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Abstract 

High peak capacities are necessary for the analysis of complex samples, such as in the 

field of proteomics. Conventional one-dimensional Liquid-Chromatography systems 

cannot offer the necessary separation power. By increasing the number of dimensions, 

the peak capacity can be increased significantly. In previous studies it was shown that 

a spatial three-dimensional liquid chromatography system could be the optimal solution 

for the analysis of highly complex samples [1]. Such a system would resemble the 

principle of Thin-Layer Chromatography, but with the addition of a third-dimension 

separation body. In this chapter, a brief discussion on the necessity of higher peak 

capacities and multidimensional systems is provided, followed by a refresher in planar 

chromatography. Finally, Computational Fluid Dynamics are introduced and the 

methods used in this thesis are briefly described. 
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1.1 Increasing Separation Power 

Analytical chemistry is the science involved in determining the chemical composition 

– and to some extent the properties – of physical matter (be it gaseous, liquid, solid or 

multi-phase systems). The questions typically asked to analytical chemists include 

“What is it”, “How much is it?” and, increasingly often, “In which form is it there?” or 

even “What’s it doing there?”. Such questions are prevalent in science, technology and 

society. Human health (e.g. medical diagnosis, pharmaceutical science), food quality 

and safety, the environment, forensics, art conservation, material science, industry and 

trade all depend critically on our ability to measure and to answer questions such as 

those phrased above, but providing correct answers is rarely simple. To a large extent 

this is due to the complexity of the systems and samples we are dealing with. A sample 

of the human body, such as a drop of blood is immensely complicated, as it contains 

thousands of different small-molecule analytes, thousands of different proteins, salts, 

particulates, and, of course, water). Samples that contain just a single chemical 

component, such as an active pharmaceutical ingredient (API), are seldomly 

encountered in real life and even such samples are not simple, because impurity profiles 

must be carefully established.  

Excellent techniques exist for answering analytical questions. For example, Fourier-

transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) 

provide a great deal of information. In FTIR an infrared spectrum of absorption or 

reflection of a solid, liquid or gas is obtained with high spectral resolution. In NMR 

nuclei are perturbed in a strong constant magnetic field by a weak oscillating magnetic 

field and responses are being produced by an electromagnetic signal with a frequency 

characteristic of the magnetic field at the nucleus. These are invaluable analytical 

techniques, but they fall short when the complexity of samples increases or when 

concentrations decrease. In such cases analytical separations are crucially important. 

Liquid chromatography (LC) is by far the most-often used analytical separation 

method. It is also increasingly used for separation and purification on a preparative and 

even industrial scale. One factor that contributes to immense success of LC is the 
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versatility of the technique. It can be applied to a near-endless number of samples, 

ranging from small (i.e. low molecular weight) molecules to very large (high 

molecular-weight) macromolecules and from non-polar to ionic analytes. LC provides 

a high separation power, although not as high as that of other analytical separation 

techniques, such as gas chromatography (GC) or capillary electrophoresis (CE). 

However, LC is amenable to a much greater variety of samples than GC and LC is 

much more robust and reliable than CE. LC can also readily be coupled to (or 

“hyphenated” with) other analytical techniques. Especially its combination with mass 

spectrometry (MS) in LC-MS has become one of the greatest and most versatile 

analytical tools.   

MS is a powerful analytical technique used for the quantification, identification of 

unknown compounds within a sample, and elucidation of the structure and chemical 

properties of different molecules, by providing a mass spectrum from the measurement 

of mass-to-charge ratios of ions. MS may be used as an identification tool, as well as a 

separation technique, separating ions of different analytes. However, MS on its own 

falls short for the separation and analysis of complex samples. To reduce the spectral 

complexity and to prevent matrix effects prior separation is necessary. 

