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Abstract

Principles for diverting and merging viscous flows -
Evaluation and visualisation

Åke Strese

In the chemistry branch of science is often a chromatograph used
to separate and purify substances in a solution. In a
chromatograph, different detectors are used to analyse the samples
constituents. Some detectors destroy the sample during analysis.
Because it is undesirable to destroy the entire flow of sample, a
small mass is transferred to a second flow by a flow splitter. In
this report, four principles to divert a small mass from one flow
to another are developed and evaluated. The basic principles to
divert the flows is tested and principal mock-ups are designed and
manufactured. A brief survey of the market is conducted and a
problem related to flow spitting is investigated. The problem is
the influence on yield through a chromatograph due to flow
retaining. Designing and testing of different retaining systems is
also included in this report.

All four initial principles proved to be plausible splitting
techniques. However, only two principles appeared to be feasible
for direct implementation in devices comparable with
chromatographs. One of the less feasible principle is covered by
several patents. The other is difficult to manufacture in order to
meet the strict requirements associated with e.g. chromatographs.
The testing of different retaining systems showed that smaller
tube inner diameter and how the tube is winded can reduce the
retaining system influence on the yield significantly.

The splitting techniques in this report are all feasible splitting
techniques, and the report can be used as a solid foundation for
development future laboratory instruments.
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I 
 

Sammanfattning 
 
Inom kemin förekommer ofta kromatografer för att rena och separera kemiska substanser i 
ett prov. De separerade substanserna kan detekteras och analyseras av olika detektorer, där 
vissa detektorer förstör provet i analysprocessen. Då det oftast är önskvärt att bevara så 
mycket som möjligt av ett prov, för vidare studier, avleds därför en liten mängd av de 
separerade substanserna till detektorn då en förstörande detektor används. I denna studie 
utvecklades och undersöktes fyra principer för att avleda mycket små volymer från ett flöde 
till ett annat. Flödesdelning och sammanförning med de grundläggande flödes-
delningsprinciperna testades, principiella modeller konstruerades och tillverkades. En 
marknadsundersökning samt en undersökning av ett flödesdelningsassocierat problem 
inkluderas också i rapporten. Problemet består i minskning av utbyte på grund av 
bandbreddning i flödesfördröjningssystem. Bandbreddning studerades således i olika former 
av flödesfördröjningssystem. 
 
Alla fyra principer visade sig vara möjliga flödesdelningstekniker varav två av sådan karaktär 
att de skulle kunna realiseras i ett instrument såsom en kromatograf. Av de två andra omfattas 
den ena av flertalet patent och den andra skulle vara tillverkningstekniks svår att förverkliga 
med vedertagna tillverkningstekniker. Tester på olika typer av 
flödesfördröjningssystemutformningar visade att slangdimension och hur slangen är lindad 
har stor inverkan på bandbreddning.  
 
Det återstår en hel del konceptuell utveckling då principerna bara behandlats på 
grundläggande nivå. Genom de principiella modellerna ges en bild av hur principerna skulle 
kunna förverkligas, men vidare ställningstaganden måste tas till bland annat materialval samt 
monitorering och anpassning av flöden. Rapporten ger en god grund för framtida 
produktutveckling. 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
Key words: Flow splitter, chromatography, diversion, dispersion, laminar, fluid mechanics, 
MEMS, mock-up, design, delayloop, Mass rate attenuator (MRA).   



II 
 

Preface 
 
I would like to thank Biotage very much for giving me the opportunity to do my degree 
project with them. I have learned so much more than what is mediated through this report 
and I have met new people and friends under the roof of Biotage. I especially want to thank 
my supervisor at Biotage, Ville Lekholm who is incredibly competent and professional. He 
has helped me through priceless guidance, fruitful discussions and proofreading. I am also 
thankful for the laboratory- and report writing support from my subject reviewer Hugo 
Nguyen at Uppsala University. Last but not least do I want to thank my co-degree project 
students Karl in de Betou and Daniel Wasborg for the productive discussions. 
 
Uppsala, May 2017 
 
Åke Strese 



III 
 

 Table of content 
 

1 Introduction ...................................................................... 1 

1.1 Problem Description .............................................................................................. 1 

1.2 Aim .......................................................................................................................... 2 

1.3 Method .................................................................................................................... 2 

1.4 ISOLERA Dalton .................................................................................................. 3 

2 Theory ............................................................................... 4 

2.1 Chromatography ................................................................................................... 4 

2.2 Dispersion and band broadening ......................................................................... 6 

2.3 Mechanical solutions for flow splitting in chromatographic instruments ....... 9 

2.4 Microfluidics and fluid mechanic ...................................................................... 11 

2.4.1 Microelectromechanical systems (MEMS) .................................................... 11 

2.4.2 Lab on chip ..................................................................................................... 12 

2.4.3 Laminar flow .................................................................................................. 13 

2.5 Areas of concern .................................................................................................. 16 

3 Material and methods.................................................... 17 

3.1 Flow diversion principles and band broadening minimisation ....................... 17 

3.1.1 Laminar flow diversion and merging ............................................................. 17 

3.1.2 Valve-controlled flow splitting ...................................................................... 18 

3.1.3 Pump driven flow diversion ........................................................................... 19 

3.1.4 Variable flow resistor splitting ....................................................................... 21 

3.1.5 Band broadening limitation and demonstration of principles ........................ 22 

3.2 Tests devices ......................................................................................................... 22 

3.2.1 Laminar flow diversion .................................................................................. 22 

3.2.2 Valve-controlled diversion ............................................................................. 24 

3.2.3 PDMS model fabrication................................................................................ 25 

3.2.4 Evaluation of principles ................................................................................. 27 

3.2.5 Delayloop evaluation ..................................................................................... 28 

3.2.6 Mock-up design and manufacturing............................................................... 30 

4 Results ............................................................................ 31 

4.1 Evaluation of principles ...................................................................................... 31 

4.1.1 Laminar flow diversion .................................................................................. 31 

4.1.2 Valve-controlled diversion ............................................................................. 33 

4.1.3 Pump driven flow split ................................................................................... 35 

4.2 Delayloop evaluation ........................................................................................... 36 

4.3 Suggested solutions - Conceptual mock-ups ..................................................... 38 

4.3.1 Laminar flow diversion .................................................................................. 38 

4.3.2 Valve-controlled diversion ............................................................................. 41 

4.3.3 Pump driven flow diversion ........................................................................... 45 



IV 
 

5 Discussion ..................................................................... 47 

6 Conclusions ................................................................... 53 

7 References ..................................................................... 55 

 

 

  



V 
 

List of figures 
 
Figure 2.1: Simplified illustration of Taylor-Aris dispersion. a) Initial plug of eluite in tubing. b) Smearing of 

eluite plug along the length of the tube due the Hagen-Poiseuille effect causing parabolic flow 

profile in laminar flow and c) The parrabolic shaped plug becomes dilluted perpendicular to the 

direction of the flow ------------------------------------------------------------------------------------------------------------ 6 
Figure 2.2: Band broadening in electroosmotic driven systems. In a) the plug broadens due to difference in 

distance to travel between the part of the plug on the inside curve and the outside curve. The same 

phenomenon can be seen in S-shaped curves and single loop delayloops. In b) smearing of the plug 

because the plug is partially entrained in the T-junction. [31, 32]. ----------------------------------------------- 8 
Figure 2.3: The MRA Stator (left) and rotor (right). The channels through the stator are not visible in the 

image, but align with the wells in the rotor. The three pairs of wells on the rotor are visible. The 

smallest two can hold a volume of 22 nl each. -------------------------------------------------------------------------- 9 
Figure 2.4: Loading of sample in the capillary chip in MultiNA. First a sample is pumped over the vertical 

duct (a). The flow is then stopped and a current is applied over the horizontal duct creating an 

electroosmotic flow that entrains a certain and precise amount of sample (b) [98]. --------------------- 13 
Figure 2.5: Laminar flow velocity profile where v is the flow velocity. ------------------------------------------------ 14 
Figure 2.6: Osborn Reynolds’ sketch to illustrate laminar and turbulent flows were a) is a laminar flow and 

b) is a turbulent flow. The dye stays as a filament in the laminar flow while becomes mixed radially 

in the turbulent flow. --------------------------------------------------------------------------------------------------------- 15 
Figure 2.7: Domain geometries. The relationship between flow rate and width of duct for two parallel 

laminar flows. Image from [23]. ------------------------------------------------------------------------------------------- 16 
Figure 3.1:  Illustration of the principle of laminar flow diversion and merging. Q1 and Q2 are flow one and 

flow 2 respectively. When flow 1 outlet is obstructed the flow into flow 2 outlet. ------------------------ 18 
Figure 3.2: Illustration of the valve-controlled diversion and merging principle. Two channels on the same 

plane share a common duct which holds a certain volume, e.g. 50 nl.  At t=0.0 s is the valves labelled 

“1” are closed and the valves labelled “2” are open, hence only one flow is flowing through the 

common duct. At t= 0.5 s, the valves “1” are opened and “2” are closed. The second flow flows 

through the common duct carrying the portion of the first flow with it. This is repeated for t= 1.0 s 

and 1.5 s. ------------------------------------------------------------------------------------------------------------------------- 19 
Figure 3.3: Two types of designs of the common duct for valve controlled splitter, one where the length of 

the common duct determines the volume of the common duct, and a cross junction where this 

volume is determined by the geometry of the channels. ---------------------------------------------------------- 19 
Figure 3.4: Two different approaches for pump driven flow diversion and merging. A. One pump transfers 

a small flow from the first flow to the second flow. Both flows are created by separate pumps. B. 

One pump extracting, diverting, a small flow from flow one. It also creates the second flow and 

merges the diverted flow with the solvent in flow two. ----------------------------------------------------------- 20 
Figure 3.5: The flow is split through a regular T-junction. The variable resistor A adjust the flow through 

the diverting channel and the resistor B adjusts the pressure to ensure that the liquid diverts in the 

T-junction. By monitoring the pressure before and after the resistors, the flow split ratio can be 

automatically adjusted and adapted to different physiochemical properties of the liquid and 

pressure situations. ----------------------------------------------------------------------------------------------------------- 21 
Figure 3.6: Y-channel model to test laminar flow split principle. The two inlets are at the top, and the 

outlets at the bottom of the image. -------------------------------------------------------------------------------------- 23 
Figure 3.7: Zigzag model to test laminar flow split principle -------------------------------------------------------------- 23 
Figure 3.8: 4-way intersection to test the valve-controlled diversion principle ------------------------------------- 24 
Figure 3.9: Peristaltic pump microchannel configuration. When force is applied downwards on the elastic 

material it fills out the groove as seen in a cross-section view. If the compression is moved along the 

channel it will act as a pump, as seen in a section view of the length of channel. The size of the 

channel determines the dead volume and the velocity of the compression determines flow velocity 

(v) and flow rate. --------------------------------------------------------------------------------------------------------------- 25 



VI 
 

Figure 3.10: The finished PDMS castings. From left to right; Y-channel model, zigzag model and the 4-way 

intersection. --------------------------------------------------------------------------------------------------------------------- 26 
Figure 3.11: Meandering delayloop ---------------------------------------------------------------------------------------------- 28 
Figure 3.12: Delayloop used in Isolera Dalton Nanolink. ------------------------------------------------------------------- 28 
Figure 3.13: Helix-shaped delayloop principle sketch. A tube winded around a solid cylinder reulting in an 

helix-shaped delayloop.. The diameter of the cylinder is 15 mm in one setup  and 30 mm in another.

 --------------------------------------------------------------------------------------------------------------------------------------- 29 
Figure 3.14: Figure-8 delayloop ---------------------------------------------------------------------------------------------------- 29 
Figure 4.1: Evaluation of laminar flow split in Y-shaped channels. a): Two laminar flows in a common duct. 

Remains separate, no mixing occurs.  b): Separated flows. Both at the same flow rates (0.125 

ml/min). c): Obstruction of the right exiting channel. The entire red flow (right) exiting through the 

same channel as the green flow (left flow). d): Different flow rates. The red flow (left) at 0.25 

ml/min and the red (left) at 0.125 ml/min ----------------------------------------------------------------------------- 31 
Figure 4.2: Evaluation of laminar flow using a zigzag channel. In a) and b) are the rate of flow in the 

vertical flow (green) is 0.25 ml/min and 0.125 in the horizontal flow (red). In a), both flows remain 

separated through the intersection. However, some green colour can be seen in the red flow to the 

right of the intersection, indicating that some of the green flow was diverted into the red flow. In b), 

are the red flow obstructed after the first intersection and diverted into the green flow. In c) and d) 

are the flow rates in both flows are 0.125 ml/min. In the horizontal channel (red) was obstructed in 

d) and diverts into the vertical flow (green). -------------------------------------------------------------------------- 32 
Figure 4.3: Evaluation of flow split using a 4-way intersection and valves. In a) the valves controlling the 

vertical channel are open and the valves controlling the horizontal are closed. The flow of green 

dyed water only flows through the vertical channel. In b)-d), the vertical valves are closed and the 

horizontal open. The flow of transparent water entails the content of the intersection. --------------- 33 
Figure 4.4: Evaluation of flow split using a Y-channel configuration and valves. In a)-d) the valves 

controlling the left channel are open and the right closed.in e-j, the left channel is closed and the 

right open. In k-m, the original valve-configuration is restored.------------------------------------------------- 34 
Figure 4.5: Simulation of pump driven flow diversion. A main flow of 12 ml/min flows through the 

horizontal tube. The vertical tube is connected to a 1 ml syringe that entrails a flow of low rate. --- 35 
Figure 4.6: Peristaltic, groove based, pump test. A groove covered with PDMS is compressed in a wave-like 

motion. In a few seconds, a drop of water was transferred from the blue reservoir, b)-d). Initially the 

groove was filled with air, a), so the pump is self-priming. ------------------------------------------------------- 36 
Figure 4.7: Results from evaluation of delayloops.  Average discharge times for the different delayloops 

designs, tube diameters and flow rates. -------------------------------------------------------------------------------- 37 
Figure 4.8: The diverting unit. A valve connected to one of the flows outlets. The bottom of the unit is 

block of aluminium, and in between the aluminium and PEEK manifold is a sealing sheet. ------------ 39 
Figure 4.9: Milled laminar flow diversion channel in PEEK. Inlets and outlets are drilled perpendicular to 

the channels and accessed from the other side of the PEEK block. --------------------------------------------- 40 
Figure 4.10: A 3D-printed mock-up of the laminar flow based flow splitter in ABS plastic. Common tube 

connectors and regular M4 screws and bolts. ------------------------------------------------------------------------- 40 
Figure 4.11: First example of valve-controlled diverting unit. On top of the unit, four micro valves are 

mounted.  One pair is responsible for controlling flow 1 and one pair for flow 2. The bottom of the 

unit is a block of aluminium and in between the aluminium and PEEK manifold is a sealing sheet. - 41 
Figure 4.12: Exploded view of the valve flow splitting unit.--------------------------------------------------------------- 41 
Figure 4.13: Transparent view of the channels in a block of PEEK. Milled intersection channels and drilled 

holes. The holes perpendicular to the intersecting channel leads the flow to a valve mounted on the 

side opposite to the intersecting channel. The inlets and outlets are on the side of the block. ------- 42 
Figure 4.14: A 3D-printed mock-up of the valve-controlled flow splitter in ABS plastic. Standard tube 

connectors and regular M4 screws and bolts. ------------------------------------------------------------------------- 43 
Figure 4.15: Second example of valve-controlled flow diversion unit with pinching valves. The valves 

control the flows by pinching a flexible tube.  The PEEK manifold is smaller and do not have any 

holes straight through the block. ------------------------------------------------------------------------------------------ 43 



