrode. 

 
Figure 2.1 schematic view 5 cycle elementary steps 

For most electrochemical reactions, the transfer of molecules to and from the electrode 
surface is the slowest step, if the over-potential is sufficient large enough [10][14]. Therefore, 
it can be said that the overall electrochemical reaction is most often mass-transfer or 
diffusion limited. 

2.2. Boundary layer approximation 
While having electrolyte flow within an electrochemical reactor, applying current through the 
electrolyte and starting the reaction, a concentration gradient arises within a very small layer 
from the surface of the electrode to the bulk of the electrolyte liquid. This layer is known as 
the diffusive or mass transfer boundary layer [15]. As previously stated, the change in 
concentration in most electrochemical reactions is the rate limiting step of reaction. To 
measure the mass transfer coefficient (𝑘𝑘𝑙𝑙𝑙𝑙) within this layer, a well-defined redox couple is 
required.  

Approaching the reactor wall, within a small layer the liquid velocity starts to decrease and 
reaches zero at the wall by the no slip condition. This is the so called hydrodynamic 
boundary layer. At the electrode, depletion of reactant ions results in a concentration gradient 
and an even smaller layer starts to arise. The diffusive boundary layer. Here diffusion is 
dominant by having almost no velocity gradient [15][16]. The concentration on top of the 
diffusive boundary layer is assumed to be equal to the bulk concentration. 

  
Figure 2.2 development of hydrodynamic boundary layer and diffusive boundary layer[8] 

As can be seen in Figure 2.2 from the edge of the wall, a thin layer starts to rise and 
becomes thicker till it reaches a steady state thickness (δH). The same phenomena occurs 
with the diffusive or mass transfer boundary layer, this layer starts to grow at the edge of the 
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electrode and also increases to a steady thickness (δd). When the layers have reached a 
constant thickness, one can speak of a fully developed boundary layer [10].  

Theoretically, it can be said that at the outer edge of the diffusive boundary layer, there is no 
mass transfer resistance, or in other words, mass transfer is infinitely large on the electrode 
surface near the outer edge. Given that the boundary layer exists for all flow regimes, the 
mass transfer rate is predominantly determined by the thickness of the diffusive boundary 
layer. The eventual thickness of the diffuse boundary layer, as well the hydrodynamic 
boundary layer is mainly depending on flow speed, faster flow rates result in a thinner 
boundary layer [10]. In other words, turbulence, circulating flow, vortices, undeveloped flow, 
hydrodynamic disturbances or separated flow leads to a thinner hydrodynamic boundary 
layer and also a decrease in thickness of diffusive boundary layer. 

To give an impression of magnitude with respect to size of the diffusive boundary layer and 
hydrodynamic boundary layer, the thickness of the diffusive boundary layer can be estimated 
by the following Equation 2.1 [10]: 

 𝛿𝛿𝑑𝑑 ≈ �
𝜌𝜌𝜌𝜌
𝜇𝜇
�
1
3

=
𝛿𝛿𝐻𝐻

𝑆𝑆𝑐𝑐
1
3 

 

 

(2.1) 

 

The diffusive boundary layer is approximately equal to the diffusion coefficient times the 
density divided by the dynamic viscosity of the liquid to the power 1/3, which is again equal to 
the thickness of the hydrodynamic boundary layer divided by the Schmidt number to the 
power 1/3. In this research, the typical Schmidt number of the hexachloroiridate(IV)/(III) 
solution (see section 2.4), at 20 °C was about 1008 [12][17], Given that the ratio of 
hydrodynamic boundary layer to diffusive boundary layer is about 10:1 in thickness.  

Literature describes the change in concentration within the liquid caused by the reaction of 
species at the electrode. The transportation of these species from the bulk to the electrode 
takes place by three different mechanisms. The first mechanism is migration, where the 
polarization of the electrode causes positively charged ions to move to the negative electrode 
and negative ions to move in opposite direction. The second mechanism is diffusion, 
molecules start to diffuse due to a concentration gradient occurring at the electrode by 
reaction. The third is convection, movement of liquid will equalize to an existent 
concentration gradient. The linear rate of transfer per unit area with respect to the y-direction 
Figure 2.3, which is in this case perpendicular to the flow direction, known as the Nerst-
Planck equation, is expressed by Equation 2.2 [18]: 

 𝑟𝑟𝑡𝑡 = 𝑟𝑟𝐷𝐷 + 𝑟𝑟𝐶𝐶 + 𝑟𝑟𝑀𝑀 = −𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝑣𝑣 +
𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

𝜌𝜌𝜕𝜕
𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕

 (2.2) 

 

As can be seen in Equation 2.2, the left (rt) side expresses the total electrochemical reaction 
rate, while the right hand side relates to diffusion term, convective term and migration term 
respectively. In particular, for electrochemical reactors the migration term may have a 
significant impact. Charge is transported by ions in an electrolyte solution. Due to polarization 
the reactive ions and charge carriers will concentrate at the electrode. Because of this, a 
drop in bulk concentration could occur and a decrease in conductivity would follow, leading to 
mass transfer limitations by migration [19]. Plentiful addition of an inert charge carrier, known 
as background electrolyte or supporting electrolyte, will minimize charge carriage by the 
reacting species at the electrode, so the migration term will be. Next to that, the convective 
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term within the diffusive boundary layer is also approximately zero [10]. Therefore, the total 
electrochemical reaction rate can be simplified to (Equation 2.3) [16]: 

 
𝑟𝑟𝑡𝑡 = −𝜌𝜌

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (2.3) 

 

By separation of variables and integrating from 0 to 𝛿𝛿𝑑𝑑 for 𝜕𝜕 and from 𝜕𝜕𝐸𝐸 to 𝜕𝜕𝐵𝐵 for 𝜕𝜕, Equation 
2.4 arises: 

 𝑟𝑟𝑡𝑡 =
𝜌𝜌
𝛿𝛿𝑑𝑑

(𝜕𝜕𝐵𝐵 − 𝜕𝜕𝐸𝐸) = 𝑘𝑘𝑙𝑙𝑙𝑙(𝜕𝜕𝐵𝐵 − 𝜕𝜕𝐸𝐸) (2.4) 

 

As indicated by Equation 2.4, the electrochemical reaction rate is equal to the mass transfer 
coefficient times the bulk concentration minus the concentration at the electrode. Here, a 
linear concentration profile is assumed, which was first derived by Nernst [16]. However in 
reality the concentration gradient is not fully linear. Still, it is common to use the linear 
approximation and this is widely done in literature, because the mathematical error being 
small [10]. The diffusive boundary layer is generally described as the distance from the wall 
in which the concentration gradient differs from the value at the electrode to 99% of the bulk 
[10]. Figure 2.3 represents the linear approximation within an electrolyzer, ‘ iA, lim. ’ denotes 
the concentration gradient when applying limiting current. 

 
Figure 2.3 approximated concentration profile near the electrode 

 

2.3. Limiting current method 
Measuring the diffusive boundary layer or mass transfer layer of electrochemical reactions is 
primarily done with the limiting current density technique. The limiting current density is the 
current density at which the intrinsic kinetics of the electrochemical reaction is significantly 
faster than the diffusion of molecules from the bulk through the diffuse boundary layer. This 
mass transfer limited situation leads to the depletion of reacting ions at the surface of the 
electrode [20]. This means that the electrochemical reaction rate has reached its maximum 
for the specific reaction conditions [20]. Due to the fast change of concentration near the 
electrode surface and a linear concentration profile, the rate of reaction at the surface of the 
electrode can also be described by Equation 2.5: 

 𝑟𝑟𝑡𝑡 =
𝑖𝑖𝐴𝐴(1 ± 𝑡𝑡)

𝑛𝑛𝑛𝑛
 (2.5) 
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Here the factor t corrects for the part in which charge is carried by the reactant species. By 
adding an inert electrolyte in molar excess, the limiting effect of migration can be neglected. 
This makes that the factor t reaches zero and so the Equation 2.5 can be written as [10]: 

 𝑟𝑟𝑡𝑡 =
𝑖𝑖𝐴𝐴
𝑛𝑛𝑛𝑛

  (2.6) 

 

As derived before, the total electrochemical reaction rate in the near the electrode is 
dominated by the diffusive term (Equation 2.3). Putting these two equations together, 
Equation 2.7 arises: 

 
𝑖𝑖𝐴𝐴
𝑛𝑛𝑛𝑛

= 𝑘𝑘𝑙𝑙𝑙𝑙(𝜕𝜕𝐵𝐵 − 𝜕𝜕𝐸𝐸) (2.7) 

 

As mentioned earlier, applying the equilibrium potential for a specific reaction will start 
reactant-ions to move and start to react at the electrode. Increasing the reaction rate can be 
done by applying more voltage than the equilibrium potential. The so called over-potential, 
over-potential is the amount of voltage which is the applied potential above the equilibrium 
potential. To increase the intrinsic kinetics, just a relative small over-potential is often 
required. This is because the reaction rate changes by an exponential factor over the applied 
over-potential, which can be derived from the Butler-Volmer Equation 2.8 [19]: 

 𝑖𝑖𝐴𝐴 = 𝑖𝑖0(𝑒𝑒
𝛼𝛼𝑎𝑎𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅 𝜂𝜂 − 𝑒𝑒−

𝛼𝛼𝑐𝑐𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅 𝜂𝜂) 

 
(2.8) 

 

In Figure 2.4 a plot of the current density versus the over-potential can be seen. This curve 
has been divided into 4 regions. In the first section, a small increase in over-potential leads to 
a slight increase of the current density. At this point, the reaction rate is still controlled by the 
intrinsic kinetics. Section two, rising the over-potential further on, the current density makes a 
steep increase before flattening of, reaching a plateau. In this section the rate of reaction 
equals more or less the mass transfer rate of ions from the bulk to the electrode. From this 
point on, relative large increase in over-potential will not change the current density, section 
three, the intrinsic rate of reaction is considerably higher than the mass transfer rate of 
reacting ions, the so called limiting current density plateau [20]. In this region the detected 
current density is always equal to the limiting current density [12]. Upon increasing the over-
potential more and more in the last section, the current density will start to rise again. 
Electrochemical liquid-solid reactions with water as solvent, gas bubbles will start to be 
visible after further increase of the over-potential. This means that a secondary reaction 
starts to take place at the electrode, which can be the hydrogen evolution for the cathodic 
reaction or oxygen evolution for the anodic reaction [20].  
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Figure 2.4 current as function of the over potential for different flow rates 

Increasing the over-potential with a certain amount over the equilibrium potential will result in 
reaching the limiting current density plateau. Processing an electrochemical reactor at 
limiting current density means that the concentration at the electrode (𝜕𝜕𝐸𝐸) is approximately 
zero and the rate of reaction is mass transfer controlled [10][20].Under this limiting current 
density condition, the mass transfer coefficient can be calculated directly by Equation 2.9: 

 𝑘𝑘𝑙𝑙𝑙𝑙 =
𝑖𝑖𝐴𝐴,𝑙𝑙𝑙𝑙𝑙𝑙

𝑛𝑛𝑛𝑛𝜕𝜕𝐵𝐵
 (2.9) 

 

As pointed out in Figure 2.4, at low flow rates, the diffusive boundary layer is thicker, 
therefore lower limiting current density plateau occurs and results in slow mass transfer. In 
case of larger flow rates, a higher limiting current density plateau will be measured and 
hence fast mass transfer will be the result. 

 

2.4. Hexachloroiridate system 
Measuring the mass transfer within an electrochemical reactor can be done with a number of 
redox-couples. In literature mostly the redox couple of ferro/ferri-cyanide is used to do so. 
Regarding mass transfer measurements, it is important that the redox reaction is reversible. 
Meaning that the reacting ions at the cathode reacting away, are formed back at the anode. 
Resulting in a constant bulk concentration, enabling to calculate directly the mass transfer 
coefficient using cyclic voltammetry or at a voltage on the limiting current plateau with the 
help of chronoamperometry.[21][20]. The reversible redox reduction reaction that takes 
places at the cathode for the ferro/ferri-cyanide system can be found in Equation 2.10: 

 𝑛𝑛𝑒𝑒(𝜕𝜕𝐶𝐶)63− + 𝑒𝑒− ⇌ 𝑛𝑛𝑒𝑒(𝜕𝜕𝐶𝐶)64− (2.10) 
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And the reversible redox oxidation reaction that takes place at the opposite electrode, the 
anode, can be found in Equation 2.11: 

 𝑛𝑛𝑒𝑒(𝜕𝜕𝐶𝐶)64− ⇌ 𝑛𝑛𝑒𝑒(𝜕𝜕𝐶𝐶)63− + 𝑒𝑒− (2.11) 

 

Despite the seeming reversibility of the ferro/ferri-cyanide redox couple, many researchers 
studying electrochemical mass transfer experiments [22] or electrochemical discrimination of 
DNA [23] with this redox couple, reported the decomposition of the ferro/ferri-cyanide and 
poisoning of the electrode surface [21][22][23][24][25]. Due to this, a decreasing rate in 
electron transfer is observed and requires polishing of the electrode after a few 
measurements. Additionally, ferro/ferri-cyanide does not have a wide range with respect to 
pH in which it can be used, it cannot be stored for a long time in solution, due to 
decomposition into insoluble salts and ferro/ferri-cyanide requires always deoxygenation of 
the liquid before starting experiments [23].  