The complexity of samples arises from several factors, i.e. number of different 

compounds present, the range of concentrations of the components that must be 

analysed (the so-called “analytes”), and the number of different parameters that fully 

describe the analytes. The latter factor is known as the sample dimensionality [1]. If the 

sample dimensions are matched with the separation dimensions highly ordered 

chromatograms can be obtained, which is one reason to prefer multi-dimensional 

separations. However, with few exceptions (notably synthetic polymers) the 

dimensionality of complex samples is much higher than the realistic maximum number 

of separation dimensions. Still, the concept of sample dimensions is useful, because 

structured chromatograms may still be obtained if dominant sample dimensions are 

aligned with the separation mechanisms of the different stages employed in a 

multidimensional system [2]. The two other factors that determine sample complexity, 
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the number of components present and the range of concentrations, must both be 

addressed by high-resolution separations.  

1.2 Peak capacity 

The separation efficiency of a chromatographic system for a single analyte is related to 

the peak width (standard deviation, ), which in turn is related to the number of 

theoretical plates (N). Indeed, the latter property if often referred to as the efficiency of 

the system. The separation of two peaks is usually expressed in terms of the resolution, 

defined as the ratio of the distance between two peaks and their average (4) width. 

When considering complex samples, which typically result in chromatograms with 

very many peaks, most of which are not (completely) separated, the resolution between 

two peaks is not a useful criterion. In that case, the separation power of a 

chromatographic system can be expressed in terms of the peak capacity (𝑛). It 

corresponds to the number of equally distributed peaks that can be separated on a given 

chromatographic system. 

 

Fig.1.1. Schematic representation of a time-based (left) and a space-based (right) separation. 

There are two types of separation modes, viz. temporal (tLC) and spatial (xLC). In 

temporal separations the sample mixture is being flushed through the separation space 

using a solvent (mobile phase) and the components are exiting the column in the order 

of lower to higher retention. In the case of spatial separation, the separation occurs 

when the solvent front moving due to capillary forces (and, as we will see later, in some 

cases aided by pressure) transfers the compounds across limited distances in the 
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separation space. The compounds end up at different locations, with the most retained 

compound moving the least. The difference between temporal and spatial separations 

is visualized in Fig. 1.1, where in the case of a temporal separation (left) the blue, least-

retained analyte exits the separation space first. In the case of a spatial separation (right) 

the blue analyte moves the least. 

1.2.1 Temporal (time-based) chromatographic separations 

The differential peak capacity in temporal (one-dimensional) separations can be 

calculated from 

𝑑𝑛 =
𝑑𝑡

4𝜎𝑡
                                                                                                                           (1.1) 

For isocratic separations this results in the following equation for the peak capacity.  

𝑛𝑖𝑠𝑜 = 1 +
√𝑁

4𝑅𝑠
𝑙𝑛 (

1+𝑘𝑤

1+𝑘𝑎
)                                                                                                                       (1.2) 

Where 𝑁 is plate count, 𝑅𝑠 is the desired resolution between two consecutive peaks, 

𝑘𝑤 is the retention factor of the most-retained compound and 𝑘𝑎 is the retention factor 

of the least-retained compound. 

For gradient elution the peak width may be assumed constant and the peak capacity can 

be expressed as 

𝑛𝑔𝑟𝑑 =
𝑡𝐺

4𝑅𝑠𝜎𝑝𝑒𝑎𝑘
≈

𝑡𝐺

𝑡𝑚

√𝑁

4𝑅𝑠(1+𝑘𝑒)
                                                                                (1.3) 

Where 𝑡𝐺  is the gradient time, 𝜎𝑝𝑒𝑎𝑘 corresponds to the peak dispersion under gradient 

conditions, 𝑡𝑚 is the dead time and 𝑘𝑒 is the retention factor at the moment of the 

elution. 𝑘𝑒 can be approximated by  

𝑘𝑒 =
𝑡𝐺

𝑡𝑚

1

𝑆𝛥𝜑
                                                                                                                                           (1.4) 
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Where 𝑆 is the slope of the line that describes retention (ln k) as a function of the 

mobile-phase composition (volume fraction ) and  is the range in composition 

covered by the gradient [3]. 

The plate count N is an important factor in both Eq. 1.2 and 1.3. Very many studies 

have been devoted to achieving high plate counts in LC [4,5]. The maximum attainable 

pressure is a limiting factor and when very high plate numbers (or peak capacities) are 

needed, the particle size may be increased, while concomitantly increasing the column 

length and reducing the linear velocity. This will result in extremely long column 

lengths and unrealistically long analysis times. In practice, an LC column may easily 

provide 10,000 theoretical plates, but achieving 100,000 plates or more is a significant 

challenge. Hence, the peak capacity in one-dimensional (1D) LC is limited and there is 

a significant interest in adding separation dimensions. 