VII 
 

Figure 4.16: Transparent view of the channels in a block of PEEK. Milled intersection channels and drilled 

holes. ------------------------------------------------------------------------------------------------------------------------------ 44 
Figure 4.17: A 3D-printed mock-up of the valve-controlled flow splitter in ABS plastic. Standard tube 

connectors and regular M4 screws and bolts. ------------------------------------------------------------------------- 44 
Figure 4.18: Exploded view of a peristaltic “2-in-1” pump concept. The pump both divers a flow from a 

main flow, creates a makeup flow and mixes the diverted flow and makeup flow. Milled grooves in a 

PEEK sheet covered with elastic material. A disc rotor with rollers compresses the elastic material in 

a clock-wise rotation forcing liquid forward. Drilled holes through the PEEK sheet connects the 

milled channels with a pump manifold. The pump manifold both contains connection for external 

tubes and a mixing channel where the makeup flow is mixed with the diverted flow. ------------------ 45 
Figure 4.19: Exploded view of a peristaltic “2-in-1” pump concept seen form the other side compared to 

Figure 4.18.----------------------------------------------------------------------------------------------------------------------- 46 

 

  



VIII 
 

List of tables 
 
Table 4.1: Delayloops evaluation results. The average discharge times [s] for sample plugs for five 

different delayloop designs at two different flow rates (12 and 24 ml/min) and two different tube 

sizes (inner diameter 1/16” and 1/32”). ............................................................................................ 37 
Table 4.2: Delayloops evaluation results. The average discharge volumes [ml] for sample plugs for five 

different delayloop designs at two different flow rates (12 and 24 ml/min) and two different tube 

sizes (inner diameter 1/16” and 1/32”). ............................................................................................ 37 
Table 4.3: Pressure drop in different tubes dimensions and flow rates for different solvents at 20 ºC. Both 

the pressure drops per meter of tube and the total drop over the length of the tubes tested in this 

report is presented. The tube inner diameter is [in], flow rate [ml/min], ∆p is the pressure difference 

[bar] and l is length of tube [m] ........................................................................................................ 38 
Table 5.1: List of advantages and disadvantages of the four principles described in this report ................. 48 

 



Chapter 1- Introduction 
Degree project: Principles for diverting and merging viscous flows 

 

1 
 

1 Introduction 

1.1 Problem Description 
In the world of chemistry one central activity is the analysis of samples. The sample could 
be blood from an athlete, tested for performance enhancing drugs or a synthesized organic 
compound with unknown exchange. Samples often contain several different chemical 
substances, organic compounds and molecules. To be able to study individual substances the 
sample must be prepared (e.g. to eliminate impurities) and the different substances in the 
sample separated from each other. The main technique used to separate, or purify, substances 
in a solution is chromatography. Chromatography can be divided into two sub-classes, 
analytical chromatography and preparative chromatography. The analytical chromatography 
refers to the process where substances are separated in order to be studied one by one. The 
sample could be a white powder seized in customs or cloth from a crime scene. The 
preparative chromatography refers to when a substance is purified – the process where 
impurities and unwanted substances are removed. The latter is a crucial step in the process 
of making pharmaceuticals, or in the manufacturing of materials [1, 2]. An example of a drug 
where the lack of proper purification caused several, and severe, side-effects is Thalidomide 
(commonly known as Neurosedyn). It was later, after the side-effects were proven to be a 
result of Thalidomide, that scientist realized that one of the isomers caused birth defects to 
the human foetus [3]. 
 
A quick internet search gives a hint of the enormous variation of instruments used in the 
chemical industry and in chemical science. These instruments are provided by lots of 
different companies, one of which is Biotage. Biotage is a multinational company with 
headquarters in Uppsala, Sweden. They are specialized in laboratory equipment used in life 
science applications. They offer solutions and knowledge in analytical chemistry, organic 
chemistry synthesis, medicinal chemistry, peptide synthesis, separation and purification, with 
the aim to be market leading in each of its niche areas [4]. Biotage develops and manufactures 
both instruments (chromatographs, evaporators, etc.) and consumables (columns, vials, 
etc.) [5]. 
 
One Biotage instrument series is the Isolera Spektra. Isolera Spektra comes in three different 
configurations, One, Four and LS. The instruments are flash chromatographs used to purify 
and separate substances from different types of samples [6]. Basically, a sample is injected 
into a flow consisting of a certain solvent, usually acetone, methanol or acetonitrile, and 
pumped through a column. In the column, the different constituents of the sample are 
separated. The flow from the column then passes a UV-detector that analyses the constituents 
of the flow [6, 7]. The flow is then discharged from the system in a fraction collector. The 
collector collects different fractions of the flow depending on the signals given by the UV-
detector. When the UV-detector detects a substance in the flow, it signals the fraction 
collector to collect that fraction of the flow in a separate vial.  
 
Another Biotage instrument is the Isolera Dalton. Isolera Dalton is based on the Isolera 
Spektra series, but in addition to the UV-detector is a mass spectrometer (MS) coupled to the 
post-column flow after the UV-detector [8]. The two detectors are based on very different 
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techniques, where the MS is a more powerful analyser. Depending on the user and 
application, a purification can be done with either UV-detector or with the MS. In Isolera 
Dalton there are two different flows of liquid. The first, main flow, is the flow from the 
Isolera. The flow carrying the sample through the column, passed the UV-detector and to the 
fraction collector. However, the MS destroys the material during analysis. It also requires 
lower flow rates and concentrations of sample in comparison to the rate of flow and sample 
concentrations in the main flow. To avoid destroying the entire purified sample and to deliver 
samples of lower concentration in a flow of low rate, a part of the main flow is diverted into 
a separate flow. This flow is called the makeup flow. The solvent or solvents used as makeup 
flow fluid is not always the same as the solvents in the main flow and is hence controlled by 
a separate pump [8]. The diversion is carried out by a flow splitter called Mass Rate 
Attenuator (MRA) that is manufactured by Rheodyne [9]. The MRA mechanically transfers 
a small volume of the main flow to the makeup flow. The device is expensive and has a much 
larger capacity than necessary i.e. it can divert larger portions of sample and tolerates higher 
pressures than what is needed in the Isolera Dalton. The splitter is also a potential subject for 
service visits due to wear in moving components. The extra cost for the splitter is not 
appealing for the costumer and unscheduled services are an unwanted cost for Biotage.  
 
To meet the aim to be a market leading company, Biotage needs to continuously develop new 
instruments and constantly outdo the competition. The instruments must be manufactured at 
a reasonable price, use small sample volumes and less energy and also be size effective. 
Hence, Biotage is interested in looking at other techniques for splitting and merging a flow, 
and at the same time introduce new knowledge to the company.  
 

1.2 Aim 
The need to split a flow is something that is not only essential in various existing instruments 
and applications, but also an enabling technology for future instruments and applications. As 
the demand for smaller, more energy efficient equipment using less solvent and smaller 
sample volumes increases, new techniques for different applications needs to be developed. 
This project aims to investigate and present a number different basic techniques for diverting 
and merging flows and study problematic areas and aspects associated with flow splitting, 
e.g. dilution and mixing of separated analytes due to dispersion in tubing post separation. 
The principles for diverting and merging flows are to be examined and conceptual mock-ups 
designed and manufactured. In addition, a research of the market shall be conducted, how 
competitors split flow in similar applications, and what kinds of flow splitters are 
commercially available. The project is not intended to present a replacement for an existing 
component or for a specific instrument under development. The project is rather supposed to 
serve as a foundation in future product development at Biotage and introduce novel 
knowledge to the company. 
 

1.3 Method 
This project will initially focus on the literature and a review of the market. The internet and 
publication databases are the main sources of information. Simultaneously, principles for 
diverting and merging flows are to be proposed based on the literature. Models to test and 
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evaluate these principles are then going to be designed using computer aided design (CAD) 
software. Physical models to test the principles will be manufactured in polydimethylsiloxane 
(PDMS), a silica based material that, when hardened, is like elastic glass. Because of the easy 
manufacturing process and the transparency of the material, it is especially suitable for 
fabrication of prototypes where visualization of flows is desired. These PDMS-models are 
then subjects for testing and evaluation of the flow splitting principles in a laboratory using 
pumps, syringes, valves and water dyed with food colouring. Further development of the 
principles into conceptual mock-ups, to easier describe the feasibility of each principle, will 
be built. These mock-ups will be designed using CAD and 3D-printer. Post-processing and 
assembly of the mock-ups is carried out in an in-house mechanical workshop. 
 
To evaluate dispersion lowering effects in post-column tubes, different delayloop designs 
were developed. The band broadening of samples was then measured in the different designs 
in two different tube sizes using a piston pump, syringe, food colour and a stop watch. The 
and broadening indicates the amount of dispersion in a tube. 

1.4 ISOLERA Dalton 
The origin for this project is the Isolera Dalton, an instrument developed and marketed by 
Biotage. The Isolera Dalton is a flash chromatograph with a mass-spectrometer used for rapid 
and automated purification. The main advantages with this instrument is that the workflow 
is streamlined and can identify a broad variety of substances. The chromatograph is in line 
with the MS that identifies compounds in real time. The real-time detection gives more 
reliable purifications and saves time. Instead of having to first use one instrument for 
purification and then another to evaluate the purified product, Isolera Dalton automatically 
identifies and collects samples, removing complex off-line work. Isolera Dalton has a yield 
of more than 98 %. In other words, less than 2 % of the injected sample is lost. The Isolera 
Dalton consists of three main components. First the Isolera which is the flash chromatograph 
unit, with a UV-detector and a fraction collector that collects selected portions of the main 
flow. Second, the Isolera Dalton mass detector and third the Isolera Dalton Nanolink which 
is a coupling device between the chromatograph and the MS.  
 
The Nanolink consists of three key parts: A makeup flow pump, a flow splitter, and a 
delayloop. The pump controls the flow rate in the makeup flow used to carry the sample to 
the mass detector. The flow splitter diverts a small volume from the main flow to the makeup 
flow. Finally, the delayloop retains the main flow in the system until the diverted flow has 
reached and been analysed by the MS. It is basically a tube winded around a cylinder, like a 
coil. When the MS detects a sample, a signal is sent to the fraction collector to collect the 
corresponding portion of the main flow [8]. The Nanolink is bulky and the components in it 
are expensive. The splitter is also loud and objectionable to the user. Because of the size of 
the Nanolink, is it not possible to position it close to the mass detector, which is desirable. 
The impact of the distance between the Nanolink and the MS and the resulting lengths of the 
tubing is the need for longer delay of the main flow. The longer delay of the main flow leads 
to broadening of the separated samples, due to dispersion. 
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2 Theory 

2.1 Chromatography 
One of the more common techniques for separating different substances in a sample is 
chromatography. The sample is dissolved (after sample preparation) in a mobile phase 
(moving phase) and transferred past a stationary phase (fixed phase). The substances in the 
mobile phase interact with the stationary phase, and are delayed in comparison with the 
mobile phase. Some substances pass the stationary phase quicker and other pass it slower, 
and, thus, the different substances are separated. The mobile phase can be either a gas or a 
liquid, hence the names gas chromatography (GC) and liquid chromatography (LC). From 
here on, chromatography will refer to LC and the techniques associated with LC. There are 
various kinds of stationary phases, with respect to both design and theory, where one of the 
more straightforward chromatographs is just a piece of paper [10]. 
 
The stationary phase is often inside a pipe, a so-called column, and the mobile phase is passed 
through this column. Some columns consist of a pipe with a coating on the inside wall and 
others a pipe with a filling of some kind. Both types come with a variety of different chemical 
properties, sizes, materials, etc. The chemical property can, for example, be nonpolar, due to 
carbon chains bonded to the wall of the column. The carbon chains bind to hydrophobic 
substances, while hydrophilic substances pass unaffected [11]. However, it is also common 
to separate substances based on their size or based on both their size and chemical properties. 
The basic theory to separate substances of various size, is to force the smaller particles to 
find longer, more time consuming, ways through the stationary phase. 
 
The stationary phase can be packed silica gel with small grains where small pores are formed 
between the grains. The smaller the grains, the smaller the pores. Small molecules in the 
sample find longer detours through the stationary phase than the bigger molecules. Bigger 
molecules find their way through the silica gel quicker than the small. The pores also depend 
on the shape of the grains, if they are spherical or angular shaped. The silica grains can also 
be porous. Depending on if the grains are coated or otherwise treated, they can also interact 
chemically with the substances in the sample, e.g., binding to non-polar molecules  [1, 7, 12].  
According to Berthold [13], in 1991, about 90 % of all chromatographic columns contained 
silica. The separation also depends on the mobile phase used. The mobile phase affects both 
the chemical properties of the stationary phase and the substances in the sample [7]. 
 
Among first examples of LC was conducted on paper, or paper-like materials. A sample of 
plant extracts was absorbed on a certain height of a piece of paper. The paper was then placed 
in a solvent – the mobile phase. The mobile phase is absorbed by the paper, and transported 
by capillary forces, entraining the substances solved in the mobile phase. Different 
substances and pigments were entrained different distances along the paper, and in that way 
separated [14, 15]. It is also from this method the technique got its name chromatography 
(chroma = colour, graphein = to write) [16].  
 
Later, the solid phase was packed inside a tube, and the LC column was invented. The mobile 
phase was loaded onto the solid phase and drawn downwards through the solid phase by 
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gravity [1, 2]. In 1978, Clark and others developed a technique where the mobile phase is 
forced through the column using pressure. The time required for separation decreased 
dramatically, and the quality of the separation was improved. Substances always diffuse to 
equalize concentration differences. The slower the process, the more the molecules will 
diffuse and the less distinct the separation will be. Using pressure to force the mobile phase 
through the column also enables the use of other types of columns e.g. columns with smaller 
silica grains. This new method is called flash chromatography and as the LC developed 
further it also got the name low pressure liquid chromatography (LPLC) [7, 17]. The pressure 
in the LPLC is generally between 2 and 10 bar. Further development of the LC has resulted 
in chromatographs with even higher pressure (hundreds of bar) called High Performance 
Liquid Chromatography (HPLC) and Ultra Performance Liquid Chromatography (UPLC) 
with pressures of up to 1000 bar [18, 19].   
 