A better redox couple for mass transfer measurements, the redox couple should satisfy a 
couple of criteria. First of all, the limiting current density plateau needs have a specifically 
wide bandwidth without the occurrence of side reactions or competing reactions. 
Subsequently, to be able to calculate directly the mass transfer coefficient, the reaction 
needs to be reversible, to maintain a constant bulk concentration. At last, the redox couple 
has to accomplish a certain stability for a specific time, without having a negative impact on 
the measurement by the formation of side products or passivation layer which do influence 
the reaction [12].   

Therefore, this research used the hexachloroiridate-(IV)/(III) system instead of ferro/ferri-
cyanide system. The hexachloroiridate system does not deposit on the electrode surface or 
decomposes in insoluble salts and is more stable [21]. In addition, the limiting current density 
plateau of the reduction of hexachloroiridate(IV) is side or competing reaction free and can 
be measured in a relatively large window as can be seen in Figure 2.5 [12]. 

 

 
Figure 2.5 cyclic voltammogram of the hexachloroiridate-(IV)/(III) system vs SHE [12] 

Figure 2.5 presents a cyclic voltammogram of the hexachloroiridate-(IV)/(III) system, with a 
scan speed of 50 mV/s, the potential is changed within the range of – 345 mV and 1355 mV 
versus the Ag-AgCl reference electrode. As can be observed from Figure 2.5, the reduction 
reaction and oxidation reaction peaks of hexachloroiridate(IV) and hexachloroiridate(III) are 
clearly visible. Next, also the secondary evolution reactions of oxygen and hydrogen are 
visible. As observed from -200 mV to 800 mV, a large current density plateau for 
hexachloroiridate(IV) can be found.  
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The reversible redox reduction reaction of hexachloroiridate(IV) at the cathode can be found 
in the next Equation 2.12: 

 𝐼𝐼𝑟𝑟𝜕𝜕𝐼𝐼62− + 𝑒𝑒− ⇌ 𝐼𝐼𝑟𝑟𝜕𝜕𝐼𝐼63− (2.12) 

 

At the anode the opposite reaction takes place, which is given by Equation 2.13: 

 𝐼𝐼𝑟𝑟𝜕𝜕𝐼𝐼63− ⇌ 𝐼𝐼𝑟𝑟𝜕𝜕𝐼𝐼62− + 𝑒𝑒− (2.13) 

 

2.5. The Sherwood-Reynolds correlation system 
Mass transfer measurements are translated into Sherwood-Reynolds correlations, which is a 
system that incorporates the physical properties of the electrochemical reactor and 
electrolyte. This system makes use of mostly three (Equation 2.16) or sometimes four 
dimensionless groups (Equation 2.17) [26]. The pre-factor ‘𝑎𝑎’ and exponential factors ‘𝑏𝑏’, ‘𝑐𝑐’ 
and ‘𝑑𝑑’ are derived from the experimental results. These correlations can be used to predict 
the mass transfer coefficient for future work using the same reactor dimensions.  

 𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 (2.14) 

 𝑆𝑆ℎ = 𝑎𝑎∗ 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐𝐿𝐿𝑒𝑒𝑑𝑑 (2.15) 

 

Here the factor ‘𝑎𝑎’ is often referred to the distinctive design geometry value and ‘𝑏𝑏’ is 
indicating the flow regime [27]. The Schmidt coefficient ‘c’ has been proven to be 1/3 the 
boundary layer by Mizushina et al. [28] and is used in all electrochemical mass transfer 
correlations. Besides that, the Sherwood number (𝑆𝑆ℎ) itself is defined as the convective 
mass transfer rate divided by the diffusion rate [29], and is expressed by Equation 2.18: 

 𝑆𝑆ℎ =
𝑘𝑘𝑙𝑙𝑙𝑙𝑑𝑑𝐻𝐻
𝜌𝜌

 (2.16) 

 

The Reynolds number (𝑅𝑅𝑒𝑒) is defined as the inertial forces divided by the viscous forces [29] 
and can be calculated with the help of Equation 2.19: 

 𝑅𝑅𝑒𝑒 =
𝜌𝜌𝑢𝑢0𝑑𝑑𝐻𝐻
𝜇𝜇

=
𝑢𝑢0𝑑𝑑𝐻𝐻
𝜈𝜈

 (2.17) 

 

The Schmidt number (𝑆𝑆𝑐𝑐) is the ratio between the viscous diffusion rate and the molecular 
diffusion rate [29], which is presented by Equation 2.20: 

 
𝑆𝑆𝑐𝑐 =

𝜇𝜇
𝜌𝜌𝜌𝜌

=
𝜈𝜈
𝜌𝜌

 (2.18) 

 

The 𝐿𝐿𝑒𝑒 term, a dimensionless quantity for the length, not to be confused with the 
dimensionless Lewis number, is sometimes integrated to correct for Sherwood number, 
having the same reactor dimensions but a different electrode length [10]. The dimensionless 
length is shown in Equation 2.21: 

 
𝐿𝐿𝑒𝑒 =  

𝐿𝐿
𝑑𝑑𝐻𝐻

 (2.19) 
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Within the Sherwood number, Reynolds number and dimensionless length number, one and 
the same geometrical parameter can be found; the hydraulic diameter (𝑑𝑑𝐻𝐻), also known as 
equivalent diameter. The hydraulic diameter represents the characteristic length for non-
cylindrical dimensions [30]. To determine the hydraulic diameter for an empty channel, four 
times the cross-section of the flow channel (FC) has to be divided by the wetted 
circumference (WC) [31], of which 𝐵𝐵 is the channel width and 𝑆𝑆 the electrode spacing, see 
Equation 2.22 and Figure 2.6. 

 𝑑𝑑𝐻𝐻 =
4𝐴𝐴𝑛𝑛𝐶𝐶
𝑊𝑊𝑛𝑛𝐶𝐶

=
4𝐵𝐵𝑆𝑆

2(𝐵𝐵 + 𝑆𝑆)
=

2𝐵𝐵𝑆𝑆
𝐵𝐵 + 𝑆𝑆

 (2.20) 

 

 
Figure 2.6 determining the hydraulic diameter within a parallel plate electrolyzer 

On the topic of turbulence promotors, another way to calculate the hydraulic diameter can be 
found in Appendix A. Mainly in membrane technology this method is often used to 
characterize a 3D structure enhancing mass transfer in spiral wounded modules [30] or 
ultrafiltration applications [32]. Literature about the usage of turbulence promotors in 
electrolyzers does not use this different method for the calculation of the hydraulic diameter. 
For the interested reader, Appendix A explains why this method has not been used. 

Early work that could be used to predict convective mass transfer for electrochemical 
reactions were published by Leveque [33] for laminar flow and by Chilton and Colburn, and 
also Deissler [26] for turbulent flow. Still, one of the leading works and most often referred to 
in literature regarding electrochemical mass transfer measurements, is the work of D.J. 
Pickett and K.L. Ong published in 1974 [26]. In particular, this work encloses the effect of 
entrance lengths and electrode lengths. Pickett et al. [26] found similar correlations having 
fully developed laminar flow as Leveque did for heat transfer, which is presented by Table 
2.1.  
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Table 2.1 mass transfer correlation for fully developed laminar flow [26] 

 
Developed laminar 

 
𝑆𝑆ℎ = 2,54𝑅𝑅𝑒𝑒0.3𝑆𝑆𝑐𝑐0.3𝐿𝐿𝑒𝑒−0.3 

58 < 𝑅𝑅𝑒𝑒 < 2000 
2850 < 𝑆𝑆𝑐𝑐 < 5140 
0.17 < 𝐿𝐿𝑒𝑒 < 12.5 

 

The correlations found for fully developed turbulent flow are divided into short electrode 
lengths and long electrode lengths, which can be seen in Table 2.2. 

 

Table 2.2 mass transfer correlations for fully developed turbulent flow [26] 

Developed turbulent 
𝑆𝑆ℎ =  0.125𝑅𝑅𝑒𝑒

2
3𝑆𝑆𝑐𝑐

1
3𝐿𝐿𝑒𝑒−0.2 2000 < 𝑅𝑅𝑒𝑒 < 20000 

0.168 < 𝐿𝐿𝑒𝑒 < 10 

𝑆𝑆ℎ = 0.023𝑅𝑅𝑒𝑒0.8𝑆𝑆𝑐𝑐
1
3 2000 < 𝑅𝑅𝑒𝑒 < 20000 

𝐿𝐿𝑒𝑒 ≥ 12.5 
 

As can be seen in Table 2.1 and Table 2.2, looking at the third column to the boundary 
conditions of the equations, only short electrode lengths have a significant effect on the 
Sherwood number, longer electrodes do not have a dependency. The physical explanation 
for this is the fact that at the leading edge of the electrode at the inlet side, the mass transfer 
rate is theoretically infinite, which results in a higher average mass transfer coefficient along 
the short electrode. 
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3. Experimental section 
3.1. Setup and materials for mass transfer measurements 

 

Figure 3.1 the setup for mass transfer experiments and side apparatus 

This research used 3D printed parallel plate laboratory size electrolyzers for mass transfer 
measurement experiments. Other parts in the setup were also produced by 3D printing. In 
Figure 3.1 a picture of the setup and side apparatus can be seen. As indicated with numbers, 
in a 500 ml Vessel (1) prepared electrolyte is inserted and stored under room temperature 
and nitrogen atmosphere. The electrolyte is transported by a Tuthill magnetically coupled 
pump (2) enabling flow between 5 and 90 l/hr controlled by a Bronkhorst flow controller (3). 
Before the solution enters the 3D printed reactor (6), it flows through a Swagelok flow meter 
(20-100 l/hr) or SHO-RATE flow meter (5-20 l/hr) (4) and along a De Wit pressure gauge (5). 
The electrolyte leaving the reactor is transported back into the 500 ml vessel (1). 
Concentration measurements were done with a UVVIS flow cell from Avantes (7) and the 
mass transfer measurements were recorded with a potentiostat (8) which described is in 
section 3.2. Simply by loosening and tightening eight bolts, the reactor configuration could be 
adjusted. The electrolyte solution composition can be found in Table 3.1: 

Table 3.1 chemical composition electrolyte solution 

 Chemical component Molarity Supplier 
Redox couple Potassium-

hexachloroiridate(III) 
1.0 mM Aldrich 

Chemistry 
 Potassium-

hexachloroiridate(IV) 
0.5 mM Aldrich 

Chemistry 
Background electrolyte Potassium-nitrate 0.5 M VWR Chemicals 
Buffer solution pH = 4.0 Acetetic acid  0.2 M Merck 
 Potassium acetate VWR Chemicals 
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3.2.  Jellyfish reactor 

 
Figure 3.2 Jellyfish electrolyzer reactor 

After a couple of prototype 3D printed electrolyzers, from the enhanced designs, the design 
presented in Figure 3.2 was chosen for the experimental work. For further interest, Appendix 
B shows with the help of pictures a short roadmap on the evolution of 3D printed 
electrolyzers. The Jellyfish electrolyzer (Figure 3.2) was assembled by 5 different parts 
(excluding seals, gaskets and wiring) of which an in- and outlet (1), two electrode insert 
holders (2) and the core channel (3). On the electrode insert holder (4) a Nickel plate was 
attached and connected via the holes in the electrode insert holder. The dimensional 
properties of the Jellyfish electrolyzer are given in Table 3.2.  

Table 3.2 dimensional properties of the Jellyfish electrolyzer reactor  

Electrode length 𝐿𝐿 0.100 m 
Electrode width 𝐵𝐵 0.040 m 
Electrode spacing 𝑆𝑆 0.005 m 
Total electrode area  0.004 m2 

Hydraulic diameter 𝑑𝑑𝐻𝐻 0.0089 m 
Dimensionless length 𝐿𝐿𝑒𝑒 =  𝐿𝐿/𝑑𝑑𝐻𝐻 11.25 

 

Several relevant physical properties can be found in Table 3.3. 