1.2.2 Spatial chromatographic separations 

When referring to space-based chromatographic separations, the most popular 

technique over the past century has been Thin-Layer Chromatography (TLC), a name 

which accurately describes the method. TLC was introduced by N.A. Izmailov and 

M.S. Shraiber in 1938, 35 years after the introduction of column LC by M.S. Tswett 

[6]. In conventional TLC, the peak capacity is affected by the nature of the solvent, the 

permeability and the tortuosity of the bed, the time of the development, and on the 

surrounding environmental conditions. In a contemporary closed-chip format the latter 

factor is irrelevant.  

The differential peak capacity in spatial separations can be calculated from 

𝑑𝑛 =
𝑑𝑧

4𝜎
                                                                                                                                                (1.5) 

Where 𝑧 is the distance along the separation medium and 4𝜎 is the width of the spot. 

In the optimized version of a regular TLC plate, known as high-performance thin-layer 

chromatography (HPTLC), smaller particles and smoother surfaces are being used. 
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This causes reduced diffusion, which leads to more-compact spots and higher detection 

sensitivity. The spot width can be derived from 

𝜎2 = 𝜎𝑖
2 + 2𝛾𝐷𝑡                                                                                                                          (1.6) 

Where 𝜎2 is the variance, 𝜎𝑖
2 is the initial variance of the spot, 𝛾 is the tortuosity of the 

packing, 𝐷 is the diffusion coefficient of the analyte and 𝑡 is the development time [7]. 

In conventional TLC and HPTLC the rate of migration of the solvent decreases as the 

solvent front advances. The development distance (𝑧𝑓) is related to the development 

time (𝑡) as in Eq. 1.7, where 𝐾 is the permeability of the system. 

𝑧𝑓
2 = 𝐾𝑡                                                                                                                                                (1.7)        

In [7] it was shown that by combining Eq.  1.6 and 1.7 the peak capacity can be derived 

as 

𝑛 =
𝑧𝑓

4√𝜎𝑖
2+

2𝛾𝐷𝑧𝑓

𝑘

                                                                                                               (1.8) 

1.2.3 Combined systems 

Moving from the conventional TLC and HPTLC, the next iteration of spatial 

chromatography was over-pressured layer chromatography (OPLC). This technique 

was first introduced in 1979 [8] and it is based on the combination of capillary forces 

and solvent migration using a pump. A pressurized ultra-micro chamber (PUM 

chamber) is being used and the sorbent layer is covered by a membrane. In this case 

the vapour phase is completely eliminated and the separation is performed under 

controlled conditions. In comparison to TLC and HPTLC, OPLC offers shorter analysis 

times and higher efficiencies. The downsides are increased preparation time and cost 

[9]. 

In OPLC the development distance is linearly dependent to the development time, as 

shown in Eq. 1.9, where 𝑢 is the flow velocity [10]. 

𝑧𝑓 = 𝑢𝑡                                                                                                            (1.9) 
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The flow velocity in OPLC is usually higher than in TLC and HPTLC and it is constant 

throughout the development. Thanks to the fact that the solvent flow velocity is 

adjusted through a pump system, the  efficiency in OPLC can be determined similarly 

as in HPLC [10]. Some demonstrated applications of OPLC concern the separation of 

cannabinoids [11], the determination of aflatoxins in food analysis [12,13], and a study 

of the retention behaviour of benzodiazepine derivatives [14]. The separation approach 

of the suggested multi-dimensional system in this thesis is most akin the OPLC 

approach – at least for the first and second dimensions. 

1.3 Multidimensional systems 

1.3.1 Separation performance 

When adding the second or even a third dimension, the total peak capacity in first 

approximation is the product of the peak capacities of all dimensions (Eq. 1.10), while 

the increase in time corresponds to the sum of the analysis times of the individual 

dimensions (Eq. 1.11). In principle this applies to both time-based and space-based 

multi-dimensional LC. 