When the eluate, mobile phase with separated analyte, has passed the column, it passes 
through one or more detectors/analysers. The detector detects substances (eluites) passing by 
and gives the user information about the substance, often in the form of a spectrum. It also 
gives the user information about when the substance passes the detector, in order to collect a 
specific substance. A detector commonly used is an ultraviolet light detector (UV-detector). 
The UV-detector measures how much, and at what wavelengths, of emitted ultraviolet light 
is absorbed (blocked) by the analyte in the sample. By comparing to the amount of light 
absorbed by the eluent is it possible to calculate the eluites concentration using Lambert-
Beers Law [20]. It is also possible to, in some extent, identify different eluites by comparing 
to known absorption spectrums. The ability to detect different types of substances varies on 
type of detector, e.g., UV-detectors can only detect substances that do not absorb light in the 
UV-spectra. Also, the amount of information about the eluites obtained by a detector differs 
between different detectors. The UV-detector does not affect the substances in the 
elute [1, 7]. 
 
Other common detectors used in chromatography is mass spectrometer (MS), fluoresces 
spectroscopy, Raman spectroscopy, flame ionization detector (FID), evaporative light 
scattering detector (ELSD), etc., where the MS is the most frequently used [21]. In short, the 
MS ionizes the molecules in the sample and detects the molecules in the sample based on 
their mass to charge ratio. The MS gives more detailed information about the substance than 
UV-detectors. On the other hand, MS destroys the sample, a so-called destructive, or invasive 
detector [22]. Different detectors need different conditions with respect to the maximum (and 
minimum) concentration of analyte in the eluate, and the eluate flow rate into the detector. 
Compared to the output from a flash chromatography instrument, the MS works best with 
low concentration samples, and requires low flow rates, often orders of magnitude less than 
the mobile phase flow. For this reason, a separate flow is used to transfer small portions of 
the eluate to a detector, called a makeup flow. The MS is far more expensive than the UV-
detector, but is on the other hand a much more powerful tool. With an MS is it possible to 
not only detect the presence of a substance, but also to obtain information about the nature 
of the substance. It is common to combine detectors, e.g., use the UV-detector and another 
analyser such as MS at the same time [1, 7, 22].  
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2.2 Dispersion and band broadening 
When the purified substance leaves the column, it is, in optimal cases, as a small band of 
high concentration of eluite, a liquid plug. The longer time and distance this band travels 
through the tubing this bands concentration will smear out in the direction of the flow and 
become a longer, more diffuse, band. This is mainly due to Taylor-Aris dispersion (and 
diffusion) [23]. In a chromatograph, this is most clearly observed when two separated 
substances smear out and becomes partially mixed again. In an ideal system, without 
dispersion and diffusion, the two substances will be shown as two separate, distinct peaks in 
the spectrum. The more dispersion and diffusion, the more the peaks in the spectrum will be 
broadened and become less distinct. In extreme cases, the two substances can become 
partially mixed and be shown as one peak in the spectrum, which is interpreted as one 
substance by the user. The physical explanation to Taylor-Aris dispersion is basically the 
friction between the flowing liquid and the wall of the tubing in a pressure driven system [24]. 
The liquid in the centre of the tube in a laminar flow will move faster than at the boundary, 
leading to a parabolic flow velocity profile [25, 26]. Turbulent flows have a more uniform, 
rectangular flow velocity profile. The flow velocity close to the wall of the tubing and in the 
centre of the tube is much less different. The dispersion phenomenon in a turbulent flow is 
however very different from dispersion in laminar flow, mainly due to the rapid mixing of 
fluid perpendicular to the direction of flow. Furthermore, when describing turbulent flow 
velocities is usually the mean velocity used because turbulence causes rapid, local, changes 
in direction and magnitude of the velocity. [25]. In a laminar flow is the velocity constantly 
in one direction and of the same magnitude. Hence is the instantaneous velocity equal to the 
mean velocity in laminar flows [26]  The laminar parabolic flow profile transforms a moving 
band of sample into a parabolic shaped band. The broadening depends on, for instance, the 
inner diameter of the tube, the flow rate and the liquids physiochemical properties. At the 
same time, molecules diffuse in the liquid to equalise concentration differences  [27, 28]. As 
seen in Figure 2.1, the parabolic velocity profile in a developed laminar flow will smear the 
eluite band. The longer the tube is and the grater the inner diameter of the tube is, the more 
broadening of sample. It is therefore desirable to minimize flow distances in a 
chromatography system to avoid band broadening.  

 
Figure 2.1: Simplified illustration of Taylor-Aris dispersion. a) Initial plug of eluite in tubing. b) Smearing of 

eluite plug along the length of the tube due the Hagen-Poiseuille effect causing parabolic flow profile in laminar 

flow and c) The parrabolic shaped plug becomes dilluted perpendicular to the direction of the flow 
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Besides more band broadening in longer and larger tubes, both the length and inner diameter 
are factors that affects the pressure drop in a tube. The pressure drops along the length of the 
tubing, and the longer the tubing the greater the pressure needed to drive the flow. Also, the 
smaller the inner diameter is, the greater pressure is needed. In turbulent flows, the pressure 
drop also depends on the tube cross sectional shape and dimensions, roughness of the inner 
surface of the pipe and mean flow velocity. The pressure drop in laminar flows is besides the 
length of the tube also dependent on flow rate, fluid dynamic viscosity and shape and size of 
the tube [25, 29]. The pressure drop in a tube with laminar flow can be calculated using [25] 
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where ∆p is the pressure loss [Pa], l is the length of the tube [m], and µ is the fluids dynamic 
viscosity [Pa×s = kg/(m×s)]. The dynamic viscosity depends on the temperature of the fluid 
[30]. Q is the volumetric flow rate [m3/s] and DH is the ducts hydraulic diameter [m].  
 
The hydraulic diameter depends on both size and shape. A circular tube’s hydraulic diameter 
is equal to its physical diameter, D [m] [21] 
 
DH = D,      (2.2) 
 
and the hydraulic diameter of a square duct is equal to its side length, a [m] 
 
DH = a,      (2.3) 
 
but for more complex shapes it needs to be calculated. For example, a rectangular duct’s 
hydraulic diameter is calculated through 
 

./ =
$01

021
 [25],     (2.4) 

 
where a and b are the two sides of the rectangular cross section [m]. 
 
Band broadening occurs in two places in Isolera Dalton. First, wanted band broadening in 
the makeup flow, where a continuous flow of sample is desired. Second, unwanted 
broadening in the main flow where distinct separation is preferable. Broadening in the main 
flow can cause the collector to miss collecting all the purified substance. For example, the 
mass detector determines when the purified substance is about to be collected from the main 
flow by detecting substances in the makeup flow. If the concentration of the sample in the 
main flow has been diluted during the passage though the delayloop, the collection time 
indicated by the MS will be different from the actual time it takes the sample to pass the 
fraction collector. Consequently, only the middle part of the sample is collected. 
 
The volume of liquid retained in the tubes and couplings, and the time it takes for a sample 
to pass through the tubing is referred to as dead volume and dead time respectively. It is 
desirable to keep these factors as low as possible to ensure low band broadening and, hence, 
good separation and high yield. The dead time for the diverted flow between the splitter and 
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MS in Isolera Dalton is approximately three seconds. This must be matched by the dead time 
in the delayloop when high flow rates are used, to allow time for the MS to detect eluites and 
signal to the fraction collector. Since the dead time is flow rate dependent, the dead time in 
the delayloop is considerably longer with low flow rates, up to 10-15 s. Obviously, the dead 
time between the splitter and MS should be kept as low as possible, because the dead time in 
the delayloop is directly affected by it, and the longer the delayloop is, the more the band 
will be broadened.  
 
The band broadening is also affected by the design of the delayloop and the manifolds (i.e. 

the design of the channels within couplings and interfaces) in the instrument as suggested by 
previous studies. In studies of electroosmotic driven flows in different channels points out 
the band broadening in different structures. For example, how a plug of sample can become 
smeared in the direction of the flow through a conventional T-junction, S-shaped micro 
channels and in sharp turns (Figure 2.2)  [31, 32].  
 

 
Figure 2.2: Band broadening in electroosmotic driven systems. In a) the plug broadens due to difference in 

distance to travel between the part of the plug on the inside curve and the outside curve. The same 

phenomenon can be seen in S-shaped curves and single loop delayloops. In b) smearing of the plug because 

the plug is partially entrained in the T-junction. [31, 32].  

 
The physical effect in electroosmotic system is however quite different from those in a 
pressure driven system such as the Isolera. It is however an indication of the influence on 
plug concentration caused by the design of channels and how the tubing is drawn and/or 
winded. In an Agilent Technology patent is the phenomenon of band broadening in pressure 
driven laminar flows due to the Hagen-Poiseulle’s effect discussed. In this patent, different 
structures of channels that disturbs the laminar flow and the parabolic flow velocity profile 
described. These channels are mainly meander-like and zig-zag shaped and suggested to 
disturb the fluid profile and limiting the dispersion effects [33]. The disturbance can be 
explained in part by the cross sectional non-uniform flow resistance caused by a bend on the 
tube or curve in a channel [25]. In other words, the design of, e.g., the delayloop could 
increase or decrease the band broadening through different amount of disruption of the flow 
profile. 
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2.3 Mechanical solutions for flow splitting in 
chromatographic instruments 

Flow splitters in chromatography are used both pre-column for injection of samples and post-
column for diverting a small amount of a flow to, e.g., a detector. Flow splitters used in 
chromatography can be divided into two subgroups – active and passive. The passive splitters 
can either be fixed, adjustable or automatically adjusted, where active refers to electronically 
adjusted or motor controlled mechanical flow splitting [9, 34]. An example of an active, 
adjustable splitter is the Rheodyne Mass Rate Attenuator (MRA) [9]. The passive splitters 
can be fixed or adjustable, where passive refers to the manual flow splitting [35]. Basic 
passive fixed flow splitters can be as simple as a T-junction, while more sophisticated passive 
adjustable splitters are based on adjustable valves [36].  
 
The splitter used in the Isolera Nanolink is manufactured by Rheodyne under the name Mass 
Rate Attenuator [9]. It is used as a post-column splitter. The MRA is bought and built into 
the Isolera Dalton Nanolink by Biotage. It is, however, designed for HPLC and is therefore 
capable of withstanding substantially higher pressures than what is necessary for applications 
associated with Nanolink [9]. Because it is designed as a general tool, the MRA is associated 
with a substantial cost for Biotage to incorporate into the Nanolink, and requires frequent 
services and expensive spare parts which affects both the costumer and Biotage. The 
approximative price for an MRA is 25,000 SEK. The MRA basically consists of a stepper 
motor, gears, a rotor and a stator. The rotor is a circular disc with three pairs of milled wells 
in varied sizes on the flat side, where the smallest wells can hold 22 nl. The stator is also a 
circular disc with two pairs of channels axially through the disc. The diameters of the 
channels through the stator for the makeup flow and the main flow are 0.36 mm and 1 mm 
respectively (Figure 2.3). The stator is probably made of High-density polyethylene (HDPE), 
Teflon or nylon and the rotor made of Polyetheretherketone (PEEK). They are pressed 
together with a large pressure to avoid leakage between the two rotors when the pressure of 
the main flow is at HPLC levels. 
 

 
Figure 2.3: The MRA Stator (left) and rotor (right). The channels through the stator are not visible in the image, 

but align with the wells in the rotor. The three pairs of wells on the rotor are visible. The smallest two can hold 

a volume of 22 nl each. 
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The main flow from the column is led in through one inlet/outlet pair, and the makeup flow 
through the other pair. The main flow, carrying the eluites fills a well in the rotor. The rotor 
is then turned so the well aligns with makeup flow, flushing it, bringing its content with the 
flow to the MS. The split ratio can be set by adjusting how often the rotor is turned, and 
which of the three well sizes is used [9, 37]. In the Isolera Dalton is the MRA set to use only 
the smallest well (22 nl) and the motor’s highest frequency (2 Hz) regardless of the flow rate 
in the main flow. This corresponds to 44 nl/s (2.6 µl/min) of main flow diverted to the makeup 
flow. The flow rate in the main flow can be manually adjusted between 12 – 100 ml/min 
depending on application and column. The makeup flow is fixed to 600 µl/min. The frequent 
services are mainly due to wear of the rotor and stator. These two parts are pressed together 
to prevent leakage, resulting in smearing of the materials. This requires a very large force to 
withstand the high pressures in an HPLC. When the material smears, the wells and especially 
the small channels through the stator becomes obstructed. There is also no way to 
automatically monitor the condition of the rotor and stator. Additionally, the obstruction is 
only visible through a microscope due to the tiny channels. If the MRA is not working 
properly, it will first be noticed as poor performance of the MS. This, in turn, can cause many 
separations to go to waste due to the absence of eluites detection from the MS.  
 
As mentioned above, dispersion of sample occurs in the tubing between the MRA and MS. 
This is desirable in the Isolera Dalton due to the non-continuous splitting in the MRA. In the 
absence of dispersion, the sample would arrive at the MS as plugs of sample twice every 
second. Not only can the concentrations in these plugs be too high for the MS, but the 
detection of analyte could give misleading results due to sampling artefacts [38]. Basically, 
the MS has a certain sampling frequency, here 2 Hz. According to the Nyquist-Shannon 
sampling theorem a signal, or sample plug in this case, must be sampled with a frequency of 
at least double the signal bandwidth. If the sampling frequency is too low, a result that is 
lower than the reality is obtained, or the sample can be missed entirely [39]. In the MS used 
in Isolera Dalton, this corresponds to at least two samples for every sample plug. Because 
the highest splitting frequency is 2 Hz and the highest sampling frequency is 2 Hz, detection 
relies on the sample plug diverted from the main flow becoming dispersed in the makeup 
flow. Besides the dispersions in the tubing between the splitter and MS, the design of the 
MRA, i.e., the flushing of the wells results in some dilution of the transferred substance. 
 
The Rheodyne MRA is used by competitors in similar systems [40–43]. However, Interchim 
offers a flash chromatograph with MS, together with a proprietary splitter [44]. The technique 
hidden within this splitter is a trade secret. The splitter unit stands alone, between the flash 
chromatograph and the MS and requires a lot of space, possibly more than the Nanolink. For 
this reason, the tubing connecting the MS and the splitter is quite long, and the dead volume 
is probably of the same order as when using an MRA [45]. Two example of the use of passive 
adjustable splitters in flash chromatography are Büchi Reveleris X2 with Evaporative Light-
scattering Detector (ELSD) and Biotage Isolera with ELSD [46–48]. ELSD is also a 
destructive detector, but can accept higher sample concentrations. 
 
The company Waters also offers a passive splitter intended to be used in line with 
chromatographs and a destructive detector such as MS. However, it has an obvious limitation 
due to limited flexibility. The splitter is designed for small intervals of flow rates. To be able 
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to cover the range of flow rates currently specified for Isolera Dalton, up to four different 
versions of the Waters’ splitter are needed. How these splitters split the flow seems to be a 
corporate secret, but the operator’s guide gives the impression that flow restrictor tubing is 

used to divert a certain amount of the flow [49]. Additionally, there is a Waters patent from 
2016 describing an active post-column flow splitter using thermally modulated flow 
restrictors to split a flow. The thermal expansion of a material is used to choke the flow. 
Controlling the heat and hence the expansion, creates variable flow resistors [50]. The same 
principle to split flows using automated variable resistors is also available in an pre-column 
HPLC splitter manufactured by Analytical Scientific Instruments (ASI) [34].  
 