Table 3.3 relevant physical constant and electrolyte properties 

Faradays constant 𝑛𝑛 96 485 C mol-1 

Number of electrons transferred per hexachloroiridate-
ion 

𝑛𝑛 1 

Electrolyte density at T = 298 K 𝜌𝜌 1028.61 kg m-3 [17] 
Dynamic viscosity at T = 298 K µ 9.78 . 10-4 Pa s [17] 
Diffusion coefficient hexachloroiridate(IV) at T = 298 K 𝜌𝜌 9.43 . 10-7 m2 s-1 [12] 
Schmidt number 𝑆𝑆𝑐𝑐 1008 
Molar absorption coefficient hexachloroiridate(IV) at 
487 nm 

𝜀𝜀487 𝑛𝑛𝑙𝑙 374 m2 mol-1 [12] 

Fluid velocities 𝑢𝑢0 0.0278 – 0.125 m s-1 
 

Several times a new calibration was executed, resulting in similar values for the molar 
absorption coefficient for hexachloroiridate(IV). All measurements were at least in triplo.  
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3.3. Inlet designs 
 

    
Figure 3.3 divider inlet Figure 3.4 trumpet inlet Figure 3.5 conic inlet Figure 3.6 tube inlet 

 

For this research four different inlets were designed to see what effect each inlet would have 
on the mass transfer rate within the Jellyfish reactor. As can be seen in Figure 3.3 - Figure 
3.6 the different inlet designs and their theoretical expected flow streamlines are visible. 
Figure 3.3 the divider inlet is shown, having sixteen channels of which each single channel 
has an angle smaller than 7°, following the rule of thumb that no flow separation will appear 
causing straight flowlines [34]. The expectation was that the divider inlet (without an calming 
section or entrance length) would result in the lowest mass transfer rate, it was expected to 
have the most developed flow. Figure 3.4, a trumpet inlet was designed, slightly different 
than the conic inlet Figure 3.5. These were designed to test whether a small change in 
curvature would influence mass transfer. Mass transfer rates of these designs are expected 
to be in between those of the divider- and tube inlet. Figure 3.6, a tube inlet was made, 
presumably causing the largest pressure drop from the inlet into the core channel by abrupt 
expansion, which is expected to result in more eddies and a larger mass transfer rate since it 
is expected to have the least developed flow. Considering non-developed hydrodynamics, 
these may cause larger mass transfer rates than developed hydrodynamics [26]. 
Furthermore, as claimed by Frías-Ferrer et al. [27] well distributed flow may lead to shorter 
entrance length and more developed flow. 
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3.4. Segmented electrodes 
This work made use of 32 segmented electrodes at the cathode side of the reactor for local 
mass transfer measurements. These mini Nickel electrodes were 0.012 m long and 0.0095 m 
wide, fitted in a plastic mold, which did prevent the contact of the mini electrodes to each 
other by small raised edges having the same height as the electrodes. In the following Figure 
3.7 a picture is presented of the 32 segmented electrode insert, except the wires, Nickel mini 
electrodes and the plastic mold, all other parts were again produced by 3D printing. Figure 
3.8 shows the numbering of electrodes compared to the flow direction. 

  
Figure 3.7 picture of 32 segmented electrode insert Figure 3.8 numbering of electrode segments 
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3.5. Measurement methods 
3.5.1. 3D printing 

3D printed parallel plate electrolyzers were produced by a MakerGear M3-ID 3D printer. 
Before the actual printing, the drawing program SolidWorks was used to create 3D models 
by part and were virtually assembled to see whether parts would fit together. The slicer 
program Simplify3D was used to convert the 3D files into a file which included all settings for 
printing. However many different sort of 1.75 mm filaments were used for testing, in particular 
PETG from 123-3D.nl was used for the production of parts. In early stages of this research 
seals and gaskets were produced from 1.75 mm esun eFlex (TPU/TPE polymer) filament 
and later from 1.75 mm NinjaTek Ninjaflex (TPU/TPE polymer) filament. Although trial and 
error works best for finding optimal settings for different filaments or parts, usage of 
recommended settings are often a good starting point. However, a note should be made with 
respect to seals and gaskets, large overlap of filament improves the quality of seals and 
gasket significantly. Accuracy of parts were within the order of magnitude of 0.2 mm. Parts 
which required a larger accuracy were outsourced and ordered at ZiggZagg.be having an 
accuracy of 80 µm. A picture of an early prototype parallel plate electrolyzer can be found in 
Figure 3.9, printing the middle part of the electrolyzer in ABS. The holes in the channel were 
m3 bolt screw threads, carrying the idea of a leak tight system using bolts as connectors to 
the electrode plate. 

 
Figure 3.9 three dimensional printing of early ABS prototype parallel plate electrolyzer 
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3.5.2. UV-VIS spectrometer 
UV-VIS measurements were done to measure the concentration of hexachloroiridate(IV). 
The UV-VIS spectrometer used for this work was a Avantes flow cell with a cell length of 5 
mm. The included software package AvaSoft was used to calculate the absorption.  

3.5.3. Chrono amperometry 
This work used (mainly) chrono amperometry (CA) measurements to determine limiting 
current density at different flow rates. A potentiostat Compactstat from Ivium Technologies 
was used together with the software package IviumSoft. The potential used to measure the 
limiting current density of the hexachloroiridate system was – 700 mV without reference 
electrode. For at least 10 seconds CA measurements were performed, so limiting current 
density was reached. To assure hydrodynamics had developed, a new measurement was 
started only after at least 15 seconds after increasing the flow rate, allowing the current to 
stabilize. Additionally, every configuration on which mass transfer measurements were 
executed, were at least measured in triplo. 

3.5.4. Cyclic voltammetry 
Cyclic voltammograms were recorded to see the reversibility of the hexachloroiridate-(IV)/(III) 
electrolyte solutions. Again a potentiostat from Ivium Technolgies was used together with the 
software package IviumSoft. Cyclic voltammetry (CV) was also used to see any deviations or 
contaminations in the electrolyte and was sometimes used to check the limiting current value 
compared to the Chrono amperometry ones. The window in which the potential was varied (-
1000 mV to 1000 mV without reference electrode) was chosen such no hydrogen or oxygen 
evolution could occur. The scan rate was 50 mV per second and always at least 4 cycles 
were done before every experiment of mass transfer measurements. 
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4. Results and discussion 
4.1. Empty channels 

Mass transfer performance in the form of Sherwood numbers is plotted as a function of 
Reynolds number in Figure 4.1. The flow rate range resulted in Reynolds numbers in 
between 64 and 1168, using two different flow meters. The measurement results for the 
Jellyfish reactor are compared to a selection of literature electrochemical reactors. First 
observation is that the Jellyfish reactor performs similar to other electrolytic cells in literature. 
All Sherwood-Reynolds correlations shown in Figure 4.1 are also presented in Table 4.1. 

 
Figure 4.1 selection of literature Sherwood-Reynolds plots of empty channel configurations and measurements of 
Jellyfish reactor using four different inlets 

As expected, all measured mass transfer rates were larger than the correlations of D.J. 
Pickett et al. [26] predicted for the dimensions of the Jellyfish reactor. As also mentioned in 
the work of Pickett, et al. [26], the main physical explanation can be found by the fact 
hydrodynamics in the core channel of the Jellyfish are still non developed. This is due to the 
change in shape and expansion of the flow channel (from small cylindrical tube to larger 
parallel plate) [35], leading to more flow circulation or turbulence and hence higher mass 
transfer rates. A calming section would be necessary to avoid the turbulence of the fluid 
caused by the inlet due to expansion [36]. As expected a difference in inlet design does 
affect the mass transfer rate, looking to Figure 4.1 indeed the tube inlet resulted in the largest 
mass transfer rates compared to the others. While fluid velocities inside the reactor channel 
were within laminar regime (Reynolds range 259 - 1168), all measured mass transfer rates 
for the tube inlet are parallel to the developed turbulent lines of Pickett[26]. Equally, looking 
into Table 4.1 the power of Reynolds for the tube inlet is 0.68, which corresponds to turbulent 
flow regime as can be seen in Table 2.2 for fully developed turbulent flow. Besides that, the 
tube inlet showed the steep increase. The corresponding slope factor of 0.27 (Table 4.1) 
substantiates this, which is for fully developed laminar flow published by Pickett et al. [26] 
0.023. This is probably caused by the sudden expansion and formation of jet flow [1]. The 
exponent is also in line with the work of Djati et al. (2001) [36] who used a tube shape inlet 
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as well, only Djati et al. [36] also introduced an expansion factor. However, these correlations 
exclude the effect of flow distribution and shape of the inlet channel [27].  

Further, no real difference in mass transfer performance was measured between the trumpet 
and conic inlet. Nonetheless, the mass transfer rates obtained from these two inlets are 
smaller than the tube inlet. This can be explained by the more gradual enlargement of the 
inlet channel into the flow channel [35]. Remarkable is, the measurement points for both 
inlets (trumpet and conic) at a Reynolds number of 259, are parallel to the developed laminar 
line. Most probably, at such low flow rates, fast expansion is necessary to promote 
turbulence. Above all, for low Reynolds numbers, only a short calming section is required to 
result in developed laminar flow [31], which will be discussed extensively in section 4.2. Still, 
the steep increase and the Reynolds power for the conic as well the trumpet inlet, 0.74 and 
0.65 respectively, suggests turbulent flow. Moreover these findings are comparable with the 
FM01-LC electrolyzer in literature [37][38][39][27], also producing Reynolds power of about 
0.7, indicating turbulent conditions, while laminar conditions would result in a power of 0.3. 

The divider inlet resulted in the lowest measured mass transfer rates. Logically, the better 
flow distribution and (more) gradual expansion in the core channel compared to the other 
inlets has led to more developed-hydrodynamics [34]. Looking at Figure 4.1, it is remarkable 
that the Sherwood numbers at Reynolds number 259 and 389 are parallel to the developed 
laminar flow correlation of Pickett et al. [26], supporting the observation of well distributed 
flow by an inlet reduces flow circulation. Another look at Table 4.1, the Reynolds power of 
0.52 indeed suggests more laminar flow. As mentioned by Frías-Ferrer et al. [27] the length 
of a calming section can be decreased by well distributed flow. As final point, all mass 
transfer measurement points for the different inlet configurations appear to go to one point for 
lower Reynolds numbers than measured. 

Lastly, as can be seen in Figure 4.1, for the conic, tube and divider inlet also mass transfer 
measurements were done for Reynolds numbers between 64 -  259 (flow rates 5 – 20 l/hr). 
To find out whether the inlets still affect mass transfer at low Reynolds numbers. As can be 
seen in Figure 4.1, all measurement points seem to converge into one point and is slightly 
shifted upwards. A reason for this distorted observation is probably the flow fluctuations by 
pump, because it was operating at its bottom limit. Noteworthy, is to see that also the conic- 
as well the divider inlet are parallel to the laminar correlation of Pickett et al. [26], indicating 
laminar flow. On the other hand, even for low Reynolds numbers, the tube inlet results in 
turbulent behavior. 
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Table 4.1 empty channel Sherwood-Reynolds correlations for parallel plate electrolyzers 

Author and 
electrolytic cell 

𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 
𝑆𝑆ℎ = 𝑎𝑎∗ 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐𝐿𝐿𝑒𝑒𝑑𝑑 
 

Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le Ref. 

Carlsson, 
ElectroSynCell 𝑆𝑆ℎ = 0.39 𝑅𝑅𝑒𝑒0.63𝑆𝑆𝑐𝑐

1
3 

 

70 800 0.009 0.297 0.148 0.0170 17.50 [40] 

Hammond, 
FM01-LC 𝑆𝑆ℎ = 0.174 𝑅𝑅𝑒𝑒0.68𝑆𝑆𝑐𝑐

1
3 

 

120 450 0.0055 0.16 0.04 0.0097 16.55 
 

[37] 

Brown,  
FM01-LC 

𝑆𝑆ℎ = 0.22 𝑅𝑅𝑒𝑒0.71𝑆𝑆𝑐𝑐0.33 
 

200 1000 0.0055 0.16 0.04 0.0097 16.55 [38] 

Ralph, 
empty channel 𝑆𝑆ℎ = 0.28 𝑅𝑅𝑒𝑒0.7𝑆𝑆𝑐𝑐

1
3 

 

148 6109 0.02 0.1 0.1 0.0333 3.00 [5] 

Wragg,  
unbaffled 

𝑆𝑆ℎ = 0.19 𝑅𝑅𝑒𝑒0.812𝑆𝑆𝑐𝑐0.33 
 

1250 6900 0.015 0.15 0.15 0.0273 5.50 [41] 

Gonzalez-Garcia, 
UA200.08 

𝑆𝑆ℎ = 0.35 𝑅𝑅𝑒𝑒0.7𝑆𝑆𝑐𝑐0.33 
 

94 804 0.0080 0.12 0.18 0.0153 7.83 [6] 

Oduoza, 
unbaffled 

𝑆𝑆ℎ = 0.49 𝑅𝑅𝑒𝑒0.7𝑆𝑆𝑐𝑐0.33 
 

900 10000 0.015 0.15 0.15 0.0273 5.50 [22] 

Griffiths,  
FM01-LC 

𝑆𝑆ℎ = 0.18 𝑅𝑅𝑒𝑒0.74𝑆𝑆𝑐𝑐0.33 
 

500 2200 0.0055 0.16 0.04 0.0097 16.55 [39] 