𝑛3𝐷 = 𝑛1 × 𝑛2 × 𝑛3                                                                                                   (1.10) 

𝑡𝜔
3𝐷 = 𝑡𝜔

1 + 𝑡𝜔
2 + 𝑡𝜔

3                                                                                              (1.11) 

Regarding the choice between time-based and space-based one-dimensional 

separations, one should realize that in column chromatography only one analysis can 

be carried out at a given time, while in the planar format multiple analyses can take 

place simultaneously. This may result in shorter analysis times for spatial separation 

setups. Additionally, when comparing the performance of xLC×xLC×xLC (comprising 

three spatial separations within a separation body), xLC×xLC×tLC (comprising two 

spatial separations and elution in the third direction) and tLC×tLC×tLC systems 

(employing three columns), the first two setups could potentially achieve much higher 

peak capacities in much shorter times than the latter setup, comprising only time-based 

modes [15]. Moreover, if the last two setups were to have the same analysis times, the 

peak capacity of the xLC×xLC×tLC setup would be almost sixtyfold the peak capacity 
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of the tLC×tLC×tLC setup [15]. A comparison of indicative peak capacities for 1D, 2D 

and 3D systems comprising combinations of temporal and spatial modes is shown in 

Table 1.1. Regarding temporal separations, both isocratic and gradient modes were 

considered, as well as the effect of external band broadening on tLC×tLC separations. 

Table 1.1 Indicative peak capacities of 1D, 2D and 3D systems comprising temporal and spatial 

modes. 

System Approximated 

peak capacity 

Analysis 

time (min) 

Pressure 

(MPa) 

Reference 

tLC 800 60 100 [16]  

xLC 30 60 - [7]  

tLC×tLC (no 

external bb 

considered) 

8000 60 100 [3, 16]  

tLC×tLC 

(detection and 

injection bb 

considered) 

1000 60 100 [3]  

xLC×xLC 1050 5  [17]  

tLC×tLC×tLC 

(isocratic) 
3000 60 50-100 [15]  

tLC×tLC×tLC 

(gradient) 
6000 60 10-20 [15]  

xLC×xLC×tLC 

(isocratic) 
80 000 60 <10 [15]  

xLC×xLC×tLC 

(gradient) 
130 000 60 <10 [15]  

xLC×xLC×xLC 220 000 60 30-50 [15]  

 



Chapter 1 

- 20 - 

 

Both inherent and extraneous band broadening affect the performance of a 

chromatographic system. In a one-dimensional column-based LC system the 

contributions to the total variance are summarized in Eq. (1.12).  

𝜎𝑣,𝑡𝑜𝑡𝑎𝑙
2 = 𝜎𝑣,𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

2 + 𝜎𝑣,𝑐𝑜𝑙𝑢𝑚𝑛
2 + 𝜎𝑣,𝑡𝑢𝑏𝑖𝑛𝑔

2 + 𝜎𝑣,𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
2 + 𝜎𝑣,𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟

2       (1.12)               

Where the subscripts refer to the source of the contributions from the injection (both 

volume and profile), the column, the tubing, the connections, and the detection system 

[18]. A fully functional spatial multidimensional system may potentially suffer from 

reduced extra-column effects, as the connections between dimensions do not require 

tubing and the dead space can be minimal.   

Another factor contributing to the final peak capacity of a multi-dimensional system is 

the geometrical arrangement of the device. In all arrangements the first dimension (1D) 

takes the form of a single channel. The second dimension (2D) in xLC×xLC, xLC×tLC 

and xLC×xLC×xLC devices may take the form of a flat-bed or of discrete channels. For 

xLC×xLC×xLC and xLC×xLC×tLC devices the third dimension (3D) may take the form 

of a block or of discrete channels. Visual representations of the possible arrangements 

are shown in Fig. 1.2.  
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Fig. 1.2. Geometrical arrangements for spatial two- and three-dimensional separations 

(xLC×xLC and xLC×xLC×xLC). 