2.4 Microfluidics and fluid mechanic 
 

2.4.1 Microelectromechanical systems (MEMS) 

Microelectromechanical system components are, as the name suggests, smaller than a couple 
of hundreds of micrometres and the entire systems only a couple of millimetres big. Even 
though microelectromechanical systems refer to systems with components with moving 
parts, MEMS can be both passive (e.g., gas or liquid flow systems) or active (e.g., 

micromotors). [51]. Microelectromechanical components are today found in almost every 
electronic device. Some examples are image stabilizers and biometric identification sensors 
in cell phones [52, 53], sensors for safety functions and fuel consumption minimisation in 
cars [54] and also micro thrusters and even entire micro spectrometers in satellites [55, 56]. 
There are also examples of complex MEMS containing entire Time-of-Flight mass 
spectrometers the size of a cell phone [57, 58]. This section will, however, focus on 
microelectromechanical components associated with viscous flows. 
 
In the literature, micro actuators are used to pump viscous flows or gases as frequently 
mentioned. The fundamental problem, to move a gas or liquid, have many diverse solutions 
in MEMS [59]. The most common type of pump in micro systems are based on the peristaltic 
pump principle. Peristaltic pumps are positive displacement pumps that forces a fixed amount 
of trapped fluid into a discharge tube [60]. There are basically two different types of 
peristaltic pumps, the rotational and the linear (planar). The rotational is a more common 
configuration in “macro” peristaltic pumps used in for example dialysis instruments [61]. 
The rotational peristaltic pump basically consists of a flexible tube (or a channel in a flexible 
material), a motor driven rotor with rollers and a housing. The tube is winded around the 
rotor. The roller presses the tube against the housing in a circular motion, trapping liquid in 
the tube and forcing it forward. [62, 63]. The linear, or planar, configuration can be made of 
flexible tubes, compressible channels or a series of chambers. The tube or channel is 
compressed in a wavelike motion, trapping and forcing the fluid forward [64]. When based 
on a series of chambers, is the chambers compressed in a sequence forcing the content of the 
chambers in one direction [65–68]. It is especially the planar, chamber based configuration 
that is used in MEMS. The actuators compressing the chambers can for instance be piezo 
electric material based, electrostatic, thermopneumatic, pneumatic or rely on the expansion 
of materials during the transition from liquid to solid state [59, 69]. To ensure that the fluid 
flows in one direction through a chamber based pump, valves can be used in between the 
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chambers to direct the flow. The chambers themselves are also commonly used to hinder a 
liquid to flow backwards, hence, the pump is valveless. If the chamber, right before a 
chamber in a sequence that is about to be compressed, is closed/completely compressed the 
liquid is forced in the other direction [59]. The dead volume in micro peristaltic pumps are 
usually tenth of microliters, and flow rates reaching from a couple of microliter per minute 
to a couple of millilitre per minute. In general, the maximal possible back pressure in these 
pumps is only a tenth of a bar. [65–68].  
 
Other microelectromechanical pumps are for instance check valve diaphragm based 
pumps [70–73] and valve-less diaphragm based pumps [74–76] based on piezo, electrostatic, 
thermopneumatic and pneumatic actuators. Rotary positive displacement pumps [77], 
ultrasonic pumps [78] and pumps based on electrochemical properties of the fluid [79] are 
also commonly described in the literature. Commonly for a majority of the micro pumps are 
the possibilities to achieve low flow rates at high flow velocities, low dead volumes but low 
compatibility with back pressures over tenth of a bar. The few pumps described tolerating 
higher back pressures (up to a couple of bar) are only capable of pumping with low flow 
velocities. [59, 69, 80].  
 

Valves are commonly a part of the pumping chamber in micro pumps. Passive, 
uncontrollable, valves such as flaps valves consisting of an elastic material covering chamber 
inlets and outlets. The flaps is controlling the direction of the flow. [70–73]. The dead volume 
and possible back pressures vary greatly between different passive valves where some valves 
can hold back liquid with pressures up to 6 bars [81]. Active valves are mainly based on 
electromagnets, electrostatics, piezoelectric material, bimetals and thermopneumatics [82]. 
The active valves are controllable and there are examples of valves capable of withstanding 
pressures up to 6 bars with low leakage [82–85]. However, the sizes vary greatly. One 
piezoelectric actuated valve the size of a small coin described is able to withhold a pressure 
of 0.5 bar with a dead volume of 6 nl and a switching time of 0.7 ms. [86]. Another valve, 
the size of a match box, capable of withstanding a pressure of 5.5 bar of helium gas with low 
leakage originally developed for micro propulsion systems [87]. During the development of 
lab-on-a-chip solutions, valves with zero dead volume to control a flow through a channel 
have been designed. These valves have been proven to seal fluid tight against pressures 
between 0.5 and 2 bar [88, 89].  
 
Besides regular valves is the use of diodelike nozzles common. Diodelike nuzzles offeres a 
much greater flow resistans in on direction through the nozzle than the other. The simplest 
forms of diodelike nozzle is cone-shaped nozzles. [74–76]. Other examples of diode-like 
nozzles used as supplements to valves is the Tesla type valve. The valve concists of a series 
of channels, curved and intersected in such a way that the flow encounters much greater flow 
resistans in the backward direction [90]. Tesla valves are often used to direct a flow throug a 
micro pump [91]. 
 

2.4.2 Lab on chip 

The history of lab-on-chip (LOC) has its beginning in the NASA Apollo programme where 
staggering amount of money was spent to develop smaller instruments. Instruments such as 
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calculator’s small enough for the astronauts to bring to space. The manufacturing techniques 
invented were later used to fabricate MEMS such as accelerometers, gas sensors, micro 
thrusters and flow sensors. Today, these components are found in everything from mobile 
phones to satellites [92–94]. These techniques were also the foundation of the first 
microfluidic microchips used in the first so-called lab-on-chip (LOC). A lab-on-a-chip is 
basically a miniaturized lab integrated on a single chip the size of a hand palm. The 
development of LOC to date has mainly been focusing on human diagnostics, molecular 
biology (such as DNA analysis), proteomics and cell biology. The advantages are (beside the 
small size) small sample volumes, generally low costs, fast response times and mobility [95]. 
However, lab on a chip may not be applicable in all areas of chemistry, but the materials 
(such as PDMS and thermoplastic polymers (PMMA)) and manufacturing techniques 
associated with LOC are valuable in the development of space, solvent and sample efficient 
components for laboratory instruments. Micro channels on LOC are on the micrometer-scale 
and, during the history of LOAC a range of smart MEMS components have been developed, 
such as microheaters and flowmeters, enabling solutions which minimize dead volumes and 
space requirements [92, 96, 97]. An example of a solution from LOC incorporated in a 
laboratory instrument is the capillary electrophoresis chip in Schimadzu MultiNA for DNA 
analysis. The MultiNA offers an increased sensitivity and eliminates the need for 
carcinogenic chemicals (ethidium bromide) associated with traditional DNA analysis. It also 
enables automatization. The sample is loaded using pumps across one way of a 4-way 
intersection of microcapillaries. This pumped flow is stopped and a second flow is started 
the other way through the 4-way junction through capillary electrophoresis (applying an 
electric current on the liquid in the capillary) extracting the small portion of sample trapped 
in the junction, Figure 2.4. [98].  
 

 
Figure 2.4: Loading of sample in the capillary chip in MultiNA. First a sample is pumped over the vertical duct 

(a). The flow is then stopped and a current is applied over the horizontal duct creating an electroosmotic flow 

that entrains a certain and precise amount of sample (b) [98]. 

 

2.4.3 Laminar flow 

A laminar flow is a flow where the fluid flows in layers. There no mixing radially because 
there is no disruption between the layers. A laminar flow between two infinite plates can be 
accurately compared to a deck of cards where each card corresponds to one layer. The 
parabolic flow velocity profile described earlier can therefore be compared to a deck of cards 
where the cards closest to the middle of the deck moves fastest. The further away from the 
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centre of the deck, the slower is the cards moving giving rise to a parabolic shape, Figure 2.5. 
[25, 26, 99, 100]. 
 

 
Figure 2.5: Laminar flow velocity profile where v is the flow velocity. 

 
In contrast to laminar flow is turbulent flow where, if single molecules are studied, rapid 
changes in flow velocity and flow direction occur. There are no layers and, hence, there is 
radial mixing of the liquid [25]. Whether the flow is laminar or turbulent is dependent on the 
liquid, flow rate and the size and cross-sectional geometry of the duct. To estimate if a flow 
will be laminar or turbulent the so-called Reynolds number (Re) can be calculated using [21] 
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where Re is the Reynolds number, ρ is the density of the fluid [kg/m3], v is the fluid mean 
velocity (or velocity in laminar flows) [m/s] and ν is the kinematic viscosity [m2/s]. The 
kinematic viscosity depends on the temperature of the fluid [30]. The conversion of flow rate 
to fluid mean velocity and vice versa can be calculated by 
 
9 = v ∗ :,      (2.6) 
 
Where Q is the flow rate [m3/s] and A is the cross-sectional area of the duct [m2]. 
 
The calculation of dead time, or delay time, of a duct can be calculated using  
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Where tdelay is the dead time. 

 
 

Flows with a Reynolds number below 2300 can be expected to be laminar and turbulent when 
Re is over 4200. Flows with Re between 2300 and 4200 are intermediate flows with 
characteristics that is difficult to predict. An illustration of an dye filament in a laminar 
respectively a turbulent flow can be seen in Figure 2.6 [25, 101]. Due to the small scales 
involved, in microfluidics, the flow is typically laminar. 
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Figure 2.6: Osborn Reynolds’ sketch to illustrate laminar and turbulent flows were a) is a laminar flow and 

b) is a turbulent flow. The dye stays as a filament in the laminar flow while becomes mixed radially in the 

turbulent flow. 

 

Because laminar flows do not mix, is it possible to keep two different flows separated even 
though they are in direct contact with each other. The only transfer of molecules from one of 
the flows to the other is due to diffusion and is strongly time and temperature dependent. It 
is also dependent on differences in concentration. If the two flows are in contact only for a 
brief period of time, the diffusion is negligible [100]. If two laminar flows are led in parallel 
through a square duct, they will remain separated until a physical obstacle causes mixing or 
diffusion equilibrates concentrations, unless a change in flow rate or geometry causes a 
transition to turbulent flow. The difference between the two flow rates will determine the 
volume distribution between the two flows. When the flow rates are identical, the two flows 
will flow through equal widths of the duct [23]. These domain geometries can be calculated 
using 
 

A# = B
*C

*C2*D

 , A$ = B
*D

*C2*D

 ,    (2.8) 

 
Where w1 and w2 are the widths of the two flows [m], d is the width of the duct [m], Q1 the 
flow rate of flow one [m3/ s] and Q2 is the flow rate of flow two [m3/s] (Figure 2.7). 
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Figure 2.7: Domain geometries. The relationship between flow rate and width of duct for two parallel 

laminar flows. Image from [23]. 

 
Using equation 2.2 and 2.5, the flows in Isolera Dalton post-column flows gives Reynolds 
number, Re, below 1337 when using pure water at 100 ml/min and 20 ºC. When the fluid is 
one of the most commonly used solvents such as methanol, acetonitrile or acetone are the 
Reynolds number even lower [7]. The flows are hence safe to assume to be laminar. To know 
the nature of the flow is vital in the calculation of for instance pressure loss in the delayloop. 
 

2.5 Areas of concern 
Additional factors to take in consideration when developing novel principles to divert and 
merge flows are the chemical resistance of the materials, the differences in pressure in the 
main flow and the makeup flow, increased dead times and manufacturing costs. 
 
It is difficult to predict all the different samples that are subject for purifications. The 
materials must therefore be chemical resistant to several types of chemicals. Especially to the 
most used solvents such as acetone, acetonitrile and methanol. Using established materials 
already used in the Isolera, such as Polyetheretherketone (PEEK), ensures certain protection 
against chemical-related damage. [102] In those cases when new materials are needed for, 
for instance tubes, it is of importance to make an evaluation of the chemical resistance and 
the suitability of the material for the application. This is however no direct limitation in this 
project, but nevertheless something to bear in mind. The second aggravating fact is the vast 
interval of flow rates in the main flow. This interval is essential for the chromatographs 
flexibility regarding the use of different columns. The differences in flow rates entails vast 
differences in pressure in the main flow. The pressure can be both lower and higher than the 
pressure in the makeup flow. Furthermore, many devices associated with splitting a flow and 
monitoring of pressure and flow rates entails increased dead volumes and times. If the dead 
time is increased between the diversion point and a detector, the retaining of liquid must 
increase in e.g. a delayloop. Mock-ups can be used to aid the estimations of dead times and 
manufacturing costs.  
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3 Material and methods 

3.1 Flow diversion principles and band broadening 
minimisation 

Four different principles for splitting a flow and diverting it to two separate flows will be 
studied closely. These principles originate from both pre-project studies, discussions between 
those involved in the project, and from the initial literature study. The flows in all principles 
are presumed to be laminar. Also, a solution to dispersion in post-column tubes, associated 
with the requirement of longer retaining times due to increased dead times between splitter 
and detector will be studied.   
 

3.1.1 Laminar flow diversion and merging 

The principle of diverting and merging laminar flows was introduced during pre-project 
discussions and research as an interesting possibility. Due to the absence of mixing factors 
in laminar flows, the laminar phenomenon could be used to divert and merge two separate 
flows. As described in equation 2.8, the percentage of a duct occupied by each of two flows 
led through the same duct depends on the flow rates in each flow. If the channel is wider then 
it is deep and Reynolds number below 2300, is it only the flow rate affecting the distribution 
of channel between the two flows. With two flows of equal flow rate, they will occupy the 
same width of the duct. If the entrance and exit junctions of a duct are designed to match the 
flow rate differences, is it possible to build a microchannel system where two flows are led 
into a common duct and then separated again in the exiting ducts without becoming mixed 
with each other. However, if one of the exiting ducts were to become obstructed, both flows 
would leave the common duct together through the other exit. Thereby, one flow is diverted 
from its original flow and mixed with the other flow. If this obstruction is temporary, only a 
certain volume from that flow will be diverted into the other flow. By taking flow rates and 
the obstruction frequency (time between obstructions and the time the duct is obstructed) into 
consideration, a controlled flow split could be obtained, Figure 3.1. The obstruction could 
ether be a MEMS component or a conventional valve. In laminar flows, no mixing occurs 
perpendicular to the direction of the flow besides mixing through time dependent diffusion. 
Hence, it is possible to have two flows parallel in one common duct without them mixing 
with each other. Mixing can instead be accomplished by periodic disturbance of two laminar 
flows.  
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Figure 3.1:  Illustration of the principle of laminar flow diversion and merging. Q1 and Q2 are flow one and 

flow 2 respectively. When flow 1 outlet is obstructed the flow into flow 2 outlet.  