Frias-Ferrer, 
UA16.15 

𝑆𝑆ℎ = 1.08 𝑅𝑅𝑒𝑒0.61𝑆𝑆𝑐𝑐0.33 
 

272 2571 0.015 0.04 0.04 0.0218 1.83 [27] 

Frias-Ferrer, 
UA63.15 

𝑆𝑆ℎ = 0.84 𝑅𝑅𝑒𝑒0.63𝑆𝑆𝑐𝑐0.33 
 

170 1964 0.015 0.09 0.07 0.0247 3.64 [27] 

Frias-Ferrer, 
UA63.03 

𝑆𝑆ℎ = 0.17 𝑅𝑅𝑒𝑒0.82𝑆𝑆𝑐𝑐0.33 
 

117 629 0.003 0.09 0.07 0.0058 15.64 [27] 

Frias-Ferrer, 
FM01-LC 

𝑆𝑆ℎ = 0.22 𝑅𝑅𝑒𝑒0.71𝑆𝑆𝑐𝑐0.33 
 

200 1000 0.0055 0.16 0.04 0.0097 16.55 [27] 

Santos,  
Diacell 𝑆𝑆ℎ = 0.141 𝑅𝑅𝑒𝑒0.7𝑆𝑆𝑐𝑐

1
3 100 2500 0.0070 0.13 0.09 0.0130 9.98 [42] 

Rivero,  
FM01-LC  
adapt. S 

𝑆𝑆ℎ = 0.617 𝑅𝑅𝑒𝑒0.489𝑆𝑆𝑐𝑐0.33 
 

187 1407 0.0195 0.16 0.04 0.0262 6.10 [43] 

Ponce de Leon, 
3D printed 

𝑆𝑆ℎ = 1.22 𝑅𝑅𝑒𝑒0.65𝑆𝑆𝑐𝑐0.33𝐿𝐿𝑒𝑒0.25 150 800 0.014 0.07 0.07 0.0233 3.00 [44] 

Rodriquez, 4 mm 
S, 45° inlet 

𝑆𝑆ℎ = 1.382 𝑅𝑅𝑒𝑒0.45𝑆𝑆𝑐𝑐0.33 
 

102 616 0.004 0.51 0.33 0.0079 64.52 [1] 

Rodriquez, 4 mm 
S, 60° inlet 

𝑆𝑆ℎ = 2.2 𝑅𝑅𝑒𝑒0.42𝑆𝑆𝑐𝑐0.33 
 

102 616 0.004 0.51 0.33 0.0079 64.52 [1] 

Rodriquez, 7 mm 
S, 45° inlet 

𝑆𝑆ℎ = 11.4 𝑅𝑅𝑒𝑒0.24𝑆𝑆𝑐𝑐0.33 
 

117 702 0.007 0.51 0.33 0.0137 37.20 [1] 

Rodriquez, 7 mm 
S, 60° inlet 

𝑆𝑆ℎ = 13.9 𝑅𝑅𝑒𝑒0.26𝑆𝑆𝑐𝑐0.33 
 

117 702 0.007 0.51 0.33 0.0137 37.20 [1] 

Jellyfish  
conic inlet 𝑆𝑆ℎ = 0.11 𝑅𝑅𝑒𝑒0.74𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 This 

work 
Jellyfish  
trumpet inlet 𝑆𝑆ℎ = 0.21 𝑅𝑅𝑒𝑒0.65𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 This 

work 
Jellyfish  
tube inlet 𝑆𝑆ℎ = 0.27 𝑅𝑅𝑒𝑒0.68𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 This 

work 
Jellyfish  
divider inlet 𝑆𝑆ℎ = 0.37 𝑅𝑅𝑒𝑒0.52𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 This 

work 
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4.2. Calming section length 
The reason why most laboratory scale electrolyzers in literature and the Jellyfish electrolyzer 
in this work produce larger mass transfer rates than the work of Pickett et al. [26] predicts, is 
either due to low 𝐿𝐿𝑒𝑒 numbers or not having a (long enough) calming section [10]. For the 
Jellyfish electrolyzer, the Le number was 11.25, which is sufficiently large to neglect the 
effect of short electrode lengths [33]. As seen in section 4.1 and known from literature, mass 
transfer rates in laboratory electrolyzers are still dominated by the effects of inlet manifolds 
[27]. In order to translate correlations from laboratory scale to large scale, these effects 
needs to be minimized, hence, hydrodynamics needs to be stabilized before entering the 
electrolyzer channel [9][45]. Although exit effects also might play a role, this research has 
focused on the effect of adding two different size of calming sections and the effect of 
different inlet configurations. The outlet manifold had the same design as the conic inlet. The 
length of a calming section for rectangular ducts to reach fully developed laminar flow can be 
calculated by the use of the empirical Equation 4.1 [31],  

 𝐿𝐿𝐻𝐻,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑛𝑛𝑙𝑙𝑙𝑙 = 0.05𝑑𝑑𝐻𝐻𝑅𝑅𝑒𝑒 (4.1) 

 

In a like manner, the length of the calming section for fully developed turbulent flow for non-
circular channels can be estimated by the following Equation 4.2 [27]: 

 𝐿𝐿𝐻𝐻,𝑡𝑡𝑡𝑡𝑙𝑙𝑏𝑏𝑡𝑡𝑙𝑙𝑡𝑡𝑛𝑛𝑡𝑡 = 4.4𝑑𝑑𝐻𝐻(𝑅𝑅𝑒𝑒)
1
6 

 
(4.2) 

 

The maximum flow rate output by the pump used in this research was 90 l/hr, resulting in 
laminar regime Reynolds numbers. To be sure the length of the added calming section for 
the range of Reynolds numbers 259 - 1168 would be sufficient to get laminar developed flow, 
both equations were taken into account.  

 
Figure 4.2 calming section length as function of the Reynolds number for the Jellyfish reactor 

As presented in Figure 4.2, the entry length desired to realize developed laminar 
hydrodynamics for 90 l/hr (1168 Reynolds), a calming section of 0.62 m would be required. 
For experimental reasons, a calming section of 0.15 m (needed for Reynolds numbers up to 
259, 20 l/hr) and for follow up experiments 0.55 m (long enough for Reynolds numbers up  
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to 1038, 80 l/hr). This was done to see when the transition from laminar to turbulent would 
take place in the Sherwood-Reynolds log-log plot for different inlet configurations. Expected 
is that the addition of a longer calming section will reduce the inlet effect. Also, for lower flow 
rates, the trend of the measurement points is expected to be parallel to the fully developed 
laminar flow correlation of Pickett et al. [26]. For larger flows, the trend of the measurements 
is expected to become steeper, parallel to the turbulent correlation of Pickett et al. [26]. In 
Figure 4.3 the results are plotted for the Jellyfish electrochemical reactor and a calming 
section (CS) of 0.15 m. The error bars are again included, but they are not visible due to the 
small deviations in measurements and log-log chart. 

 
Figure 4.3 Sherwood-Reynolds plots for the Jellyfish reactor and addition of 0.15 m of calming section 

A first observation from Figure 4.3 is that for all inlet configurations indeed transition from 
laminar to turbulent flow is visible as the slope of the trend increases for higher Reynolds 
numbers. Besides that, transition occurred about Reynolds 389 – 519, which is slightly larger 
than calculated. Again for larger Reynolds numbers the trend keeps parallel to the developed 
turbulent correlation of Pickett et al. [26]. Furthermore there can be observed that the inlet 
effects become smaller, by the fact results are closer together for each inlet. Remarkable is 
the fact that measurements with the tube and conic inlet resulted in comparable results, while 
the divider inlet again resulted in lower mass transfer rates than the others. An explanation 
for the similar results of the tube and conic inlet can be given by the work of Pak et al. [46] 
and described and of Djati et al. [36]. Turbulence caused due to a sudden expansion is 
extinguished by the wall and is totally dampened out at a certain point downstream the 
reactor or calming section. The length of calming section is for laminar flow and a given 
channel only depending on the Reynolds number [46]. For turbulent flow this length becomes 
a constant value, by the fact the extra flow circulation caused by the inlet is directly 
rearranged [36]. These facts substantiates the empirical correlations (Equation 4.1 and 
Equation 4.2) [31][27] used to calculate the hydrodynamic entrance length. Nevertheless, this 
explanation does not cover for larger Reynolds numbers (Re > 519) in laminar flow. A 
physical explanation might be that 90° corners just after the tube inlet lead to large circulation 
of flow. Without 0.15 m of calming section these two 90° corners are on the electrode, so 
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these local large flow circulations lead to a local thinner diffusive boundary layer and hence 
larger local mass transfer rates. By addition of 0.15 m of calming sections, these 90° corners 
are located in the calming section. This might have led to the similar results of the conic and 
tube inlet.  

In contrast, the mass transfer rates for the divider inlet are lower. This can be explained by 
the observations of Frías-Ferrer et al. [27], which show that well distributed flow can 
decrease the length of calming section necessary. Striking is the upwards shifted result for 
the divider inlet at Reynolds number 259, more measurement point would be required to give 
a proper explanation. As listed in Table 4.2 the Sherwood-Reynolds correlations for the 
different inlets and calming section of 0.15 m also confirm that domination of inlet manifold 
effects to measured mass transfer rates becomes less. Although the overall trend regarding 
the Reynolds power, 0.62, 0.59 and 0.46 respectively for the conic, tube and divider inlet, 
indicates turbulent flow, these values are still significantly lower and closer together than 
without calming section.  

Table 4.2 Sherwood-Reynolds correlations for the Jellyfish reactor and 0.15 m calming section 

Author and 
electrolytic cell 

𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 
 

Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le LH,added 
[m] 

Jellyfish conic 
inlet 𝑆𝑆ℎ = 0.22 𝑅𝑅𝑒𝑒0.62𝑆𝑆𝑐𝑐

1
3 

 

259 1168 0.005 0.10 0.04 0.0089 11.25 0.15 

Jellyfish tube  
inlet 𝑆𝑆ℎ = 0.26 𝑅𝑅𝑒𝑒0.59𝑆𝑆𝑐𝑐

1
3 

 
259 1168 0.005 0.10 0.04 0.0089 11.25 0.15 

Jellyfish divider 
inlet 𝑆𝑆ℎ = 0.47 𝑅𝑅𝑒𝑒0.46𝑆𝑆𝑐𝑐

1
3 

 
259 1168 0.005 0.10 0.04 0.0089 11.25 0.15 

  

To further elaborate the addition of an entrance length and influence of inlet designs, an 0.55 
m calming section was added in front of the Jellyfish electrolyzer. The results are shown in 
Figure 4.4.  

 
Figure 4.4 mass transfer plots for the Jellyfish electrolyzer and different inlets with a 0.55 m calming section 
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First of all, addition of longer calming section of 0.55 m as calculated by the empirical 
Equation 4.1 up to Reynolds number 1038 (80 l/hr), resulted in equal mass transfer rates for 
the three different inlets. Noteworthy, the transition from laminar to turbulent flow indeed 
seems to take place at Reynolds numbers larger than 1038 (80 l/hr), by the steeper getting 
slope. The measurement points at Reynolds number 259 again are shifted upwards with 
respect to the overall trend. A reason for this might be the accuracy of the flow meter at the 
lower limit of its range. Even though, the overall trend seems to be parallel to the correlation 
of Pickett et al. [26] and indicates laminar flow, still the overall mass transfer rates are larger 
than predicted by the correlation of Pickett et al. [26]. One explanation can be that this work 
only looked at the effect of a calming section in front of the electrode. As mentioned by 
several other works [1][10][26][33][45], also the outlet may affect the mass transfer rates 
measured, owing to the narrowing of the channel in the outlet. The reduction in cross 
sectional area may cause local turbulence at the end of the electrode and this may increase 
the average mass transfer rates. Another possible cause for this observation might be the 
usage of 3D printed channels, which do not have smooth walls as compared to iron or glass. 
Additionally, perhaps a single seal or gasket could have protruded in the channel. These 
surface features might induce turbulence. Looking into Table 4.3 the Reynolds powers are 
0.29, 0.33 and 0.33 for the conic, tube and divider inlet respectively. The pre-factors (𝑎𝑎) 
factors are significant larger than the correlations of Pickett et al. [26] for laminar flow, but the 
Reynolds power is similar ~0.3 [26]. 