Any discretization in the 2D or the 3D reduces the peak capacity of the previous 

dimension to the number of channels. This was demonstrated by Wouters et al. [16], 

who evaluated the performance of different systems. For a xLC×xLC×tLC system 

without discrete channels, operated at a maximum pressure of 2 MPa, with 12 min 

analysis time, the estimated peak capacity was in the order of 105. When the system 

was discretized with 16 2D channels and 256 3D channels, the calculated peak capacity 

was in the order of 103, while when the number of channels in the 2D was increased to 

32 and in the 3D to 1024, the peak capacity increased by one order of magnitude. 

Fabricating a two- or three-dimensional LC device with a 2D flat bed and a 3D block 

may be cumbersome, because highly homogenous stationary phases would need to be 

incorporated. Homogeneity in the second and third dimensions is  of great importance, 

as any heterogeneities would result not only in band broadening, but also to increased 

dispersion in other directions than that of the separation, which would lead to a possible 

loss of previously attained resolution. 
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1.3.2 Multidimensional devices in chip-format 

Devices for multidimensional separations in chip format have been reported over the 

last decades. In these types of devices the first separation takes place in a 1D channel. 

After this separation is finished the analytes are transferred to the second-dimension 

(2D) bed or channels to be further separated. The majority of the reported devices 

incorporated electro-driven separations, starting in 1998 with the fabrication of quartz 

chips for two-dimensional capillary electrophoresis (CE), where the 1D separation was 

occurring in a channel in the middle of the chip and the 2D separations were taking 

place in channels perpendicular to the 1D channel [19]. This device comprised 500 

parallel 2D capillaries instead of a continuous gel, but with a pore size equivalent to wat 

would have been provided had a gel been present. A later device concerned a two-

dimensional CE system made in poly(dimethylsiloxane) (PDMS) [20]. In this case 1D 

gel electrophoresis occurred in a capillary, which was isolated from 2D capillaries 

during the 1D separation. Prior to the 2D separation the 1D capillary was physically 

connected to the 2D capillaries. This microfluidic system was modular and consisted of 

four components, the arrangement of which depended on the stage of separation (first 

or second dimension). In later publications two-dimensional electro-driven separations 

in chip-based formats were described, including implementations of IEFCGE [21,22], 

IEFSDS-PAGE [23,24] and IEFDIGE (where the various separation dimensions 

included iso-electric focussing, IEF, capillary gel electrophoresis, IEF, sodium-

dodecyl-sulphate – polyacrylamide-gel electrophoresis, SDS-PAGE, and differential 

in-gel electrophoresis, DIGE) [25]. The first attempt to incorporate a chromatographic 

separation mechanism in such a device was a cyclic-olefin copolymer (COC) chip with 

IEF as the 1D separation and RPLC as the 2D separation, which was used for peptide 

separations [26]. An alternative arrangement for xLCxLC or CExLC was proposed 

by Vanhoutte et al. [27], where the 2D was in the form of a flat bed. This format 

resembled OPLC systems. Later a COC chip device for IEFRPLC, with channels in 

the 2D, was suggested by Wouters et al. [28], setting the stage for the first three-

dimensional LC device in chip-format [16]. 
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1.4 Computational Fluid Dynamics  

In order to study the possible designs for two- and three-dimensional spatial separation 

devices, computational-fluid-dynamics (CFD) simulations were employed. CFD can 

approximate quite accurately how devices would perform in the physical world. 

Designs can be simulated instead of tested experimentally, which leads to time-saving 

design iterations and faster optimization of devices and operating conditions. 

Additionally, CFD simulations quite often provide information and insights that cannot 

be obtained through experiments, for example for studying the relation of flow 

resistance and the structure of polymer monoliths [29] or for studying the band 

spreading caused by the injection [30]. 

In CFD the aim is to solve the velocity and pressure fields inside a control volume. The 

𝑢, 𝑣, 𝑤 and 𝑝 values must be established throughout the domain. The complexity 

depends on on the dimensions of the problem (be it one-, two- or three-dimensional) 

and whether steady or transient conditions are considered. In the most complex case 

we have 𝑢(𝑥, 𝑦, 𝑧, 𝑡), 𝑣(𝑥, 𝑦, 𝑧, 𝑡)  and 𝑤(𝑥, 𝑦, 𝑧, 𝑡) for three velocity components 

and  𝑝(𝑥, 𝑦, 𝑧, 𝑡) for the pressure. To estimate these parameters conservation principles 

are used, viz. conservation of mass and conservation of momentum.  