3.1.2 Valve-controlled flow splitting 

To make the design independent of the flow rates, a  principle originating from the technique 
of loading a certain sample volume onto the microcapillary chip in the Schimadzu MultiNA 
was proposed, Figure 2.4 [98]. Instead of using electro osmosis, here, both flows are driven 
by pumps. First, one flow flows through a common duct of a certain volume. Two pairs of 
valves controls both flows entering and exiting the channels. The two pairs work in sync, 
where the entering and exiting valves of one flow open and closes simultaneously. When the 
valves controlling one flow are open, the valves controlling the other flow are closed and 
vice versa. This way, one flow flows through the common duct, filling it when the valves are 
open. The valves close and the second flow controlling valves open. The second flow now 
flows through the common duct bringing the portion of the first flow entrapped in the 
common duct with it. An illustration can be seen in Figure 3.2. Because liquids in general 
are incompressible, the liquid in the blocked duct of one flow will serve as a separator, a 
wall, for the other flow (as long as the material surrounding the channels is sufficiently 
rigid) [26]. There may occur some mixing of the flows in the intersection, but the volumes 
involved would be of negligible. Two different common duct designs can be seen in Figure 
3.3, one Y-channel and one X-junction. If the switching of open valves is carried out at a 
frequency of 1 Hz, and the common duct holds 50 nl of liquid, this would correspond to the 
MRA split ratio in Isolera Dalton. 
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Figure 3.2: Illustration of the valve-controlled diversion and merging principle. Two channels on the same 

plane share a common duct which holds a certain volume, e.g. 50 nl.  At t=0.0 s is the valves labelled “1” are 

closed and the valves labelled “2” are open, hence only one flow is flowing through the common duct. At t= 

0.5 s, the valves “1” are opened and “2” are closed. The second flow flows through the common duct 

carrying the portion of the first flow with it. This is repeated for t= 1.0 s and 1.5 s.  

 
 

 
Figure 3.3: Two types of designs of the common duct for valve controlled splitter, one where the length of the 

common duct determines the volume of the common duct, and a cross junction where this volume is 

determined by the geometry of the channels. 

 

3.1.3 Pump driven flow diversion 

An alternative to disrupting the primary and/or secondary flows to transfer sample, a pump 
could be used to pump a small volume of liquid from one flow into the other. This would, in 
comparison to both MRA-splitting and the two principles mentioned above, result in a 
continuous diversion rather than a periodic transfer of a certain volume. This principle could 
be divided into two sub-principles: indirect pump diversion and direct pump diversion, 
Figure 3.4. The indirect pump diversion principle is basically one diversion pump 
transferring small quantities from one flow to another. To be comparable to the MRA in 
Isolera Dalton, this pump would need a flow rate of approximately 3 µl/min from the first 
flow to the second. The direct pump diversion is basically a “two-in-one” pump where the 
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pump not only diverts the first flow, but also creates the second flow. Again, relating to 
Isolera Dalton, a splitter based on the second sub-principle both replace the MRA and the 
dedicated makeup flow pump. The diverting pumps must however pump the liquid in a 
continuous flow. One way to achieve this is with a peristaltic pump. Pumps that first fill a 
chamber and then empty it, i.e. piston pumps, are obviously unsuitable because the flow 
created does not represent the flow that the pump diverges.  
 

 
Figure 3.4: Two different approaches for pump driven flow diversion and merging. A. One pump transfers a 

small flow from the first flow to the second flow. Both flows are created by separate pumps. B. One pump 

extracting, diverting, a small flow from flow one. It also creates the second flow and merges the diverted flow 

with the solvent in flow two.  

 
The principle of transferring a flow using a pump is quite straightforward. However, to 
transfer a very small mass from one flow to another with the requirements related to 
chromatography flow splitting is not as straightforward. First, the flow must be continuous 
to represent the main flow. If a piston pump is used, a chamber is first filled and then emptied. 
The liquid and its chemical constituents are mixed within this chamber and the order between 
the separated substances is disrupted. Secondly, the dead volume, and especially the dead 
time, in the pump must be kept low. Low flow rates would otherwise lead to long delays. For 
this project, a planar micromachined peristaltic pump principle is proposed. This pump was 
chosen due to its ability to pump a fluid with low flow rate and with low dead time. A 
peristaltic pump is a valve less, positive displacement pump where the pumped liquid (or 
gas) is contained within a tube or channel, and the liquid thereby never comes in direct 
contact with any other parts of the pump [63]. Peristaltic pumps come in a variety of micro 
and macro configurations, where the most common design is a cylindrical rotor with rollers 
pressing outwards on a tube in a rotating motion [64]. The variables controlling the flow rate 
and flow velocity is tube inner diameter and the rotation speed of the rotor. The dead volume 
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and dead time is also dependent on the length of the tube. In order to manufacture a peristaltic 
pump with flow rates of a few microliter per minute and dead times of a few seconds, the 
inner diameter of the tube must be less than a tenth of millimetre, and even then, the tube can 
be no more than a few millimetres long. This is therefore the main limiting variable of the 
peristaltic pump. The tube must also be flexible, to allow the pumping action from where the 
roller compresses the tube. 
 

3.1.4 Variable flow resistor splitting  

Combining the smooth flow of the pump driven diversion with the simplicity of the valve-
controlled flow splitting would, of course, be ideal. This could be possible by using a variable 
resistor to regulate the flow. This splitter could, in its basic form, be a T-junction with one 
inlet and two outlets and with one variable resistor on each outlet (one outlet for the diverted 
flow and one for the main flow towards the delayloop), Figure 3.5. By monitoring the flow 
rate through the resistors (or pressure before and after) the splitter can be adapted to the flow 
rates in the main flow and the physiochemical properties of the fluid. There are, however, at 
least three patent that describes solutions like this principle. Two describing flow splitting 
principles and one regarding thermally modulated resistors [34, 50, 103]. The main concern 
regarding this principle is need for higher pressures in the main flow than the makeup flow. 
If the pressure is lower, the makeup flow will flow backwards through the splitter into the 
main flow. The three flow splitters described in the patents are developed for HPLC, hence, 
the pressure is always higher in the main flow. 
 

 
Figure 3.5: The flow is split through a regular T-junction. The variable resistor A adjust the flow through the 

diverting channel and the resistor B adjusts the pressure to ensure that the liquid diverts in the T-junction. By 

monitoring the pressure before and after the resistors, the flow split ratio can be automatically adjusted and 

adapted to different physiochemical properties of the liquid and pressure situations.   
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3.1.5 Band broadening limitation and demonstration of principles 

Especially the valve-controlled and pump-driven diversion principles involves considerable 
dead times. To compensate for dead times between splitting and detection a flow dedicated 
for a fraction collector must be retained in the system – the longer dead time, the longer the 
flow must be retained. Longer retaining times leads to more band broadening in the retaining 
system (delayloop) which in turn leads to lower yield of purified substances in an instrument.  
One of the main concerns about the different flow splitting techniques mentioned above is 
the increased dead volume and dead time compared to the MRA. There were also some 
concerns about the current delayloop used in the Isolera Dalton due to plans of increasing 
flow rate interval for the main flow. For these reasons, some tests on different delayloop 
designs were of interest. Based on the Taylor-Aris dispersion principle it is therefore of 
interest to test tubes of different inner diameter [24]. Based on the smearing of sample plugs 
and the disruption of the laminar parabolic flow velocity profile described in the literature is 
different designs of delayloops compared to the delayloop in Isolera Nanolink [31–33]. 
Designs that are suggested to minimize band broadening is meandering delayloops and 
delayloops with irregular turns with small radius. Dispersion in straight tubes is also a 
widespread problem or advantage in laboratory equipment such as Isolera Dalton. Hence, the 
band broadening in straight tubes is also of interest to study. Mock-ups, or principal concepts, 
can be used to facilitate the demonstration of the different principles. They can also aid the 
estimation of factors such as dead times and manufacturing costs for possible devices. 
Therefore, mock-ups design is a part of this report.  
 

3.2 Tests devices 

3.2.1 Laminar flow diversion 

To test the diversion and merging of flows using the laminar flow diversion principle, a 
common channel, 2 mm wide and 1 mm deep with two 1×1 mm inlet and outlet Y-channels 
were designed, Figure 3.6. The Reynold’s numbers were calculated for the channels to ensure 
laminar flow using equation 2.2-2.5. A flow of 20 ºC of water at a rate of 0.125 ml/min gives 
Re = 1.4 for the common duct and 2.1 for the inlet and outlet channels. A flow rate of 
0.25 ml/min gives Re = 2.7 for the common duct and 4.2 for the inlet and outlet channels. 
Thus, the flow in the common duct can safely be assumed to be laminar in the entire model. 
The model is aimed to test if one of the two parallel flows in the common duct can be diverted 
by obstructing its exiting channel. 
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Figure 3.6: Y-channel model to test laminar flow split principle. The two inlets are at the top, and the outlets 

at the bottom of the image. 

 
A zigzag-channel was also designed, to test the laminar splitting principle. Two 1×1 mm 
channels with a 90º turn were placed on top of each other, Figure 3.7. In this model two 
intersections are crated were the flows come in direct contact with each other. Since the 
channel dimensions are the same, using the same flow rates as in the model descried above 
the Reynold’s numbers are the same. The model is aimed to test out-of-plane flow mixing, 
through obstruction of one channel. Both the Y-channel configuration and zigzag-
configuration were designed using SolidWorks 2016-2017 Student edition CAD software 
(SolidWorks, Waltham, United States) on an HP Envy computer (Hewlett Packard, Palo 
Alto, United States). 
 

 
Figure 3.7: Zigzag model to test laminar flow split principle 
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3.2.2 Valve-controlled diversion 

As described above, the MultiNA Shimadzu loads a precise volume of sample using a 4-way 
intersection. However, the instrument applies an electroosmotic flow to entrain the sample 
plug. It was desirable to test this principle of using a predefined intersection volume to divert 
a certain volume from one flow to another using pressure driven, valve controlled, flows 
instead. To do this, a 4 ways intersection was designed, Figure 3.8. To test the principle in a 
Y-channel configuration, the model designed for laminar flow diversion was used, Figure 
3.6. 
 

 
Figure 3.8: 4-way intersection to test the valve-controlled diversion principle 

 
 
Pump driven flow diversion 

A peristaltic pump which compresses a micro machined channel in an elastic material has 
been described earlier with MRA comparable flow rates. However, the dead time and flow 
velocity in association with low flow rates is too low to be comparable [104]. In this pump, 
the pumping is achieved by compressing a duct in a folded sheet of elastic material. However, 
in order to increase the flow velocity and decrease the dead time with a maintained flow rate 
in a slightly different type of channel would be of interest to test.  A channel consisting of a 
groove covered with an elastic material, Figure 3.9. In comparison to the channel in the 
described pump is it easier to manufacture small grooves than it is to create small folded 
channels. It is possible to mill a groove with a width in the order of micrometre, and, using 
etching techniques, even smaller grooves can be created. Here, a design is proposed with a 
groove that is milled or etched in e.g. PEEK and covered with an elastic material. When the 
elastic material is compressed it fills out the groove. If the material is compressed at several 
places at once with a certain distance in between and a circular motion a pump effect occurs. 
It is however vital that the groove is obstructed on at least one point all the time to prevent 
backflow.  The test is basically to see if a flow can be crated when rollers compress the elastic 
material in a wavelike motion. The second test is basically to visualise the basic principle of 
diverting a flow using a pump. A syringe is used as pump to divert a flow of low rate from a 
flow with a rate of 12 ml/min through a T-junction. 
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Figure 3.9: Peristaltic pump microchannel configuration. When force is applied downwards on the elastic 

material it fills out the groove as seen in a cross-section view. If the compression is moved along the channel 

it will act as a pump, as seen in a section view of the length of channel. The size of the channel determines the 

dead volume and the velocity of the compression determines flow velocity (v) and flow rate.  

 

3.2.3 PDMS model fabrication 

To test the different principles, physical models of the CAD designs were manufactured in 
polydimethylsiloxane (PDMS). PDMS is a transparent liquid that, with the addition of a 
hardener, cures into a solid, flexible transparent material. It is easy to handle and can be used 
as cast material [105, 106]. The result is channels in a transparent material were flow can be 
studied visually.  
 
The models designed using CAD were printed in ABS plastic with a 3D-printer (M200, 
Zortrax, Poland) to be used as molds. To print the CAD-models, the models were exported 
from SolidWorks as stereo-lithography (.STL) files. The .STL files were imported into the 
software Z-suite (Zortrax, Poland), adjusted and exported as Z-code file, a file format 
compatible with the 3D printer. The print settings used were of high surface and inlay quality 
with a layer thickness of 0.09 mm. The printed models were then glued to petri dishes (VWR, 
Spånga, Sweden), which would serve as the bottoms of the molds, using epoxy glue (Bostik 
Extra Strong, Helsingborg, Sweden). To get an even layer of glue, the glue was applied using 
a roller. The support material on which the models were printed was removed, and the tops 
of the channel molds were coated with epoxy glue and instant glue (Loctite SuperGlue, 
Henkel, Düsseldorf, Germany) to smooth out irregularities in the surface. The top of the 
molds were then grinded in steps using wet sandpaper grit 400, 600 and 1200 and inspected 
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using an inspection microscope (M-series, Leica, Wetzlar, Germany). The next step involved 
gluing rims around the molds onto the bottoms. The rims were 3D-printed in ABS plastic in 
the same way as described above.  
 
At the same time as the making of molds was carried out, PDMS was mixed with hardener 
(Thermo Fisher Scientific, Geel, Belgium) 10:1 and placed in minus 18 ºC overnight. During 
the mixing of PDMS and hardener air was mixed in as well, creating lots of small bubbles. 
These bubbles leave the liquid slowly and the cold prevents the PDMS from hardening during 
this time. The procedure used for PDMS casting is a custom variant of the standard procedure 
used at the department of Engineering Sciences, division of Microsystems at Uppsala 
University.  
 
With the bubbles gone form the PDMS, the PDMS was poured into the molds and hardened 
at 60 ºC in an incubator (IM-series, Memmert, Schwabach, Germany) for one hour. The 
molds were then let to harden in room temperature overnight. The next day, the hardened 
PDMS was separated from the molds. The Y-channel and 4-way intersection castings were 
bonded onto a flat, clean surface with the open channels facing the surface. The zigzag shaped 
model, however, was bonded onto another PDMS casting. The bonding was carried out by 
first activating both the PDMS casting surfaces and the flat bottom surfaces using a Corona 
trigger (Corona SB equipment, Elveflow, Paris, France). During corona treatment is the 
surface properties is changed and electrostatically charged, which increases the bonding 
strength [107]. The two surfaces were pressed together and placed in an incubator at 85 ºC 
for one hour. The finished PDMS channel models can be seen in Figure 3.10. 
 