Table 4.3 correlations of Jellyfish electrolyzer and 0.55 m calming section for different inlet configurations 

Author and 
electrolytic cell 

𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 
 

Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le LH,added 
[m] 

Jellyfish conic 
inlet 𝑆𝑆ℎ = 1.49 𝑅𝑅𝑒𝑒0.29𝑆𝑆𝑐𝑐

1
3 

 
259 1168 0.005 0.10 0.04 0.0089 11.25 0.55 

Jellyfish tube  
inlet 𝑆𝑆ℎ = 1.15 𝑅𝑅𝑒𝑒0.33𝑆𝑆𝑐𝑐

1
3 

 
259 1168 0.005 0.10 0.04 0.0089 11.25 0.55 

Jellyfish divider 
inlet 𝑆𝑆ℎ = 1.19 𝑅𝑅𝑒𝑒0.33𝑆𝑆𝑐𝑐

1
3 

 
259 1168 0.005 0.10 0.04 0.0089 11.25 0.55 

 

4.3. Enhancing turbulence by inert 3D structures 
Enhancement of flow circulation inside a channel can be done by insertion of (inert) 
turbulence promotors / eddy promotors / turbulators. These are 3D structures, which form 
obstacles in a channel, breaking up the laminar flow field. This change in direction results in 
an increase in local velocities and velocity gradients, and consequently more flow circulation 
/ turbulence [9][22][41]. More turbulent flow decreases the thickness of the diffusive boundary 
layer and hence resulting in better mass transfer rates. Disadvantage is that the obstacles 
result in an increase in pressure drop along the channel and therefore larger energy 
consumption by the pump [38][47]. The same turbulence could be achieved by an increase in 
flow rate, however this also results in an increase in energy consumption and has the 
(typically) undesired effect of decreasing residence time. The advantage of turbulence 
promotors is that the same turbulence can be achieved while no compromise is required for 
the residence time. 

The design of a perfect turbulence promotor should meet three aspects, first of all the contact 
of a turbulator and the electrode has to be minimized so electrolyte can reach every part of 
the electrode, second bypassing of electrolyte due to channels in the turbulence promotor 
needs to be prevented and third, the shape of an eddy promotor should avoid the emergence 
of dead zones in which liquid does not flow [27]. In literature the mass transfer rate 
enhancement is most described by a factor compared to the empty channel configuration.   
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In Figure 4.5 the performance of some turbulence promotors described in literature and in 
this work are compared to their corresponding empty channel configuration. The conic inlet 
without calming section was taken to compare to literature. 

 
Figure 4.5 selected literature plots empty channels vs turbulence promotors (TP) and three correlations from this 
work 

As shown in Figure 4.5, worst and best performing turbulence promotors gave larger mass 
transfer rates compared to the empty channel for this configuration, which is also the case for 
all other configurations. 

Carlsson et al. [40] used a multipurpose ElectroSynCell reactor that could be used for 
laboratory scale exploration and small scale production. As presented in Figure 4.5 the 
usage of a grid turbulence promotor resulted in best mass transfer enhancement compared 
to the empty channel configuration, giving between 3-6 times larger mass transfer rates [40].  

The publication of Brown et al. [38] used the commercial FM01-LC laboratory scale 
electrolyzer to investigate the effect of six different polymer eddy promotors and the 
enhancement regarding mass transfer rates. This work also included pressure drop 
measurements, before and after the electrolyzer a pressure gauge was installed and internal 
differential pressure drop was measured by 1 mm holes in the reactor wall. The best 
performing turbulence promotors were two mesh type turbulence promotors and one of the 
four bulk turbulence promotors. The mass transfer enhancement factors compared to the 
empty channel set up was between 1.7 – 3.8. There had to be concluded [38] that the lowest 
porosity of the two mesh turbulence promotors not specifically resulted in the largest mass 
transfer rates. Best performing turbulence promotor also resulted in largest differential 
pressure drop [38].  

The work of Frías-Ferrer et al. [27] compared four different laboratory scale electrolyzers, of 
which the FM01-LC reactor, extensively studied in literature. The smallest electrolyzer cell 
(UA16.15), having the smallest electrode surface area, but same gap distance as the larger 
UA63.15, presented in Figure 4.5, gave remarkable results. Here the empty channel 
configuration produced larger mass transfer rates than with usage of promotor A and C. This 
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was asserted to be due to the domination of flow circulation and turbulence caused by the 
inlet caused by the small size of the cell and due to bypassing of electrolyte by the 
turbulence promotors [27]. However, promotor A was also used in the other reactors, 
resulting in larger mass transfer rates compared to the empty channel configuration. The 
explanation of bypassing of flow is debatable. Table 4.4 gives the Sherwood-Reynolds 
correlations of which a selection is also plotted in Figure 4.5. 

Table 4.4 selection of Sherwood-Reynolds correlations of literature using different type of turbulence promotors 

Author and 
electrolytic cell 

𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 
 

Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le Ref. 

Carlsson, 
ElectroSynCell TP 
Cylinders d = 5 mm 

𝑆𝑆ℎ =  0.38 𝑅𝑅𝑒𝑒0.71𝑆𝑆𝑐𝑐
1
3 

 
70 800 0.009 0.297 0.148 0.0170 17.50 [40] 

Carlsson, 
ElectroSynCell TP 
Cylinders d = 7 mm 

𝑆𝑆ℎ = 0.98 𝑅𝑅𝑒𝑒0.62𝑆𝑆𝑐𝑐
1
3 

 
70 800 0.009 0.297 0.148 0.0170 17.50 [40] 

Carlsson, 
ElectroSynCell TP 
SU-grid 

𝑆𝑆ℎ = 5.57 𝑅𝑅𝑒𝑒0.62𝑆𝑆𝑐𝑐
1
3 70 800 0.009 0.297 0.148 0.0170 17.50 [40] 

Brown, FM01-LC TP 
type B 

𝑆𝑆ℎ = 0.74 𝑅𝑅𝑒𝑒0.62𝑆𝑆𝑐𝑐0.33 
 

200 1000 0.0055 0.16 0.04 0.0097 16.55 [38] 

Wragg, TP baffles 𝑆𝑆ℎ = 0.46 𝑅𝑅𝑒𝑒0.66𝑆𝑆𝑐𝑐0.33 
 

3000 15000 0.015 0.15 0.15 0.0273 5.50 [41] 

Oduouza, TP baffles 𝑆𝑆ℎ = 0.91 𝑅𝑅𝑒𝑒0.6𝑆𝑆𝑐𝑐0.33 
 

2500 20000 0.015 0.15 0.15 0.0273 5.50 [22] 

González-García, 
UA200.08 TP type A 

𝑆𝑆ℎ = 0.43 𝑅𝑅𝑒𝑒0.71𝑆𝑆𝑐𝑐0.33 
 

94 804 0.008 0.12 0.18 0.0153 7.83 [6] 

González-García, 
UA200.08 TP type B 

𝑆𝑆ℎ = 1.24 𝑅𝑅𝑒𝑒0.58𝑆𝑆𝑐𝑐0.33 
 

94 804 0.008 0.12 0.18 0.0153 7.83 [6] 

González-García, 
UA200.08 TP type Cl 

𝑆𝑆ℎ = 1.03 𝑅𝑅𝑒𝑒0.59𝑆𝑆𝑐𝑐0.33 
 

94 804 0.008 0.12 0.18 0.0153 7.83 [6] 

González-García, 
UA200.08 TP type Cs 

𝑆𝑆ℎ = 1.31 𝑅𝑅𝑒𝑒0.55𝑆𝑆𝑐𝑐0.33 
 

94 804 0.008 0.12 0.18 0.0153 7.83 [6] 

González-García, 
UA200.08 TP type D 

𝑆𝑆ℎ = 0.75 𝑅𝑅𝑒𝑒0.64𝑆𝑆𝑐𝑐0.33 
 

94 804 0.008 0.12 0.18 0.0153 7.83 [6] 

Griffiths, FM01-LC 
TP mesh 

𝑆𝑆ℎ = 0.71 𝑅𝑅𝑒𝑒0.55𝑆𝑆𝑐𝑐0.33 
 

500 2200 0.0055 0.16 0.04 0.0097 16.55 [39] 

Frías-Ferrer, 
UA16.15 TP A 

𝑆𝑆ℎ = 1.11 𝑅𝑅𝑒𝑒0.53𝑆𝑆𝑐𝑐0.33 
 

272 2571 0.015 0.04 0.04 0.0218 1.83 [27] 

Frías-Ferrer, 
UA16.15 TP C 

𝑆𝑆ℎ = 1.25 𝑅𝑅𝑒𝑒0.56𝑆𝑆𝑐𝑐0.33 
 

272 2571 0.015 0.04 0.04 0.0218 1.83 [27] 

Frías-Ferrer, 
UA63.15 TP A 

𝑆𝑆ℎ = 1.29 𝑅𝑅𝑒𝑒0.44𝑆𝑆𝑐𝑐0.33 
 

170 1664 0.015 0.09 0.07 0.0247 3.64 [27] 

Frías-Ferrer, 
UA63.03 TP A 

𝑆𝑆ℎ = 0.54 𝑅𝑅𝑒𝑒0.59𝑆𝑆𝑐𝑐0.33 
 

117 629 0.003 0.09 0.07 0.0058 15.64 [27] 

Frías-Ferrer, 
UA63.03 TP C 

𝑆𝑆ℎ = 0.43 𝑅𝑅𝑒𝑒0.63𝑆𝑆𝑐𝑐0.33 
 

117 629 0.003 0.09 0.07 0.0058 15.64 [27] 

Frías-Ferrer, FM01-
LC TP D 

𝑆𝑆ℎ = 0.74 𝑅𝑅𝑒𝑒0.62𝑆𝑆𝑐𝑐0.33 
 

200 1000 0.0055 0.16 0.04 0.0097 16.55 [27] 
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In this research, four different turbulence promotors were compared in the Jellyfish reactor 
with and without addition of 0.15 m of entrance length, in which the total channel length was 
filled with a turbulence promotor compared to three inlet configurations. In Figure 4.6 the four 
different promotors used for this work are presented. The promotors were also produced by 
3D printing. 

 

 
Figure 4.6 turbulence promotors (TP) used for experiments, from left to right, tubes, largest size (LS) gyroid, 
middle size (MS) gyroid, smallest size (SS) gyroid 

The next figures Figure 4.7 - Figure 4.9 present the Sherwood-Reynolds plots for the 
Jellyfish reactor for each inlet, presenting the use of 4 four different turbulence promotors 
and the empty channel configuration. Figure 4.10 - Figure 4.12 give the Sherwood-Reynolds 
plots for the Jellyfish reactor with 0.15 m extender, using three different inlet configurations 
and four different turbulence promotors which filled the total channel (together 0.25 m). 
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Figure 4.7 conic inlet without calming section 

 
Figure 4.8 tube inlet without calming section 

 
Figure 4.9 divider inlet without calming section 
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Figure 4.10 conic inlet with 0.15 m calming section 

 
Figure 4.11 tube inlet with 0.15 m calming section 

 
Figure 4.12 divider inlet with 0.15 m calming section 
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As illustrated in Figure 4.7 - Figure 4.12, most notable observation is the clear trend with 
respect to best performing turbulence promotor. The tubes turbulence promotor was 
consistently performing the worst and the smallest gyroid structure was performing best in all 
configurations. Besides that, as can be seen in Figure 4.7 - Figure 4.9, the results of the 
tubes inlet and largest gyroid inlet show larger differences without an entrance length of 0.15 
m for each inlet, indicating that the inlet effect is playing a large role on the mass transfer 
rates, as Frías-Ferrer et al. [27] and Focke [48] also described. Remarkable for the tubes 
turbulence promotor for the conic inlet without entrance length, Figure 4.7, is the relative 
large gap between the other gyroid turbulence promotors. For the same configuration with 
tube inlet, which distributes flow worse than the conic and divider inlet, this gap did not occur. 
A physical explanation for this observation is hard to find, as mentioned by Colli et al. [9], the 
same eddy promotor using a different reactor design can produce different results, but again 
this does not cover the existence of the gap. Another possible explanation for this 
observation may be the existence of dead zone somewhere on the electrode for these 
measurements. Noticeable in Figure 4.10 - Figure 4.12 the tubes turbulator and largest 
gyroid turbulator resulted in similar results results for larger Reynolds numbers. A reasonable 
explanation for this observation might be that channeling could occur. Thus, the inlet effects 
are still dominating the mass transfer rates at larger flow rates. For the poor performing 
turbulence promotors, a relative longer hydrodynamic entrance length may be necessary 
than for better performing turbulence promotors. 

As listed in Table 4.4, Table 4.5 and Table 4.6 normally turbulence promotors significantly 
increase the value of ‘a’ and moderately decrease the ‘b’ value within the Sh-Re correlation 
compared to empty channels [27], dampening the inlet effect. In particular, for small reactors 
this may prove the decrease of entry effects. Comparing for instance the results of the empty 
channel reactor without calming / dampening section Table 4.1 and Table 4.5, indeed all 
values for ‘a’ increased and values for ‘b’ decreased. Furthermore, when turbulence 
promotors are compared to an empty channel, the average enhancement factors for mass 
transfer rates were found between 1.20 and 2.90 for the Jellyfish reactor without entrance 
length. For the reactor with calming section of 0.15 m, the average enhancement factor was 
between 1.53 and 4.04, which supports the claim that the inlet has less effect with 0.15 m 
entrance length.  