For the conservation of mass we have 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝐼𝑛𝑙𝑒𝑡 𝑚𝑎𝑠𝑠 𝑓𝑙𝑢𝑥 − 𝑂𝑢𝑡𝑙𝑒𝑡 𝑚𝑎𝑠𝑠 𝑓𝑙𝑢𝑥            (1.13) 

Which translates to 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑢) +

𝜕

𝜕𝑦
(𝜌𝑣) +

𝜕

𝜕𝑧
(𝜌𝑤) = 0                                                                     (1.14)                    

In Eq.1.14 the first term represents the mass inside the volume while the other terms 

are the mass flux in the volume; 𝜌 is the density. Regarding the conservation of 

momentum the Euler equation (1.15) is applicable, while for incompressible fluids the 

expression of Eq. 1.16 applies 

𝜌
𝜕�⃗⃗� 

𝜕𝑡
+ 𝜌(�⃗� ∙ ∇)�⃗� = ∇ ∙ 𝜏 + 𝐹                                                                                                       (1.15) 
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𝜌
𝜕�⃗⃗� 

𝜕𝑡
+ 𝜌(�⃗� ∙ ∇)�⃗� = −∇ ∙ 𝑝 + 𝐹                                                                                                  (1.16) 

The left-hand side represents the change in momentum, with the first term being the 

momentum inside the volume and the second term the momentum flux in the volume. 

The right-hand side comprises 𝜏, which is the stress force, and 𝐹 , which is the body 

force.  

If the aforementioned equations can be solved, the four unknowns can be obtained. 

However, these equations are highly non-linear coupled partial differential equations 

and they cannot be solved analytically. Therefore, numerical methods are employed 

and the problem is solved for a particular case at discrete points. If they are combined 

with a numerical method, we get the direct numerical solution (DNS). Due to the 

complexity and the high computational cost of DNS, an approximated solution is 

typically used. This is a time-averaged solution of the velocity composition of Eq. 1.14-

1.16, where averaging can be defined as 

𝑢 = �̅� + 𝑢′                                                                                                                                         (1.17) 

�̅� =
1

∆𝑡
∫ 𝑢𝑑𝑡

𝑡+∆𝑡

𝑡
                                                                                                                                (1.18) 

Where �̅� is the mean value and 𝑢′ is the fluctuating value. In this process the Reynolds 

Averaged Navier-Stokes (RANS) equations are employed, where 

𝑢𝑖𝑗̅̅ ̅̅ = 0                                                                                                                                               (1.19) 

𝜌𝑢�̅�
𝜕𝑢𝑖̅̅ ̅

𝜕𝑥𝑗
= 𝜌𝑓�̅� +

𝜕

𝜕𝑥𝑗
[−�̅�𝛿𝑖𝑗 + 𝜇 (

𝜕𝑢

𝜕𝑥𝑗
+

𝜕𝑢𝑗̅̅ ̅

𝜕𝑥𝑖
) − 𝜌𝑢𝑖′𝑢𝑗

̅̅ ̅̅ ̅̅ ], where 𝛿𝑖𝑗 = {
0, 𝑖 ≠ 𝑗
1, 𝑖 = 𝑗

      (1.20)                  

𝑓�̅� is the external force acting on fluid and 𝜌𝑢𝑖′𝑢𝑗
̅̅ ̅̅ ̅̅  is the Reynolds stress. The RANS can 

be solved numerically. 

Available numerical methods include the finite-difference, finite-element and finite-

volume methods. The difference among them lies in the way in which the partial 

differential equations (PDE) are derived. The finite-difference method (FDM) is a 
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differential scheme and an approximation of a Taylor series expansion. The 

discretization in the finite-element method (FEM) is based on a piecewise 

representation of the solution in terms of specified basis functions (conservation 

equation in weak form). The domain is divided into finite elements and the basis 

functions are solved for each element. The discretization in the finite-volume method 

(FVM) is based on an integral form of the PDE to be solved (conservation of mass, 

momentum, or energy). The computational domain is discretized into finite volumes 

and then the governing equations are solved for every volume. The majority of the CFD 

codes, including the package used in this work, employ the FVM, because the 

conservation law is satisfied automatically during the discretization process, without 

requiring any additional mathematical treatment. This property is very important for 

the mass continuity to be satisfied.  