 
Figure 3.10: The finished PDMS castings. From left to right; Y-channel model, zigzag model and the 4-way 

intersection. 
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3.2.4 Evaluation of principles 

In the laminar flow diversion tests, the channels within the Y-channel PDMS were connected 
using injection needles. The needles were inserted from the side of the PDMS into the 
channels, and secured with adhesive tape. The two needles inserted to the inlet channels were 
connected to two 10 ml syringes on a syringe pump (74900-series, Cole Parmer, USA) 
through 1/16” inner diameter tubes. The syringes were filled with water dyed with food 
colouring (Ekströms, Malmö, Sweden), one with green, and the other with red. The needles 
connected to the outlet channels were lead into a beaker with 1/16” tubes. The tests were 

conducted under a digital USB-microscope (Digital USB-microscope, Dino-lite, Naarden, 
Netherlands) connected to a HP envy laptop using DinoCapture 2.0 software. The first test 
consisted of two flows, both with a flow rate of 0.125 ml/min. One of the outflow tubes were 
periodically manually obstructed. The second test consisted of two different flow rates, 0.125 
ml/min and 0.25 ml/min respectively. The zigzag model test was conducted in the same way 
as the Y-channel described above.  
 
To test the valve-controlled principle, the 4 ways intersection PDMS channels were 
interfaced using injection needles. The test was documented using the digital USB-
microscope, as described above. Manually switched 2-way valves were installed on the tubes 
to the inlets and from the outlets. One syringe was filled with green coloured water and the 
other with uncoloured water. The flows were created by manually compressing the syringes. 
First, the valves on the inlet and outlet tubes connected to one of the channels through the 
intersection were open and the two controlling the other channel were cloed. The green dyed 
water was injected through the channel with a flow rate of approximately 0.1-0.3 ml/min. 
The open valves were then closed, and the other two opened, injecting the undyed water. The 
same procedure was repeated on the Y-channel used to test the laminar flow splitting 
principle. 
 
The principles behind a wide variety of pumps are described in literature. However, two 
pump diversion related tests were of particular interest for this project. First, a simple test to 
demonstrate the diversion of a flow of high flow rate using a pump and a T-junction. The test 
was conducted by connecting a T-junction to a syringe pump loaded with green dyed water 
and set to a flow rate of 12 ml/min. One of the outlets of the T-junction were connected to a 
beaker and the other to a manually controlled syringe. The flow was started and let to flow 
through the T-junction. The manually controlled syringe was then slowly protracted to 
simulate a pump extracting a flow from the main flow at a much lower flow rate.  
  
The second test was of a flat surface machined peristaltic pump principle. A 2 cm long, 
0.2 mm deep and 0.5 mm wide semi cylindrical groove was milled in a 5 mm thick plastic 
sheet.  In each end of the groove were 1.5 mm diameter holes drilled straight through the 
sheet. On the opposite side of the groove two capillary tubes with an outer diameter of 1/16” 

were inserted and glued in place. A 4 mm thick PDMS sheet was glued on top of the groove 
in a way that the groove only came in contact with the surrounding atmosphere through the 
capillaries. One of the capillaries was then submerged in water and the PDMS was manually 
massaged in a wavy motion using a small metallic cylinder (4 mm in diameter) from the inlet 
of the submerged capillary towards the other capillary to test if a groove covered with elastic 
martial could work as a pump. 
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3.2.5 Delayloop evaluation 

The test was primarily to see how much a band of sample smears (is broadened) in different 
configurations of delayloops and with different inner diameter of the tubes. The different 
designs were tested using two different tubes, one with an inner diameter (ID) of 1/16” and 

one with 1/32”. The 1/16” tube length was 2.95 m and to get comparable results the length 
of the 1/32” tube was 11.8 m. The two sets of tubes thereby contained equal volume of liquid 
and the time for the passage of fluid through the tube the same. The first design that was 
tested was a meander loop with inspiration from anti-dispersion meanders in micro channels, 
Figure 3.11 [27, 32, 33]. 
 

 
Figure 3.11: Meandering delayloop 

 
The delayloop currently used in the Isolera Nanolink consists of a long tube with an ID of 
1/16” that is winded around a cylinder in a helix shape. The first turns are winded around a 

cylinder with the diameter of 15mm, but as the tube wraps on itself the diameter increases 
and the last turns have a diameter of 40 mm, Figure 3.12. 
 

 
Figure 3.12: Delayloop used in Isolera Dalton Nanolink. 
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The delayloop in the Isolera is only winded in one direction, as opposed to a meander loop 
that consists of both left and right turns. Hence, the liquid closest to centre of the loop in the 
first turn is closest to the centre in all the followings as well. In the meander loop, the liquid 
closest to the centre in one turn is furthest away from the centre in the next. In order to get a 
representative test of a helix-like delayloop, where the winding is always in one direction, 
one test was conducted on a loop wound around a cylinder with a diameter of 15 mm, and 
one test wound around a cylinder with a diameter of 30 mm, Figure 3.13.   
 
 

 
Figure 3.13: Helix-shaped delayloop principle sketch. A tube winded around a solid cylinder reulting in an 

helix-shaped delayloop.. The diameter of the cylinder is 15 mm in one setup  and 30 mm in another. 

 
The meander loop was further developed to a test where the tubes were winded in figure-8 
loops, Figure 3.14. In this design, there are more sharp turns with small radius on the tubing 
compared to both the meandering and the helix-shaped loop. The sharper turns are expected 
to cause more disturbance to the laminar flow velocity profile. Finally, band broadening was 
measured on straight tubes. 
 
 

 
Figure 3.14: Figure-8 delayloop 

 
To test band broadening of sample in the different delayloops one of the ends of the tubing 
was connected to a three-way valve. To one of the valve inlets, a dual piston pump (Biotage, 
Uppsala, Sweden) was connected and to the other a 1 ml syringe. The other end of the 
delayloop tube was led over a white background and into a beaker. The syringe was filled 
with filtered water dyed with food colourant (3 ml colourant in 27 ml filtered water) (Milli-
Q water purification system, Merck, United States) and the dual piston pump was connected 
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to a reservoir of uncoloured, filtered water. First, the tube was filled with water using the 
pump. Then the valve was switched to the syringe inlet and 0.1 ml of dyed water plug was 
injected to the delayloop. The valve was once again switched to the pump inlet and the pump 
was initiated. The outlet of the delayloop was visually inspected and a timing was started at 
the first sign of coloured water. The timing was stopped when the water turned transparent 
again. This was repeated three times for each delayloop design (and straight tubing), tube 
inner diameter and at two different flow rates, 12 ml/min and 24 ml/min. To test the retaining 
time for the two different tube dimensions, the time between the initiation of the pump and 
the first discharged coloured water was measured for both tubes in a straight tube 
configuration at both flow rates.  
 

3.2.6 Mock-up design and manufacturing 

All mock-ups were initially developed through CAD. For demonstration purposes, CAD 
models were 3D-printed in ABS plastic using the Zortrax M200 printer. Post processing and 
assembling were conducted in a mechanical workshop. Threaded holes were threaded using 
straight taps (Dormer Pramet, Germany) by hand.  
 



Chapter 4- Results 
Degree project: Principles for diverting and merging viscous flows 
 

31 
 

4 Results 

4.1 Evaluation of principles  

4.1.1 Laminar flow diversion 

The test of laminar flow diversion is shown in Figure 4.1. The two laminar flows were kept 
separate in the common duct, as shown in Figure 4.1 a). In Figure 4.1 b), the diverting 
channels are shown. The flow rates are the same in both the left (green) and right (red) flow, 
and separated through the identical outlet channels. When the outlet of the right flow was 
completely obstructed the right flow switched from the right to the left outlet channel. The 
two flows left the common duct through the same channel as seen in Figure 4.1 c). When the 
flow had different flow rates, the flow with the highest flow rate spilled over to the other flow 
outlet a seen in Figure 4.1 d) where the green flow rate was twice as high as the red flow rate. 
The bubbles in the PDMS were not in direct contact with the channel did not affect the flow 
in any way.  
 

 
Figure 4.1: Evaluation of laminar flow split in Y-shaped channels. a): Two laminar flows in a common duct. 

Remains separate, no mixing occurs.  b): Separated flows. Both at the same flow rates (0.125 ml/min). c): 

Obstruction of the right exiting channel. The entire red flow (right) exiting through the same channel as the 

green flow (left flow). d): Different flow rates. The red flow (left) at 0.25 ml/min and the red (left) at 0.125 

ml/min 

 
The tests using the zigzag shaped channel were inconclusive due to leakage at the injection 
needles insertion points and between the two channels. However, cursory tests showed that 
the two flows remained separate through the junctions as seen in Figure 4.2 a) and c). When 
the horizontal flow (red flow) was obstructed, it diverted into the other flow at one or both 
intersections as seen in Figure 4.2 b) and d). The obstructed red flow diverted into the vertical 
channel and was laminar under the green flow. When the channel was seen from the side, the 
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green and red flow were clearly separated with one flow on top of the other. Unfortunately, 
documentation possibilities were limited and no side view pictures were obtained.  
 
When one of the channels was obstructed between the two intersections, the obstructed flow 
diverted into the other channel at the intersection prior to the obstruction. However, the 
increased flow rate in the non-obstructed channel resulted in a diversion in the other direction 
in the intersection past the obstruction. In other words, the flow diverted into the other 
channel at the first intersection and then diverted back into its original channel at the second 
intersection. When the obstruction was after both intersections the entire diversion occurred 
at the first intersection. The flows remained separate when the flow rates were equal, but 
when the flow rate in one flow approached the double rate of the other some diversion became 
visible. In Figure 4.2 a) and b) the flow rate is 0.125 ml/min in the vertical (green) flow and 
0.25 ml/min in the horizontal (red) flow. A small darkening of the red flow to the right 
intersection can be seen due to diversion of the green flow. In Figure 4.2 c) and d) the flow 
rate in both channels are 0.125 ml/min. The figures only show one of the two intersections. 
 

 
Figure 4.2: Evaluation of laminar flow using a zigzag channel. In a) and b) are the rate of flow in the vertical 

flow (green) is 0.25 ml/min and 0.125 in the horizontal flow (red). In a), both flows remain separated through 

the intersection. However, some green colour can be seen in the red flow to the right of the intersection, 

indicating that some of the green flow was diverted into the red flow. In b), are the red flow obstructed after 

the first intersection and diverted into the green flow. In c) and d) are the flow rates in both flows are 0.125 

ml/min. In the horizontal channel (red) was obstructed in d) and diverts into the vertical flow (green).  
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4.1.2 Valve-controlled diversion 

The result from the first valve-controlled principle test conducted is shown in Figure 4.3. The 
channels were initially filled with uncoloured water. In Figure 4.3 a) the valves controlling 
the vertical channel are open and the horizontal valves closed. The flow of the green dyed 
water flows straight through the intersection. However as soon as the pressure in the green 
flow was released, the PDMS, that was under pressure when the flow was flowing, relaxed 
and pressed some of the dyed water to the left and right channel. In Figure 4.3 b)-d), the 
vertical valves are closed and the horizontal open. The uncoloured water flows through the 
intersection and entrails the green coloured water from the intersection. A distinct, parabolic, 
smearing of the sample occurs right away. The time between b and d is less than 2 seconds.  
 

 
Figure 4.3: Evaluation of flow split using a 4-way intersection and valves. In a) the valves controlling the 

vertical channel are open and the valves controlling the horizontal are closed. The flow of green dyed water 

only flows through the vertical channel. In b)-d), the vertical valves are closed and the horizontal open. The 

flow of transparent water entails the content of the intersection. 

 
The second test of valve-controlled diversion principle is shown in Figure 4.4. Initially the 
common channel and the two out channels are filled with uncoloured water, Figure 4.4 a). In 
Figure 4.4 b)-d) the valves controlling the left channel are open and the valves controlling 
the right closed. The green dyed water flows only through the open outlet. In Figure 4.4 e)-
j) is the right controlling valves closed and the left opened. A flow of transparent water 
entrails the content of the common duct through the right outlet channel. The time between 
e) and j) is 3 seconds. In Figure 4.4 i)-m), the left channel is once again opened and the right 
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channel closed. The common duct is once again filled with green dyed water. The time 
between i) and m) is 3 seconds. 
.  

 
Figure 4.4: Evaluation of flow split using a Y-channel configuration and valves. In a)-d) the valves 

controlling the left channel are open and the right closed.in e-j, the left channel is closed and the right open. 

In k-m, the original valve-configuration is restored.  
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4.1.3 Pump driven flow split 

The results from the test associated with pump driven flow split are presented below. The 
initial test to visualise diversion of a flow of low rate from a flow of high rate can be seen in 
Figure 4.5. The tubing was first primed with uncoloured water. The flow through the 
horizontal tube was 12 ml/min and the flow rate in the diverted flow (vertical flow) was 
approximately 0.2 ml/min. The syringe main function was to hold back the flow rather than 
entrain a flow. Hence, the syringe was used more as a restrictor than a pump. In a way, these 
results also show the function of a flow restrictor.  
 

 
Figure 4.5: Simulation of pump driven flow diversion. A main flow of 12 ml/min flows through the horizontal 

tube. The vertical tube is connected to a 1 ml syringe that entrails a flow of low rate. 

 
The test of the function of the groove based peristaltic pump technique is shown in Figure 
4.6. Two Ø 4 mm rods were rolled from one end of the groove to the other to simulate a rotor 
with rollers. The groove was initially filled with air but was still able to pump water from a 
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reservoir. The principle does not only work, but is also self-priming. The pumping a drop of 
liquid illustrated in Figure 4.6 b)-d) was accomplished with four rod strokes. The priming (a-
b) was a bit more time consuming and required ten rod strokes. 

 
Figure 4.6: Peristaltic, groove based, pump test. A groove covered with PDMS is compressed in a wave-like 

motion. In a few seconds, a drop of water was transferred from the blue reservoir, b)-d). Initially the groove 

was filled with air, a), so the pump is self-priming. 