 

  



31 
 

Table 4.5 Sherwood-Reynolds correlations for the different configurations of turbulence promotors, three 
different inlets without entrance length 

Configuration 𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le Average 
Enhancement 

factor 
Tubes TP, 
conic 𝑆𝑆ℎ = 0.60 𝑅𝑅𝑒𝑒0.55𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 1.54 

L. gyroid TP, 
conic 𝑆𝑆ℎ = 0.90 𝑅𝑅𝑒𝑒0.54𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2.14 

M. gyroid TP, 
conic 𝑆𝑆ℎ = 1.47 𝑅𝑅𝑒𝑒0.47𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2.27 

S. gyroid TP, 
conic 𝑆𝑆ℎ = 2.02 𝑅𝑅𝑒𝑒0.44𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2.61 

Tubes TP, 
tube 𝑆𝑆ℎ = 0.76 𝑅𝑅𝑒𝑒0.56𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 1.20 

L. gyroid TP, 
tube 𝑆𝑆ℎ = 1.18 𝑅𝑅𝑒𝑒0.50𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 1.28 

M. gyroid TP, 
tube 𝑆𝑆ℎ = 1.53 𝑅𝑅𝑒𝑒0.47𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 1.40 

S. gyroid TP, 
tube 𝑆𝑆ℎ = 2.28 𝑅𝑅𝑒𝑒0.42𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 1.53 

Tubes TP, 
divider 𝑆𝑆ℎ = 0.60 𝑅𝑅𝑒𝑒0.57𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2.29 

L. gyroid TP, 
divider 𝑆𝑆ℎ = 0.88 𝑅𝑅𝑒𝑒0.53𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2.50 

M. gyroid TP, 
divider 𝑆𝑆ℎ = 1.46 𝑅𝑅𝑒𝑒0.47𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2.86 

S. gyroid TP, 
divider 𝑆𝑆ℎ = 2.27 𝑅𝑅𝑒𝑒0.41𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 2,.90 

  

 

Table 4.6 Sherwood-Reynolds correlations for the different configurations of turbulence promotors, three 
different inlets and 0.15 m of entrance length 

Configuration 𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le LH 
[m] 

Average 
Enhancement 

factor 
Tubes TP, 
conic 𝑆𝑆ℎ = 0.43 𝑅𝑅𝑒𝑒0.58𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 1.53 

L. gyroid TP, 
conic 𝑆𝑆ℎ = 0.86 𝑅𝑅𝑒𝑒0.48𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 1.65 

M. gyroid TP, 
conic 𝑆𝑆ℎ = 1.29 𝑅𝑅𝑒𝑒0.48𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 2.38 

S. gyroid TP, 
conic 𝑆𝑆ℎ = 1.61 𝑅𝑅𝑒𝑒0.49𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 3.24 

Tubes TP, 
tube 𝑆𝑆ℎ = 0.44 𝑅𝑅𝑒𝑒0.59𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 1.74 

L. gyroid TP, 
tube 𝑆𝑆ℎ = 0.97 𝑅𝑅𝑒𝑒0.50𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 2.07 

M. gyroid TP, 
tube 𝑆𝑆ℎ = 1.14 𝑅𝑅𝑒𝑒0.49𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 2.26 

S. gyroid TP, 
tube 𝑆𝑆ℎ = 1.54 𝑅𝑅𝑒𝑒0.49𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 3.15 

Tubes TP, 
divider 𝑆𝑆ℎ = 0.42 𝑅𝑅𝑒𝑒0.57𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 1.72 

L. gyroid TP, 
divider 𝑆𝑆ℎ = 0.78 𝑅𝑅𝑒𝑒0.48𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 1.76 

M. gyroid TP, 
divider 𝑆𝑆ℎ = 1.33 𝑅𝑅𝑒𝑒0.47𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 2.98 

S. gyroid TP, 
divider 𝑆𝑆ℎ = 1.62 𝑅𝑅𝑒𝑒0.49𝑆𝑆𝑐𝑐

1
3 259 1168 0.005 0.100 0.04 0.0089 11.25 0.15 4.04 

 

  



32 
 

4.4. Pressure drop measurements 
Exact pressure drop measurements probably would have given better insight with respect to 
the turbulator performances [38][47]. With accurate pressure drop measurements also 
Sherwood numbers as function of the energy dissipation could have been made. 
Unfortunately, the pressure drop readings from the pressure gauge used in the setup gave 
inconsistent readings and a relive large spread of values. Results of pressure measurements 
are given in Appendix C for interested readers. The pressure gauge in the setup was 
installed for the inlet. Within the deviation of the readings, in- and excluding turbulence 
promotors or addition of a calming sections did not result in a readable increase of pressure. 
The recommendations for future work will elaborate the pressure drop topic further. 
Differential pressure drop measurements should be done to get accurate results. 

4.5. Local mass transfer measurements 
Thus far, all mass transfer coefficients measured were the average result of the total surface 
area of the electrode. Measuring local mass transfer coefficients can give insight on the 
development of the diffusive boundary layer, the effect of corners and in- and outlet effects 
for instance [41][49]. A possible manner to measure local mass transfer coefficients is by 
dividing the large electrode into parts or segments. Every segment / mini electrode measures 
(average) local mass transfer coefficients. The smaller every mini electrode, the better the 
development of the diffusive boundary layer can be visualized. 

Looking into literature, few publications can be found which also incorporated segmented 
mass transfer measurements. Velasco-Martínez et al. [49] did local mass transfer 
measurements for the well-known FM01-LC electrolyzer. The cathode was divided into 10 
segments. Velasco-Martínez et al. [49] measured larger mass transfer rates in the first 
segments after the inlet and last segments before the outlet, caused by expansion and 
contraction of the flow channel.  

Another publication by Figueredo-Rodríguez et al. [8] did also measure local mass transfer 
rates within a rectangular channel. Instead of rectangular or quadrangular electrodes, 20 oval 
electrodes were used. The measurements made clear that the electrolyte flow apparently 
wasn’t uniform, due to the shape of inlet manifold, changing the inlet resulted in more uniform 
flow and less circulation.  

Wragg et al. [41] measured local mass transfer by 324 mini electrodes for an empty and 
baffled channel. Wragg et al. [41] observed a direct increase in Sherwood numbers after the 
inlet and along baffle openings. Openings in the baffles were found to cause jets and local 
larger mass transfer rates. Also again at the outlet, larger local Sherwood numbers were 
observed. Without baffles, low mass transfer rates were measured within the center of the 
electrolyzer probably due to a stagnant zone middle of the channel.  

In this work also local mass transfer measurements were done for the Jellyfish reactor with 
and without a calming section of 0.55 m. Flow rates of 20 – 90 l/hr were measured, the same 
as previous experiments, resulting in a Reynolds range of 259 – 1168. The dimensions of the 
flow channel were exactly the same, except the cathode now consisted of 32 Nickel 
segments. Next Figure 4.13 presents the Sherwood number distribution of the 32 segments, 
for the Jellyfish reactor and three different inlets (conic, tube and divider), the outlet was as 
always a conic inlet. Wrong measurements or outliers were deleted and are visible as white 
segment. Colors were added to make visualization easier and are linked to the Sherwood 
number. Figure 4.13 shows the Sherwood numbers measured for each single segment, 
using three different inlets. 
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Conic inlet 

Tube inlet 

Divider inlet 

Figure 4.13 distribution of Sherwood numbers along 32 segments in Jellyfish reactor, top to bottom: conic inlet, tube inlet and divider inlet, green represents low Sherwood numbers and Red 
high Sherwood numbers, the intensity of the colors are for all figures linked to overall range of Sherwood numbers 
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A first observation is that electrode segments (1, 9, 17 and 25) at which electrolyte passes 
first after entering the reactor, all produce significant larger Sherwood numbers. This 
observation agrees with the boundary layer theory, which states that at the front of an edge 
of the electrode still no diffusive boundary layer exist and so no mass transfer limitation 
occurs [10]. For this case also, hydrodynamic development occurs at the same time as the 
diffusive boundary layer develops. Still, it cannot be ascertained whether these larger values 
at the entrance are dominated by the inlets or also (partly) by the non-existing hydrodynamic 
boundary layer. Besides this, the larger deviation with respect to Sherwood numbers and the 
less gradual change, the more recirculation there probably is due to the thinner diffusive 
boundary layer and larger Sherwood numbers measured. Regarding the distribution of the 
Sherwood numbers for the different inlets, a clear distinction can be seen between the conic, 
tube and divider inlet. The divider inlet gives the best flow distribution and should result in 
more laminar flow, this was supported by previous results. In fact, this is also supported by 
the bottom plot in Figure 4.13, which gives the Sherwood number distribution of the divider 
inlet. At the entry larger Sherwood numbers occur and change gradually to lower Sherwood 
numbers downstream of the reactor (upwards in Figure 4.13). Although, the gradual change 
seems slightly to move upwards (in Figure 4.13, bottom plot) for larger flow rates, a clear 
trend is visible. As known from previous results, the divider inlet resulted in more laminar flow 
compared to other inlets, this is also presented by the lowest plot in Figure 4.13 for all flow 
rates, by the fact not only the distribution is more gradual, but also the minimum and 
maximum lie far closer together. Appendix D has the histogram plots and the theoretical 
gauss curve for all configurations for this topic. For the conic inlet, a less gradual distribution 
is visible in the upper plot of Figure 4.13. More importantly, a more scattered pattern with 
respect to Sherwood numbers is visible, also a larger maximum and lower minimum can be 
seen, which means more circulation. Remarkable is that especially the right part of the 
reactor shows larger gradients with respect to Sherwood numbers, which might indicate 
more turbulence on the right part. Physically this is hard to explain, a possible cause could 
be a slight slant in the setup. Looking to the tube inlet, along the reactor, clearly larger 
Sherwood numbers are visible and a larger deviation can be seen, indicating a lot of 
recirculation and probably jet formation. Comparing the results of Table 4.7 and Table 4.1, ‘a’ 
and ‘b’ coefficient differ a lot. Although the trends are visible, some segments produce values 
which might be incorrect.  

Table 4.7 Sherwood-Reynolds correlations from averaged Sherwood numbers for the Jellyfish reactor 

Configuration 𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 
 

Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le 

Conic inlet 𝑆𝑆ℎ = 0.12 𝑅𝑅𝑒𝑒0.77𝑆𝑆𝑐𝑐
1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 

Tube inlet 𝑆𝑆ℎ = 0.39 𝑅𝑅𝑒𝑒0.63𝑆𝑆𝑐𝑐
1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 

Divider inlet 𝑆𝑆ℎ = 0.20 𝑅𝑅𝑒𝑒0.63𝑆𝑆𝑐𝑐
1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 
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With the addition of 0.55 m of calming section, Figure 4.19, the inlet effects appear to be 
dampened out at a flow rate of 70 l/hr. The 0.55 m calming section, enough to get developed 
(laminar) flow up to 80 l/hr, is with respect to the tube inlet, not enough to give similar results 
as the conic and divider inlet. Still a nicely gradual increase of Sherwood numbers 
downstream of the reactor can be seen for all flow rates and all inlets. Overall, the 
development of the diffusive boundary layer, by the gradual decreasing Sherwood numbers 
appear to give constant values at about half the electrode length for a flow rate of 20 l/hr and 
seems to increase along the total electrode length for about 70 l/hr. Again comparing the 
Sherwood-Reynolds correlations of Table 4.14 and Table 4.9, ‘a’ and ‘b’ coefficients differ 
significantly. Still global trends can be described, Sherwood numbers measured by segments 
do have a too large deviation, which means a reproduction should be done. 

Table 4.8 Sherwood-Reynolds correlations from averaged Sherwood numbers for the Jellyfish reactor and 0.55 
m of entrance length 

Configuration 𝑆𝑆ℎ = 𝑎𝑎 𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐 
 

Remin Remax S 
[m] 

L 
[m] 

B 
[m] 

dH 
[m] 

Le LH 
[m] 

Conic inlet 𝑆𝑆ℎ = 1.45 𝑅𝑅𝑒𝑒0.27𝑆𝑆𝑐𝑐
1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 0.55 

Tube inlet 𝑆𝑆ℎ = 0.45 𝑅𝑅𝑒𝑒0.45𝑆𝑆𝑐𝑐
1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 0.55 

Divider inlet 𝑆𝑆ℎ = 0.71 𝑅𝑅𝑒𝑒0.36𝑆𝑆𝑐𝑐
1
3 259 1168 0.005 0.10 0.04 0.0089 11.25 0.55 

 

Except the visible trends which describe earlier observations, aside from some remarks 
should be made with respect to Figure 4.13 and Figure 4.14. Theoretically total symmetry 
should be seen perpendicular to the flow direction, which is not the case, because the 
system is never an ideal representation of the theory. Another noteworthy observation, which 
was only seen for the conic and tube inlet without entrance length, is the alternating high and 
low Sherwood numbers followed up with regard to flow direction, a reason for this could not 
be found. Lastly, for every measurement, segment 18 produces often significant larger 
Sherwood numbers than the symmetrical segment or segments within the same row, some 
other segments such as 5, 19 and 21 produce results which might be unreliable as well. 
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Conic inlet 

Tube inlet 

Divider inlet 

Figure 4.14 distribution of Sherwood numbers along 32 segments in Jellyfish reactor with 0.55 m of entrance length, top to bottom: conic inlet, tube inlet and divider inlet 
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5. Conclusion 
In this research, 3D printed small size electrolyzer to perform mass transfer experiments 
were used. Results were compared to literature and translated into Sherwood-Reynolds 
correlations in the form of 𝑺𝑺𝑺𝑺 =  𝒂𝒂𝑹𝑹𝑹𝑹𝒃𝒃𝑺𝑺𝑺𝑺𝑺𝑺. The design of inlet manifolds is especially 
important for laboratory scale electrolyzers, often resulting in far larger mass transfer rates 
than predicted from the work of Pickett et al. [26]. This increase in apparent mass transfer is 
thought to be since hydrodynamic disturbances caused by the inlet are not dampened out 
before electrolyte flow passes the electrode.  