In FVM, a finite volume of arbitrary shape is considered. When flow passes through, 

the rate of increase of the quantity inside the volume will be the same as flux-in minus 

flux-out, plus any generation of the quantity inside the volume, where “quantity” can 

be either mass or momentum. This leads to a conservation equation in the integral form, 

such as 

𝜕

𝜕𝑡
∫ 𝑈𝑑𝑉
𝑉

= ∮ 𝐹 𝑑𝐴 + ∫ 𝑄𝑑𝑉
𝑉𝑆

                                                                            (1.21) 

Where, V is volume, A is surface, U is quantity, F is flux and Q is source. This generates 

the four numerical equations, which are then solved throughout the control volume by 

finding solutions for small non-overlapping cell volumes of arbitrary shape. An 

example of this discretization is shown in Fig. 1.3. 
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Fig. 1.3. (A) Geometry and (B) discretized geometry in mesh. 

Due to the complexity and non-linearity of the physical phenomena, iterative 

approaches are needed to arrive at a solution. The most popular are the tri-diagonal 

matrix algorithm (TDMA) and the Semi-Implicit Method for Pressure-Linked 

Equations (SIMPLE) [31]. The latter one has been used in all studies described in 

Chapters 2-5.  

The summary of the steps followed during CFD are shown in Fig.1.4. 

 

Fig. 1.4. Summary of CFD steps 

Converting Navier-Stokes equations to RANS

Spitting control volume in small cells (meshing)

Numerical integration of RANS throughout the cells

Solving numerical equations for u, v, w and p using an 
iterative method
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1.5 Scope of the thesis 

In this study a number of aspects of spatial multi-dimensional LC devices are discussed. 

These include chip design and fabrication, flow-control measures, and incorporation of 

a monolithic stationary-phases. Design aspects spatial multi-dimensional devices can 

be divided into various considerations. Flow-confinement during the 1D injection is 

essential. The flow needs to be confined in the 1D channel for the successful operation 

of the device, so as not to undermine the achievable separation efficiency. Other aspects 

include the flow distribution and analyte transfer from the 1D to the 2D and band 

broadening. Analyte transfer from the 1D to the 2D and band broadening during the 2D 

separation are discussed in chapter 2 of this thesis. A modular spatial two-dimensional 

LC (xLCxLC) device with flow confinement is proposed in chapter 3 and 

considerations regarding flow confinement and operation of spatial two- and three-

dimensional LC devices are described in chapter 4.    

In Chapter 1 a brief introduction of the subject matter is provided. The need for multi-

dimensional systems with high peak capacities is arises from the complexity of samples 

with multiple sample dimensions and large numbers of analytes. Different modes of 

separation and types of devices are described, setting the stage for the work described 

in subsequent chapters. Additionally, an introduction to the concept of computational 

fluid dynamics is provided. 

In Chapter 2 different designs for devices for spatial two-dimensional LC are examined 

computationally and experimentally. The aspects of analyte transfer from the 1D to the 

2D, as well as band broadening during the 2D are discussed.  

In Chapter 3 the importance of flow-confinement is discussed and a modular xLCxxLC 

device is proposed, the so-called the TWIST (Two dimensional Insertable Separation 

Tool). The work in this chapter has mainly been experimental, with limited use of CFD. 

Chapter 4 builds on earlier work on flow-confinement and design considerations. In 

this chapter a passive flow-confinement mechanism is suggested for xLCxLC and 

xLCxLCxLC devices. The work described in this chapter is purely computational. 
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In Chapter 5 the use of 3D-printing in several applications in analytical sciences is 

demonstrated. This chapter describes my contributions to the design and 3D-printing 

of devices that are put to use in various collaborative projects. These devices are not 

discussed in the previous chapters. 

 Finally, Chapter 6 provides a discussion on prior and current challenges towards the 

peak capacity of one million and an outlook on possible future contributing 

investigations. 
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