 

4.2 Delayloop evaluation 
The results from the delayloop evaluation are presented in Table 4.1 and Figure 4.7. The 
band discharge times using the 1/16” tubes are considerably longer than the discharge times 
using the 1/32” tubes in all delayloop designs. In general, twice as long. The measured times 
for the 12 ml/min flow rate test were also in general twice as long as the times for the 24 
ml/min flow rates, as expected. Doubled flow rate is halving the discharge time. The flow 
rates non-existing influence on band broadening is clarified in Table 4.2 where the average 
discharge volume is presented. The sample is discharged in the same volume of fluid 
regardless of flow rate. The shortest discharge times were achieved using the 1/32” tubes in 
an 8-shaped delayloop design. The 8-shaped design resulted in discharge times 2-3 times 
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shorter than the straight tube design time where the longest discharge times were measured. 
A distinct parabolic smearing profile were observed. The smearing began immediately after 
the tests were initiated. The average time from the initiation of the pump until the discharged 
water turned green was for the 1/16” tube 29.1 seconds and the 1/32” tube 29.0 seconds at 
12 ml/min flow rates and 14.4 seconds and 14.5 seconds respectively at 24 ml/min flow rates 
 
Table 4.1: Delayloops evaluation results. The average discharge times [s] for sample plugs for five different 

delayloop designs at two different flow rates (12 and 24 ml/min) and two different tube sizes (inner diameter 

1/16” and 1/32”).  
Average discharge time [s] 

  

Flow rate [ml/min], Tube 

inner diameter [inch] 

Meander Ø 30mm Ø 15mm 8-shape Straight 

24 ml/min, 1/32" 3.5 ±0.3 6.7 ±0.5  6.4 ±0.3 2.9 ±0.1 8.9 ±0.7 

12 ml/min, 1/32" 7.3 ±0.1 15.6 ±0.9 16.9 ±0.5 6.3 ±0.2 17.7 ±0.7 

24 ml/min, 1/16" 8.2 ±0.3 11.9 ±0.3 11.6 ±0.4 6.4 ±0.1 12.4 ±03 

12 ml/min, 1/16" 16.3 ±0.6 24.3 ±0.3 23.7 ±0.1 13.4 ±0.4 27.6 ±0.5 

 
 

Table 4.2: Delayloops evaluation results. The average discharge volumes [ml] for sample plugs for five 

different delayloop designs at two different flow rates (12 and 24 ml/min) and two different tube sizes (inner 

diameter 1/16” and 1/32”).   
Average discharge volume [ml] 

Flow rate [ml/min], Tube inner 

diameter [inch] 

Meander Ø 30mm Ø 15mm 8-shape Straight 

24, 1/32" 1.4 ±0.1 2.7 ±0.2 2.6 ±0.1 1.2 ±0.0 3.6 ±0.3 

12, 1/32" 1.5 ±0.0 3.1 ±0.2 3.4 ±0.1 1.3 ±0.0 3.5 ±0.1 

24, 1/16" 3.3 ±0.1 4.7 ±0.1 4.6 ±0.2 2.5 ±0.0 5.0 ±0.1 

12, 1/16" 3.3 ±0.1 4.9 ±0.1 4.7 ±0.0 2.7 ±0.1 5.5 ±0.1 

 
 

 
Figure 4.7: Results from evaluation of delayloops.  Average discharge times for the different delayloops 

designs, tube diameters and flow rates. 
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The use of a smaller and longer tube leads to greater pressure loss due to viscous effects. The 
pressure loss in a 12 ml/min, 20 ºC water flow in a 1/16” inner diameter, 2.95 meters long 

delayloop in Isolera Nanolink is according to equation 2.1 and 2.2 is 0.01 bar. The pressure 
loss in a 1/32” inner diameter, 11.8 metres long tube is 2.05 bar. At a 100 ml/min water flow 
is the corresponding pressure losses 0.32 and 20.22 bar respectively. When using mobile 
phase with more common solvents such as acetonitrile, methanol or acetone at 20 ºC, the 
pressure drop is 2.6, 1.6 respectively 3.1 lower than with water due to the lower viscosity of 
the fluids. The dynamic viscosity for water, acetonitrile, methanol and acetone at 20 ºC is 1, 
0.389, 0.594 and 0.325 mPa × s respectively [30]. The pressure drops in bar per meter and 
for the total lengths of tubes tested in this project are presented in Table 4.3 for different 
solvents, tube inner diameter and flow rates.  
 
Table 4.3: Pressure drop in different tubes dimensions and flow rates for different solvents at 20 ºC. Both the 

pressure drops per meter of tube and the total drop over the length of the tubes tested in this report is 

presented. The tube inner diameter is [in], flow rate [ml/min], ∆p is the pressure difference [bar] and l is 

length of tube [m] 

 
Tube inner diameter, flow 

rate, length of tube 

Water Acetonitrile Methanol Acetone 

∆p / l ∆p ∆p / l ∆p ∆p / l ∆p ∆p / l ∆p 

1/32", 12, 11.8 0.205 2.42 0.080 0.94 0.122 1.44 0.067 0.79 

1/16", 12, 2.95 0.013 0.04 0.005 0.01 0.008 0.02 0.004 0.01 

1/32", 100, 11.8 1.714 20.22 0.667 7.87 1.018 12.01 0.557 6.57 

1/16", 100, 2.95 0.107 0.32 0.042 0.12 0.064 0.19 0.035 0.10 

 

4.3 Suggested solutions - Conceptual mock-ups 
In this section, the basic methods and courses of action in designing conceptual mock-ups 
(principle concepts) are described. The mock-ups were designed and manufactured to 
demonstrate the mechanical size of the different flow diversion principles.  

4.3.1 Laminar flow diversion 

One example of how a laminar flow based flow splitter device could be designed can be seen 
in Figure 4.8. To divert one of the flows, a valve with fast response time is connected to one 
of the two flow outlets. There are several suitable valves available on the market. One 
example is the ASCO PTFE diaphragm valve, series 055 at a cost of circa 800 SEK 
(Appendix 1 – ASCO series 055 valve) 
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Figure 4.8: The diverting unit. A valve connected to one of the flows outlets. The bottom of the unit is block of 

aluminium, and in between the aluminium and PEEK manifold is a sealing sheet. 

 
The channels, and the common duct, is milled in a block of PEEK and connecting channels 
are drilled perpendicular to the surface of the milled channels, Figure 4.9. Flow 1 is the 
makeup flow and flow 2 is a portion of the main flow. The flow leaving the valve is 
transferred to a waste. If the flow rates of the two flows is 0.6 ml/min, a common 1 × 0.5 × 
5 mm (width × height × length) duct and connecting 0.5 × 0.5 × 5 mm channels results in 
Re = 13 and Re = 20 (equation 2.2-2.5). The two flows are therefore safely assumed to be 
laminar. If the holes connecting to the channel have a diameter of 0.5 mm and the thickness 
of the PEEK manifold is 10 mm, the dead time through the device is less than one second 
(equation 2.7). According to equation 2.8 the two flows each occupy 50 % of the common 
duct when using the same flow rates. To seal the channel, a block of aluminium and screws 
presses a sealing sheet on top of the channel. A rough cost estimate for the entire device is 
3000-3500 SEK, where the block of PEEK makes up a large part of the cost [108]. Substantial 
size reduction of the PEEK block is, however, possible. A principal concept mock-up in ABS 
plastic can be seen in Figure 4.10.  
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Figure 4.9: Milled laminar flow diversion channel in PEEK. Inlets and outlets are drilled perpendicular to 

the channels and accessed from the other side of the PEEK block.  

 
 

 
Figure 4.10: A 3D-printed mock-up of the laminar flow based flow splitter in ABS plastic. Common tube 

connectors and regular M4 screws and bolts. 
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4.3.2 Valve-controlled diversion 

Two examples of valve-controlled diversion devices have been developed. There are 
however, several different possible configurations depending on valves. The first example is 
based on four 2-way diaphragm isolations valves at a cost of 500 SEK each (Appendix 2 - 
ASCO series 282 valve) visualised in Figure 4.11 and Figure 4.12. 
 

 
Figure 4.11: First example of valve-controlled diverting unit. On top of the unit, four micro valves are 

mounted.  One pair is responsible for controlling flow 1 and one pair for flow 2. The bottom of the unit is a 

block of aluminium and in between the aluminium and PEEK manifold is a sealing sheet. 

 
Figure 4.12: Exploded view of the valve flow splitting unit.  

 
The heart of the device is the micromachined channels in the PEEK manifold, Figure 4.13. 
The valves are connected to the diverting intersection through holes through the PEEK block 
and a sealing sheet is pressed on top of the intersecting channels using an aluminium block 
and machine screws. The inlets and outlets of the channels are accessed from the side of the 
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PEEK manifold. In this project, two different design for the valve-controlled diversion 
channels have been discussed, Y-channel configuration and 4 ways intersection. In Figure 
4.13, the Y-channel intersecting channel configuration is visualised. The common duct is 0.5 
mm long, 0.32 mm deep, 0.32 mm wide and contains 50 nl of liquid. The two channels that 
constitutes the 4 ways intersection design is 0.4 mm wide and 0.31 mm deep. The intersection 
is therefore 0.4 × 0.4 × 0.32 mm (length × width × depth) and contains 50 nl. Both 
configurations have 10 × 0.5 × 0.32 mm connecting channels and a total of 40 mm, Ø 0.5 
mm holes. The dead time through the device (inlet to outlet) using 0.6 ml/min flow rates in 
both flows is approximately 2.8 seconds. The dead time was calculated using equation 2.7 
and valve data from supplier. A rough cost estimate for the device is 4000-6000 SEK. The 
block of PEEK is smaller than described for the laminar flow based flow splitting device, but 
the manufacturing costs is higher (and difficult to estimate) due to the small sizes of the 
channels. There are companies who offer milling of channels down to widths of 50 µm [109]. 
A principal concept mock-up in ABS plastic can be seen Figure 4.14. 
 

 
Figure 4.13: Transparent view of the channels in a block of PEEK. Milled intersection channels and drilled 

holes. The holes perpendicular to the intersecting channel leads the flow to a valve mounted on the side 

opposite to the intersecting channel. The inlets and outlets are on the side of the block. 
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Figure 4.14: A 3D-printed mock-up of the valve-controlled flow splitter in ABS plastic. Standard tube 

connectors and regular M4 screws and bolts. 

 
The second example of a valve-controlled flow diversion unit is based on four pinch valves 
at a cost of 500 SEK each (Appendix 3 - ASCO series 045 valve) and is visualised in Figure 
4.15. The main differences from the first example is the smaller PEEK-block in which the 
diverting channels are milled, and the externally mounted pinch valves. The pinch valves 
require flexible tubes.  
 

 
Figure 4.15: Second example of valve-controlled flow diversion unit with pinching valves. The valves control 

the flows by pinching a flexible tube.  The PEEK manifold is smaller and do not have any holes straight 

through the block. 
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The channels in the second example’s PEEK block can be made shorter in comparison to the 

first example, and due to the positioning of the valves there is no need to drill holes straight 
through the block. The entire PEEK block can therefore be smaller, Figure 4.16. The dead 
time is approximately 2.3 seconds (equation 2.7). The connecting channels and drilled holes 
are of the same dimensions as described above but only 5 mm and 20 mm long respectively. 
In the calculations of dead time were the PEEK manifold connected to the valves through 15 
mm long 0.5 mm inner diameter tubes. The valves do not hold any liquid, so they do not 
contribute to the dead time in this setup. The rough estimated cost is slightly lower for the 
second example, mainly due to fewer manufacturing steps and lower PEEK consumption. 
The estimated cost for the unit is 3000-5000 SEK. A principal concept mock-up in ABS 
plastic can be seen Figure 4.17. 
 

 
Figure 4.16: Transparent view of the channels in a block of PEEK. Milled intersection channels and drilled 

holes. 

 

 
Figure 4.17: A 3D-printed mock-up of the valve-controlled flow splitter in ABS plastic. Standard tube 

connectors and regular M4 screws and bolts. 
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4.3.3 Pump driven flow diversion 

One basic example of pump driven flow diversion and merging concept can be seen in  
Figure 4.18 and Figure 4.19. The pump can create the makeup flow, divert a small flow from 
the main flow and mix the two flows at once. The device is in other words both flow splitter 
and makeup flow pump. Basically, the pump consists of a sheet of PEEK with milled or 
etched grooves. One small groove with a small radius to divert the main flow and one bigger 
groove with a larger radius for creating the makeup flow. The grooves are covered with an 
elastic material, such as PDMS, and a rotor with rollers compresses the flexible cover 
material in a circular motion, forcing the liquid forward. The pump manifold on the other 
side of the PEEK sheet contains both connecting holes for external tubing and a mixing duct 
where the diverted flow becomes mixed with the makeup flow. If the groove responsible for 
diverting the flow is 0.2 mm deep and 0.2 mm wide, a flow velocity of 1.25 mm/s would be 
required to divert 50 nl/s, equation 2.6. A groove only 10 mm long would result in a dead 
time of 8 seconds, only through the groove, equation 2.7. A rough estimate of the cost, 
excluding motor and pump housing is 8-10 000 SEK where the amount of PEEK is one of 
the largest costs.  
 

 
Figure 4.18: Exploded view of a peristaltic “2-in-1” pump concept. The pump both divers a flow from a main 

flow, creates a makeup flow and mixes the diverted flow and makeup flow. Milled grooves in a PEEK sheet 

covered with elastic material. A disc rotor with rollers compresses the elastic material in a clock-wise 

rotation forcing liquid forward. Drilled holes through the PEEK sheet connects the milled channels with a 

pump manifold. The pump manifold both contains connection for external tubes and a mixing channel where 

the makeup flow is mixed with the diverted flow. 
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Figure 4.19: Exploded view of a peristaltic “2-in-1” pump concept seen form the other side compared to Figure 

4.18. 
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5 Discussion 
 
Flow diverting principles 

Four different principles to divert flows have been presented. To divert a flow using variable 
flow resistors has not been practically evaluated, mainly due to the extensive information in 
the literature and limitations in manufacturing restrictors in this project. It is a technique 
already in use and covered by various patents which proves the functionality of the principle 
[34, 50, 103]. Exactly what these patents comprise and what a company such as Biotage can 
use is a legal question, not included in this thesis. However, the main concern regarding this 
technique is the requirement of higher pressure in the flow that is subject for splitting than 
the flow to which the mass is transferred to. In many applications, such as Isolera Nanolink, 
the pressure is not always higher in the main flow than in the makeup flow. The use of 
restrictors to aid other principles is nevertheless a possibility as will be discussed below.  
 
The tests conducted in this report shows the functionality of the different principles. To keep 
two flows separated in a common duct relying on the laminar flow principles and periodically 
merge the two flows by obstructing one of them temporarily is possible. The zigzag did keep 
the flows separated even when the flow rates differed some from each other. However, it was 
more difficult to see both flows because they were positioned on top of each other. When a 
small part of one flow diverted into the other it was hard to see. How much of the common 
duct in the Y-channel that was occupied by each flow clearly followed the theory described 
in the literature, Figure 2.7 [23].  
 
The valve-controlled principle results also proved their functionality. There seemed to be less 
dilution of the concentration in the stationary flow adjacent to the intersection area in the Y-
channel than the 4 ways intersection. This is visualized in Figure 4.3 and Figure 4.4. In the 4 
ways intersection, the colour of the stationary flow closest to the intersection is less green 
with the uncoloured water flow entrained the sample plug. This dilution of colour adjacent 
to the intersection is less distinct in the Y-channel.  
 
The basic test on the pumped flow diversion principle gave no surprising results. It merely 
visualised the flow diversion through a T-junction. As mentioned above, there is a variety of 
different pumps and solutions regarding the functional parts of a pump. In this report one 
peristaltic “2-in-1” pump is presented and the pumping principle demonstrated using a simple 

PDMS covered groove design.  
 