As discussed in section 4.1 four different inlets were compared for the empty channel 
configuration without a calming section. First of all, the results obtained were in line with 
those found in literature. It was concluded that a small change curvature in inlet design 
(trumpet vs conic) did not result in a measureable change in performance. Good flow 
distribution by the divider inlet resulted in lower mass transfer rates. The thickness of the 
diffusive boundary layer is dependent on the hydrodynamic boundary layer. The unstable 
hydrodynamics and jet formation caused by the tube inlet resulted in more turbulence and 
resulted in significantly higher mass transfer rates within the electrolyzer without calming 
section. By implementing the parameters of each inlet design into Sherwood-Reynolds 
correlations, the Reynolds power coefficients (b) 0.74, 0.65, 0.68 and 0.52 for the conic, 
trumpet, tube and divider inlet were discovered respectively. These values indicate turbulent 
flow for all inlets, which is typically about 0.7 for fully developed turbulent flow [26]. However, 
the Reynolds number inside the electrolyzer indicates laminar flow (259 – 1168), this would 
correlate a typical Reynolds power value of 0.3 for fully developed laminar flow [26]. The 
largest mass transfer rates for the tube inlet are supported by the pre-factor within the 
Sherwood-Reynolds correlation, which was 0.27 for the tube inlet, and were 0.11, 0.21 and 
0.37 for the conic, trumpet and divider inlet respectively. Lowering flow rates to 5 l/hr (Re = 
64), all inlets produced equal mass transfer rates at a flow rate of 5 l/hr. From these results it 
was concluded that reasonable flow distribution results in (developed) laminar flow conditions 
for Reynolds numbers smaller than 256. Still, different performance due to inlets holds so 
long as the hydrodynamics do not get time to stabilize, which is the case for the tube inlet, 
due to jets.  

The domination of flow disturbances by inlet manifolds can be decreased by addition of a 
specific length of channel, a so-called calming section before electrolyte passes the 
electrode, discussed in section 4.2. More stabilized hydrodynamics means less turbulence 
and hence a thicker diffusive boundary layer and lower mass transfer rates. An entrance 
length of 0.15 m is long enough to establish fully develop laminar flow up to Reynolds 
number 259 (20 l/hr). Transition of laminar to turbulent flow indeed visible in the Sherwood-
Reynolds plots. For all inlets the transition of laminar to turbulent flow took place between 
Reynolds numbers of 389 and 519 (30 – 40 l/hr). Less differences can be seen with respect 
to inlets, conic and tube inlet resulted in similar mass transfer rates and the divider inlet 
resulted in slightly lower mass transfer rates, meaning that entry effects are diminished by a 
calming section in such way, they even are not visible at larger flow rates. Equally, good flow 
distribution also lowers the necessary entrance length. So, it can be concluded that a 
calming section is indeed Reynolds number dependent. The Sherwood-Reynolds 
correlations endorse these observations as well, the ‘b’ values decreased owing to the 
calming section and became more similar, which were 0.52, 0.59 and 0.46 for the conic, tube 
and divider inlet respectively.  
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From theory, enlarging the calming section up to 0.55 m, section 4.2, is enough to get 
developed laminar flow up to 80 l/hr, corresponding to a Reynolds number of 1038. This was 
confirmed during experiments, for all inlets, transition of laminar to turbulent flow occurred at 
Reynolds numbers of 1038 and 1168 (80 – 90 l/hr). Furthermore, all inlets give similar results 
for Reynolds numbers 259 – 1168 (20 – 90 l/hr), including the transition. From these 
observations there can be concluded that 0.55 m of entrance length for this reactor is enough 
to reach laminar developed flow up to 80 l/hr and that inlet effects were completely 
dampened out. Even for larger flow rates in turbulent regime (90 l/hr) no differences were 
seen. With regards to laminar flow, the overall Sherwood-Reynolds correlation including the 
transition at 90 l/hr also indicates laminar flow, having Reynolds power factors of 0.29, 0.33 
and 0.33 for conic, tube and divider inlet respectively.  

Intensifying mass transfer with the use of turbulence promotors was discussed in section 4.3. 
To determine the dominating factor in regards to the mass transfer rates, also inlet effect and 
addition of 0.15 m of calming section were taken into account. Four different turbulence 
promotors were tested filling the complete channel from inlet to outlet. In every configuration, 
a clear trend for best and worst performing turbulator was seen. Best performing turbulence 
promotor was the smallest gyroid and worst the tubes turbulence promotor. The smallest 
gyroid turbulence promotor resulted in enhancement factors for the conic, tube and divider 
inlet respectively of 2.61, 1,53 and 2.90 compared to the same empty channel configuration. 
Sherwood numbers obtained by using turbulence promotors divided by the Sherwood 
numbers obtained from the empty channel configuration was defined as enhancement factor. 
The smallest gyroid turbulence promotor was performing best probably due to its smallest 
channels and largest tortuosity.  With a calming section of 0.15 m the enhancement factors 
were 3.24, 3.15 and 4.04 compared to the same empty channel configuration with 0.15 m 
entrance length. The numbers for the tubes turbulator are 1.54, 1.20 and 2.29 (conic, tube 
and divider) without entrance length and 1.53, 1.74 and 1.72 with calming section. Mass 
transfer rates by using the tubes and largest gyroid turbulence promotor without calming 
section of 0.15 m behave different for each other inlet, concluding that large part of mass 
transfer rates for these turbulence promotors is still largely dominated by inlet design. Using 
a calming section of 0.15 m there still for larger flow rates domination of inlets was observed 
for the tubes turbulence promotor and largest gyroid turbulence promotor. Concluding that 
even a significant entrance length together with a poor performing turbulence promotor does 
not completely temper inlet effects. Still, shorter entrance lengths are necessary for 
domination of mass transfer by turbulence promotors. On the other hand, it can also be 
concluded that turbulence promotors do increase the ‘a’ factor and slightly decrease ‘b’ factor 
within the Sherwood-Reynolds correlation which is in accordance with literature articles [27].  

For local mass transfer measurements, larger mass transfer rates were detected in the 
segments where electrolyte passes first. All configurations with 0.55 m of calming section 
showed clearly development of Sherwood numbers up to a constant value, for low flow rates 
the diffusive boundary layer was observed to exist at ½ electrode length and for flow rates 
from 70 l/hr and larger a developed diffusive boundary layer did not occur. Strong flow 
circulation was observed for the conic as well tube inlet without 0.55 calming section. The 
tube inlet resulted in the largest Sherwood numbers and largest gradients, concluding 
formation of jets. For an entrance length of 0.55 m up to flow rates of 70 l/hr, no different 
results were measured for different inlet configurations. Briefly there can be said mass 
transfer is dominated by the Reynolds number and not by flow disturbances due to inlets up 
to 70 l/hr.  
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In summary, several Sherwood-Reynolds correlations were formed from the results and 
different reactor configurations. Without the use of a calming section, domination of inlet 
manifolds was proven and mass transfer rates were an order of magnitude larger than 
predicted by the correlations of Pickett et al. [26]. Only for very low Reynolds numbers and 
very a well performing flow distributing inlet, developed laminar flow occurred. Correlations 
observed by using calming sections resulted in developed laminar flow, up to a certain point, 
increasing flow rates, transition to turbulent flow occurred. The observations were in line with 
literature. Also as expected, inlet effects became smaller by the use of a calming section. 
The usage of turbulence promotors resulted in enhance mass transfer rates. Poor performing 
turbulence promotors did not vanish inlet effects, even by using a short calming section of 
0.15 m. Good performing turbulence promotors were even without a calming section 
dominant with respect to mass transfer rates and dampening the inlet effect. Segmented 
electrodes gave insight in the development of the diffusive boundary layer with and without 
calming section of 0.55 m. Trends observed where supported by earlier experiments and 
literature. Only few segments gave questionable results and the data distributions was not 
good for a couple of measurements.  
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5.1. Recommendations 
To quantify mass transfer rates his work has used a Sherwood-Reynolds correlations which 
include the physical properties of the reactor dimensions, flow and electrolyte solution. 
Another way to describe mass transfer performance could be done by using a correlation in 
the form of Sherwood as function of the energy dissipation, which is pressure drop [8]. 
Enhancement of mass transfer by turbulence promotors then could be linked to an increase 
in pressure drop along the electrolyzer channel. Accurate pressure drop measurements need 
to be performed to obtain the information needed to translate into correlations. 
Recommended is to use differential pressure drop sensors and adapt the 3D printed 
electrolyzers to fit these sensors, as also described in the work of Brown et al. [38]. 

This work did not incorporate the effect of scaling. Adapting the dimensions of an electrolyzer 
also influences mass transfer rates. 3D printing of larger objects is more time intensive, more 
difficult and perhaps impossible by the bed size restrictions. Nevertheless, use of more 
expensive dedicated printing equipment could provide a solution. Aside from the cell casing 
itself, investigating wide electrodes could be interesting to see the effect of scaling hereupon.  

State of the art electrolyzers uses mesh or grid electrodes instead of flat plates. Mesh 
electrodes increase the surface area of an electrode and also behaves as turbulence 
promotor at the same time. These electrodes should be tested as well within a 3D printed 
parallel plate electrolyzer, to provide a more complete view of the technology. With regards 
to scaling, it would be interesting to evaluate the effect of stacking several of these mesh 
electrodes.  

Lastly, this research did only investigate solid-liquid reactions. Next step recommended is 
also to incorporate gas evolving reactions and establish what parameters dominates mass 
transfer in this environment. 

  



41 
 

Nomenclature 
Latin symbols   
Empirical fitting parameter in 𝑆𝑆ℎ = 𝑎𝑎𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐𝐿𝐿𝑒𝑒𝑑𝑑 𝑎𝑎 dimensionless 
Cross sectional area flow channel 𝐴𝐴𝑛𝑛𝐶𝐶 m2 
Specific surface area of 3D structure 𝐴𝐴𝑆𝑆𝑆𝑆𝐴𝐴,3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐. m−1 
Surface area of 3D structure 𝐴𝐴3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐. m2 
Empirical fitting parameter in 𝑆𝑆ℎ = 𝑎𝑎𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐𝐿𝐿𝑒𝑒𝑑𝑑 𝑏𝑏 dimensionless 
Electrode width 𝐵𝐵 m 
Empirical fitting parameter in 𝑆𝑆ℎ = 𝑎𝑎𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐𝐿𝐿𝑒𝑒𝑑𝑑 𝑐𝑐 dimensionless 
Empirical fitting parameter in 𝑆𝑆ℎ = 𝑎𝑎𝑅𝑅𝑒𝑒𝑏𝑏𝑆𝑆𝑐𝑐𝑐𝑐𝐿𝐿𝑒𝑒𝑑𝑑 𝑑𝑑 dimensionless 
Concentration 𝜕𝜕 mol m−3 
Bulk concentration of the fluid 𝜕𝜕𝐵𝐵 mol m−3 
Concentration at the surface of the electrode 𝜕𝜕𝐸𝐸 mol m−3 
Hydraulic diameter 𝑑𝑑𝐻𝐻 m 
Diffusion coefficient 𝜌𝜌 m2 s−1 
Applied potential 𝐸𝐸 V 
Standard electrode potential 𝐸𝐸0 V 
The Faraday constant, 96 485 C / mol 𝑛𝑛 C  mol−1 
Flow rate 𝑛𝑛𝑣𝑣 m3 s−1 
Current density 𝑖𝑖𝐴𝐴 A m−2 
Limiting current density 𝑖𝑖𝐴𝐴,𝑙𝑙𝑙𝑙𝑙𝑙 A m−2 
Exchange current density 𝑖𝑖0 A m−2 
Liquid/solid mass transfer coefficient 𝑘𝑘𝑙𝑙𝑙𝑙 mL

3 ms
−2 s−1 

Electrode length 𝐿𝐿 m 
Hydrodynamic entrance length / calming section 
length 

𝐿𝐿𝐻𝐻 m 

Dimensionless quantity electrode length 𝐿𝐿𝑒𝑒 dimensionless 
Mole(s) of electrons exchanged per mole of 
reactants 

𝑛𝑛 dimensionless 

Wetted circumference of flow channel 𝑊𝑊𝑛𝑛𝐶𝐶 m 
Ideal gas constant, 8.314 kg m2 / s2 K mol 𝑅𝑅 kg m2 s−2 K−1 mol−1 
Electrode spacing 𝑆𝑆 m 
Reynolds numbers 𝑅𝑅𝑒𝑒 dimensionless 
Sherwood number 𝑆𝑆ℎ dimensionless 
Transport number, fraction of which charge is 
carried by reactant ions 

𝑡𝑡 dimensionless 

Temperature 𝑅𝑅 K 
Fluid velocity 𝑢𝑢0 m s−1 
Fluid velocity to the electrode 𝑣𝑣 m s−1 
Volume of the flow channel 𝑉𝑉𝑛𝑛𝐶𝐶 m3 
Volume of 3D structure 𝑉𝑉3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐. m3 
Total absolute volume outer edges 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙 m3 
Total rate of transfer 𝑟𝑟𝑡𝑡 mol s−1 
Rate of transfer by diffusion 𝑟𝑟𝐷𝐷 mol s−1 
Rate of transfer by convection 𝑟𝑟𝐶𝐶 mol s−1 
Rate of transfer by migration 𝑟𝑟𝑀𝑀 mol s−1 
Distance towards the electrode 𝜕𝜕 m 
Schmidt number 𝑆𝑆𝑐𝑐 dimensionless 
   
Greek letters   
Anodic transfer coefficient 𝛼𝛼𝑙𝑙 dimensionless 
Cathodic transfer coeficient 𝛼𝛼𝑐𝑐 dimensionless 
Thickness diffusive boundary layer 𝛿𝛿𝑑𝑑 m 
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Thickness hydrodynamic boundary layer 𝛿𝛿𝐻𝐻 m 
Pressure drop ∆𝑃𝑃 bar 
Porosity 𝜀𝜀 dimensionless 
Molar absorption coefficient at 487 nm 𝜀𝜀487 𝑛𝑛𝑙𝑙 m2 mol 
Over-potential, 𝜂𝜂 = 𝐸𝐸 − 𝐸𝐸0 𝜂𝜂 V 
Dynamic viscosity 𝜇𝜇 kg m−1 s−1 
Kinematic viscosity ν m2 s 
Density 𝜌𝜌 kg m−3 
Potential 𝜕𝜕 V 
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Appendix A hydraulic diameter of turbulence promotors 
For channels filled with (complex) 3D structures result in a repeatedly changing cross 
sectional area. Owing to this, the hydraulic diameter also changes. The average (adapted) 
hydraulic diameter of a channel within a 3D structure can be approached by Equation 0.1 
[30]: 

 𝑑𝑑𝐻𝐻 =
4(𝑉𝑉𝑛𝑛𝐶𝐶 − 𝑉𝑉3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.)
𝐴𝐴𝑛𝑛𝐶𝐶 + 𝐴𝐴3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.

 (0.1) 

 

Of which dH is four times the volume of the flow channel minus the volume of the 3D 
structures divided by the wetted perimeter of the flow channel and total wetted surface area 
of the 3D structures. This adapted hydraulic diameter is used to compare and characterize 
i.e. spiral wounded modules and spacers used for ultrafiltration in membrane technology 
[30][32]. 

The porosity can be calculated by Equation 0.2 [30]: 

 𝜀𝜀 = 1 −
𝑉𝑉3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙
 (0.2) 

 

And the specific surface area of a 3D structure can calculated by Equation 0.3 [30]: 

 𝐴𝐴𝑆𝑆𝑆𝑆𝐴𝐴,3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐. =
𝐴𝐴3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.

𝑉𝑉3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.
 (0.3) 

 

By  substituting the equation for porosity (Equation 0.2) and specific surface area of the 3D 
structure (Equation 0.3) into Equation 0.1, Equation 0.4 arises [30]: 

 𝑑𝑑𝐻𝐻 =
4𝜀𝜀

2𝐵𝐵𝑆𝑆
𝐵𝐵 + 𝑆𝑆 + (1 − 𝜀𝜀)𝐴𝐴𝑆𝑆𝑆𝑆𝐴𝐴,3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.

 (0.4) 

 

Before the adapted hydraulic diameters could be calculated, first the wetted surface area of 
all turbulence promotors had to be determined. All turbulence promotors were also produced 
by 3D printing. The problem was, the Gyroid structure was made with an infill setting as print 
option, so calculating the surface area was a bit more difficult, whereas normally Solidworks 
can do the job quiet easily by analyzing the 3D design. To extract the total surface area of 
the Gyroid structure, a 3D file was taken from GRABCAD [50], this file was used to 
determine the total surface area by SolidWorks. To approximate the surface area for the 
three different size Gyroid structures used in this work, there was assumed that the 
structures were equal, equal periodic in all directions and only except size and porosity was 
different. First, size factors ‘a’ were measured, which can be seen in Figure 0.1 and Figure 
0.2: 
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Figure 0.1 picture of periodic distance ‘a’ gyroid 
structure 

Figure 0.2 schematic view of ‘a’ distance gyroid 
structure 

 
 

These factors were used to calculate Vtotal (total absolute volume outer edges) and the total 
(wetted) surface area of the turbulence promotor by cross multiplying values known of the 
model and the size factor ‘a’, presented in Table 0.1: 

 

Table 0.1 approximated values of wetted surface area and total volume gyroid turbulence promotors 

 Model Largest Middle Smallest 
a [m] 0.00628 0.0225 0.0155 0.0095 
A3D struc. [m2] 0.00201434 0.007216982 0.004972 0.003047 
Vtotal [m3] 2.03872E-06 7.30433E-06 5.03E-06 3.08E-06 

 

After that, V3D, struc. was determined by Equation 0.5 and Equation 0.6: 

 𝜀𝜀 = 1 −
𝑉𝑉3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐.

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙
= 1 − 𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼 (0.5) 

 

 𝑉𝑉3𝐷𝐷 𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑐𝑐. = 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙(1− 𝜀𝜀) (0.6) 

 

The infill factors were known from the print settings, next presents the approximated 
hydraulic diameter of the gyroid structures and tubes turbulence promotors: 

 

Table 0.2 calculation of hydraulic diameter 

  Gyroid   
  Tubes Largest Middle Smallest 
B [m] 0.04 0.04 0.04 0.04 
S [m] 0.005 0.005 0.005 0.005 
ε = 1 - infill 0.769895 0.9535 0.93 0.89 
A3D struc. [m2] 0.009321 0.007217 0.004972 0.003047 
V3D struc. [m3] 4.6E-06 3.4E-07 3.52E-07 3.39E-07 
ASSA, 3D struc. [m-1] 2025.341 21248.2 14114.87 8982.192 
dH [m] 0.006608 0.00386 0.003765 0.003603 
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As far as concerned, using the adapted hydraulic diameter to characterize a turbulence 
promotor hasn’t been done in literature for electrolyzers. There was tried to incorporate this 
for this work, but due to the following reason, this was not the case. First using the new 
hydraulic diameter and fluid velocity with respect to flow direction (Equation 0.7) does not 
account for local velocity gradients.  

 𝑢𝑢0 =
𝑛𝑛𝑣𝑣

𝐵𝐵 × 𝑆𝑆 × 𝜀𝜀
 (0.7) 

 

Hence, the overall Reynolds number cannot be compared to the empty channel 
configuration, because the overall Reynolds number does not account for local velocity 
gradients and the longer pathways fluid travels, the so called tortuosity. Unfortunately, an 
approximation method was not found to determine the tortuosity to adapt the Reynolds 
number.  
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Appendix B time lapse of development of 3D printed electrolyzers 
3D printing is a modern art to produce simple objects up to advanced or even high precision 
parts. The main struggle for this work was to get a liquid tight working system. Next figures 
show a roadmap of the development of a working liquid tight 3D printed electrolyzer. Figure 
0.3 presents a conceptual print, still learning how to design in such a way a design is 
printable: 

  
Figure 0.3 early 3D prints, conceptual representation 

 

Figure 0.4 prototype electrolyzer with screw treats for 
screws, carrying the idea to use liquid tight electrode 
connectors 

 

Figure 0.4 shows an early ABS prototype electrolyzer, unfortunately the iron screw treats 
were not liquid tight, while the concept of plastic on plastic screw treats worked (like a bottle 
and a lit). Even with use of Teflon tape the screw treats weren’t leakage proof. Furthermore 
screw treats did not seem resistant against tighten and loose more than 3 times.  

After a while, having gained some feeling for 3D printing, two concepts were compared to 
each other, Figure 0.5 presents one of the first Jellyfish reactors (many things were 
enhanced during this project) and Figure 0.6 presents the Shiny prototype without inlets. The 
reason why there was chosen for the Jellyfish electrolyzer was due to the fact it did have the 
lowest open volume. Furthermore, less screws were necessary to connect different parts, 
changing to segmented electrode is also easier and was more compact. 

 

  
Figure 0.5 Jellyfish reactor designed by MSc S.J. 
Weusten 

Figure 0.6 Shiny prototype electrolyzer 
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Appendix C pressure drop measurements 
Pressure drop measurements were done with the help of a pressure gauge, directly installed 
before the reactor. Readings were inconsistent and resulted in a relative large spread. 
Furthermore, different configurations in- and excluding turbulence promotors or calming 
sections gave similar readings, while at least a small increase in pressure drop was 
expected. Figure 0.7 presents the pressure drop as function of the Reynolds number for 
equal configuration (conic inlet empty channel, no calming section) at 2 different dates and a 
test with only water instead of electrolyte: 

 
Figure 0.7 pressure drop vs Reynolds for conic inlet without calming section 

Looking at the results, a large spread can be seen, most remarkable is that a small decrease 
in density resulted in pretty large decrease in pressure drop, while the density difference of 
water and electrolyte was relative small (ρwater ≈ 1000 kg/m3 and ρelectrolyte ≈ 1028 kg/m3). 
Misalignment of reactor parts could not be the case. Next Figure 0.8 shows the results of 
different inlet configurations and calming section of 0.15 m. 

 
Figure 0.8 pressure drop vs Reynolds for different inlet configurations and 0.15 m of calming section 

Again readings were not accurate enough to present a clear trend for each configuration, 
looking at Figure 0.8. Besides that, the lowest and largest pressure drop values vary from 
Figure 0.7. Lastly, following Figure 0.9 presents the pressure drop data for the smallest 
gyroid turbulence promotor for all inlets and is compared to empty channel configurations. 
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Figure 0.9 pressure drop vs Reynolds for different inlet configurations and smallest gyroid turbulence promotor 

Again, presented by Figure 0.9, pressure drop readings varied a lot and did not result in a 
clear trend. For instance, readings from the tube inlet gave the largest data. But looking at 
the same configuration including the smallest gyroid turbulence promotor, these readings 
were lower as conic inlet and divider inlet including turbulence promotor. As already 
discussed in the recommendations, differential pressure drop measurements should be done 
to get better insight. 
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Appendix D data distribution of local mass transfer measurements 
For local mass transfer measurement, the global observations were in line with mass transfer 
measurements without segmented electrodes. Few remarks with respect to data were made 
in the discussion of section 4.5, these are supported by the following histogram plots. The 
data collection used to plot a histogram was the average of triplo measurements for each 
segment. Additionally, again from all segments the average and standard deviation was 
calculated and used to plot the theoretical distribution as well. The theoretical distribution is 
presented in the form of a Gauss curve over each histogram. The plots were made by with 
the software program Matlab. Remarkable is that for larger Reynolds numbers the 
distributions are better than for lower Reynolds numbers. 
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Re = 259 
 

Re = 389 

Re = 519 

Re = 648 

Re = 778 

Re = 908 

Re = 1038 

Re = 1168 

Figure 0.10 data distribution of conic inlet configuration 
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Re = 389 

Re = 519 

Re = 648 

Re = 778 

Re = 908 

Re = 1038 

Re = 1168 

Figure 0.11 data distribution of tube inlet configuration 
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Re = 259 

Re = 389 

Re = 519 

Re = 648 

Re = 778 

Re = 908 

Re = 1038 

Re = 1168 

Figure 0.12 data distribution of divider inlet configuration 
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Re = 259 

Re = 389 

Re = 519 

Re = 648 

Re = 778 

Re = 908 

Re = 1038 

Re = 1168 

Figure 0.13 data distribution of conic inlet configuration and 0.55 m calming section 
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Re = 259 

Re = 389 

Re = 519 

Re = 648 

Re = 778 

Re = 908 

Re = 1038 

Re = 1168 

Figure 0.14 data distribution of tube inlet configuration and 0.55 m calming section 
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Re = 259 

Re = 389 

Re = 519 

Re = 648 

Re = 778 

Re = 908 

Re = 1038 

Re = 1168 

Figure 0.15 data distribution of divider inlet configuration and 0.55 m calming section 
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