Both the laminar flow splitting and the valve-controlled flow splitting requires diverted flows 
of certain and controllable flow rates. In the laminar flow splitter, both flows must be of the 
same rate to remain separate through the device. The makeup flow is controlled by a separate 
pump and the limitations set by the MS. To ensure equal flow rates of both flows, the flow 
rate in the diverted flow must be controlled and monitored. The use of variable restrictors in 
combination with laminar flow splitter is one possible solution. In the valve-controlled 
diversion it is of interest to control and monitor the flow rate in the diverted flow as well. 
There is no requirement for the same flow rate in both flows through the device, but because 
the diverted flow goes to waste and hence lowering the yield of substances through the 
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instrument the rate of the diverted flow must be kept as low as possible. The diverted flow in 
the laminar flow splitter also goes to waste and must be kept low. For a flow rate of 12 ml/min 
in the main flow, the diverted flow may only be 0.24 ml/min in order to obtain a yield of 
98 % through the system. This, in turn, increases the dead times, especially through the valve 
controlled splitter. A flow of 0.24 ml/min would increase the dead time in the suggested valve 
controlled splitter design to 7.5 seconds. The channels in the laminar flow splitter could be 
designed differently to compensate for the lower flow rate. The channels could be adapted to 
one flow of 0.6 ml/min and one 0.24 ml/min according to equation 2.8. Because the flow rate 
in the main flow depends on the user and can vary greatly, the restriction of diverted flow 
rate must be automatically adjustable. When the pressure in the main flow increases, the 
restriction of diverted flow must increase. The viscosity of the flows also affects the flow 
rate. Through feedback from sensors, this can be compensated for by automatic adjustment 
of pumps and restrictors. The principle using a pump to divert a flow is independent of the 
flow rate in the main flow. The pump itself works as a restrictor.  
 
The mass transfer in all principles described can be adjusted regardless of the flow rate of the 
makeup flow, besides the “2-in-1” pump driven flow diversion. The obstruction frequency 
in the laminar flow splitter and the frequency of the valves in the valve-controlled splitter 
can be adjusted regardless the rate of flow in the makeup flow. The adjustment of the resistor 
in the flow resistor principle is also independent of the flow rate of the makeup flow. 
However, the ratio between flow rate in the diverted flow and the makeup flow in the “2-in-1” 

pump configuration is fixed. If the mass transfer increases, the flow rate of the makeup flow 
increases with it. But if two separate pumps are used, one for diversion of flow and one for 
the makeup flow, is it possible to adjust the ratio between the mass transfer and the makeup 
flow.  
 
A comparison between the different principles are presented in Table 5.1. 
 
Table 5.1: List of advantages and disadvantages of the four principles described in this report 

Principle Advantages Disadvantages 

Laminar flow split 

Cheap, Small design, Space 

efficient, 

Robust 

Sensitive to differences in flow rates,  

Separate control and adjustment of  

incoming flows needed,  

Separated flows goes to waste 

 

Valve-controlled 

splitter 

Cheap, Small design, Space 

efficient,  

Robust 

Separate control and adjustment of  

incoming flows needed,  

Increased dead time,  

Separated flows goes to waste 

 

Pump driven splitter 

Continuous flow split, "2-in-1" 

solution,  

Flow rate independent 

Difficult to realize with  

low dead times and robust design 

 

 

Variable resistor 

splitter 

Continuous flow split, Space 

efficient 

Patent protected 
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Mock-ups 

All mock-ups designed for the laminar, valve-controlled and pump driven flow diversion 
principles, together with the test results, shows the possibilities for development of feasible 
concepts. The mock-ups were mainly developed to demonstrate the principles, but also to 
enable rough cost and dead time estimates. The laminar and valve-controlled mock-ups 
presented in this project could be directly developed into a testable concept. The peristaltic 
pump mock-up on the other hand is further away from a testable concept. The conclusion is 
also that it would be difficult to realise a pump driven splitter with characteristics comparable 
to the MRA through a macro sized pump. The concept of using a pump to divert a flow have 
many advantages such as continuous flow splitting and easy to control split ratios. 
 
The main advantages with the laminar and valve-controlled devices is that they can be made 
small and space efficient. Even though both requires a separate makeup flow pump, the actual 
splitting of the main flow can be carried out close to the detector. The shorter splitter-to-
detector connecting tubes would reduce the necessary retaining time of the main flow in a 
delayloop. The main advantage with the pump-driven flow dispersion is the possibility to 
build a “2-in-1” solution that replaces both the splitter and the separate makeup flow pump, 
both associated with substantial costs. It also splits the flow continuously which gives a more 
representative reflection of the composition of substances flowing in the main flow. 
Continuous flow-splitting would eliminate problems associated with sampling frequency and 
errors in the processing of data associated with the Nyquist-Shannon sampling theorem.  
 
There are some concerns about the pump driven diversion in the “macro” form presented in 

this report – the long dead time and manufacturing difficulties. There must be at least one 
roller compressing the groove or tube at every given time to prevent backflow through the 
pump. The shorter the groove or tube, the closer together must the rollers be on the rotor. A 
few millimetres long groove would require very small rollers, positioned very close to each 
other. A rotor with those requirements and with tolerable strengths and reliability would be 
difficult to manufacture. A pump splitter based on the principle, demonstrated in this reports’ 

pump splitter mock-up, would have an 8 seconds dead time through a 10 mm long groove. 
Shorter dead times in a “macro” peristaltic pump would be very difficult to achieve. The 
principle to transfer a small mass from one flow to another using a pump is very appealing. 
However, in order to realise the principle in a device would most definitely require the 
implementation of MEMS. There are to date, as far as the literature analysed in this project 
suggest, no suitable MEMS pumps available. No MEMS pumps are capable of pumping at 
rates of a couple of millilitre per minute at a satisfactory flow velocity and capable of 
withstanding the pressures in a chromatograph. Although, the development rate of MEMS, 
MEMS fabrication techniques and MEMS associated materials is rapid. MEMS pumps 
described in a review articles 2008 [80] are more efficient than pumps described in a review 
from 2002 [59]. The MEMS development rate also increases as the market grows, and the 
market is growing rapidly [110]. The implementation of MEMS in future laboratory 
equipment is most likely inevitable. Besides the use of MEMS to divert a flow, will the use 
of these micro devices lead to more energy, solvents, sample and space efficient instrument. 
As an example, built in MEMS components such as sensors and valves are capable of 
reducing dead volumes and dead times significantly [82, 93]. However, many solutions are 
protected by patens and the manufacturing procedures well kept secrets. Collaboration with 
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e.g. University institutions is one way for a company such as Biotage to gain access to 
valuable knowledge and techniques.  
 
The mock-ups in this report is mainly based on PEEK as material for parts in direct contact 
with the fluids. To seal, a sealing sheet of rubber is pressed against the top of the channels in 
the PEEK material. This is most likely not the best solution due to several reasons. The 
sealing material must have good chemical resistance, especially against the most common 
solvents. It is also a risk that the sealing material is pressed into the shallow channels and 
obstructing them. The sealing of channels could be achieved the same way the two discs in 
the MRA are sealed. Instead of a block of aluminium pressing a sealing sheet of rubber 
against the channels could a block of e.g. Teflon be pressed hard against the PEEK block. 
There are also examples of micro channels milled (or etched) in glass (or glass like materials 
such as PMMA) and then sealed through the annealing of another piece of glass on top of the 
channels. The result is channels seemingly inside a solid block of glass  [111–113]. One 
example of a micro channel inside a sheet of glass is the micro channel chip used in the 
Schimadzu MultiNA described above [98]. In other words, the use of MEMS associated 
manufacturing techniques can be used to manufacture micro channels.   
 
Commonly for the laminar, valve-controlled and pump driven diversion is the increased dead 
times in comparison to the MRA flow splitter. The dead time from the instant the MRA 
transfers a mass from the main flow to the makeup flow till the transferred mass reaches the 
MS is approximately three seconds. This dead time is solely the time which the mass moves 
through the tubing between the MRA and MS. The rough dead time estimations for the 
splitting devices described in this report, excluding the transport time through connecting 
tubes, is in the same order as the entire dead time using an MRA. The dead time in the pump-
driven diversion is almost 3 times the MRA. Smaller splitting devices could enable the 
positioning of the splitting process closer to the MS. This would reduce the dead time in 
connecting tubes. Nevertheless, if one of the principles for diverting a flow described in this 
report would be of interest to replace the MRA, is it necessary to look over the retaining 
procedure in the Isolera Nanolink. Even if the connecting tubing can be shortened through 
repositioning of the splitter. As suggested by the result from the delayloop evaluation, other 
delayloop designs can reduce the dispersion in the retaining system with up to 75 % in 
comparison to the delayloop design like the loop currently used. Reduction of the dispersion 
in the delayloop enables larger dead times associated with the flow splitting and mass 
transport. Furthermore, in non-continuous splitting devices such as the MRA, laminar or 
valve-controlled flow split is it best if the tubes connecting the splitter and MS are as straight 
as possible. Straight tubes entail the largest dispersion if compared to helix like or meander 
like delayloops. As mentioned earlier is dispersion between a non-continuous flow splitter 
and a detector desirable.  
 
There are numerous ways to utilize the principles to split flows for both the laminar, valve-
controlled and pump driven diversion principles. The main purpose with this project was not 
to develop detailed, working, concepts but basic mock-ups. For example, the pump in the 
pump driven principle must not necessarily be a peristaltic pump and the device obstructing 
the laminar flow must not be a valve. The presented mock-ups in this report is based on 
regular sized valves. With the use of MEMS can the principles be utilized in devices smaller 
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and with lower dead times than the mock-ups presented here. There are micro valves 
described the literature suitable to use in both the laminar and valve-controlled mock-ups. 
For instance, there are examples on active built in micro valves with fast response times and 
close to zero dead volume [82].  
 
There was some concern about increased pressure in a system comparable to Isolera Dalton 
due to the restriction of flows through small channels in the valve-controlled mock-up. If the 
hydraulic diameter of a tube is decreased at some point along a tube (like a bottleneck), the 
pressure upstream that obstruction increases (see the Venturi effect) [25]. Especially the 
channels through the valve-controlled splitter is smaller than the regular connecting tubes. 
No FEM simulations were included within this project. However, the two pairs of channels 
through the stator disc in the MRA have cross sectional areas of 0.75 mm2 and 0.11 mm2. 
The cross-sectional area of the smallest channel in the valve-controlled splitter is 0.1 mm2. 
If the flows through the valve-controlled splitter is 0.6 ml/min, the increase in pressure caused 
by the channels is comparable to the increased pressure caused by the smallest channels in 
the MRA. It would, in other words, most likely be no problem.    
 
Another concern is regarding differences in viscosity of the solvents that could be used in the 
laminar flow splitter. To ensure correct split ratios in a device based on the laminar principle 
mentioned above, is it vital to monitor the flow rates or pressure in the two flows. If a gradient 
of solvents is used in a flow, i.e., the concentration of one solvent is slowly increased and the 
other slowly decreased, the viscosity of the fluid is changed. To ensure correct split ratio 
must the flow rate of the flow to the splitter therefore be automatically adjusted so the flow 
rate through the splitter is constant. If the viscosity decreases will the flow rate increase and 
vice versa. If one of the two flows flow rate through a laminar splitter differs from the other 
will the splitter malfunction.   
 
The cost to buy a MRA and incorporate it into a system and the frequent services due to high 
wear is substantial. The basic mock-ups, especially the laminar and valve-controlled splitters 
suggest that a device based on those principles can be manufactured for a more reasonable 
price. Due to few moving parts and because there are no surfaces rubbing against each other, 
the wear should be low. It would in other words be possible to develop more dependable 
splitters.   
 
Delayloop 

The less distinct band broadening in delayloops with irregular curves and small radius bends 
in comparison to straight tubes, is basically due to the impact on the friction in the fluid. In a 
sharp curve, the friction is affected differently in the inner and the outer curve. The shearing 
between the layers in the laminar flow is affected, disrupting the parabolic flow velocity 
profile [25]. This in turn lowers the Taylor-Aris dispersion. The results obtained in this report 
are well comparable to conclusions in the literature [33]. Irregular turns with small radius is 
the best design to avoid band broadening where small figure-8 winding is slightly better than 
meander winding. A helix-shaped winding around a cylinder also gives less broadening of 
the band in comparison to a straight tube. The diameter of the helix does however not affect 
the band broadening substantially. The flow rates in a retaining system does not affect the 
band broadening either, as suggested by the discharge volumes presented in Table 4.2. The 
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results from the delayloop evaluation further shows the tube dimension impact on band 
broadening. The smaller the tube inner diameter, the smaller band broadening. This is in line 
with the Taylor-Ars dispersion theory [28]. However, in order to retain a flow in a small tube 
as long as in a bigger tube, the tube length must be longer. The tube must contain the same 
volume. The 11.8 m long 1/32” tube have approximately the same retaining time as a 2.95 m 
long 1/16” tube. Unfortunately, both the inner diameter of the tube and the length affects the 

pressure drop, as described in equation 2.1. When the flow consists of water at 20 ºC, 
100 ml/min, the pressure drop is only 0.32 bar in a 1/16” delayloop. In a corresponding 
delayloop with a 1/32” tube the pressure drop is 20.22 bar. The drop is, however, much lower 
using liquids with lower viscosity, such as acetone. It is obviously necessary to use a tube 
dimension that results in a tolerable pressure drop. Regardless of the tube inner diameter, the 
band broadening can be reduced using a delayloop winding with irregular curves with small 
radii. However, it must be pointed out that the testing of delayloops in this project were a bit 
arbitrary. The time was started when the discharged water visually turned green. But still, the 
vast difference in discharge times between the different delayloops designs and tube 
dimensions clearly indicates that there in fact is a significant difference in band broadening 
in different delayloop deigns. The effect on band broadening of different lengths of the same 
tube was not tested. However, both time and length of the tube are factors of importance in 
the Taylor-Aris dispersion theory [28]. It is likely that the longer the tube, the more the band 
is broadened. 
 

Manufacturing of PDMS test models 

The manufacturing of PDMS models were quick and relatively easy. The need for expensive 
equipment was almost non-existent. The equipment used were a 3D-printer and an oven. The 
only special equipment used was the corona trigger. However, the use of 3D-printed molds 
were not optimal. There was air trapped within the printed structures, air that formed bubbles 
in the PDMS during hardening of the gel. Luckily, the bubbles did not affect the test results. 
It was also some extra work associated with 3D-printed molds, such as grinding. There are 
even easier ways to manufacture PDMS molds. Instead of plastic 3D-prints, thick adhesive 
tapes can be used. The channel mold is cut out of an adhesive tape and attached to the molds 
bottom, just like the 3D-prints were glued. Nevertheless, the manufacturing of PDMS test 
model is rapid and easy even though the manufacturing took a bit longer time than expected 
in this project. It is in other words, an excellent way to manufacture test models at a low cost.  
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6 Conclusions 
All four principles descried in this report are possible to implement in a flow splitting device. 
However, only the laminar and valve-controlled principles have potential to be developed 
into flow splitters with characteristics comparable with the MRA. The manufacturing costs 
could be kept low and with long service intervals. Yet, to be able to implement one of these 
two principles into a flash chromatograph, additional components must be used to adjust the 
flow diverted from the main flow to the splitter. For instance, a variable flow resistor together 
with a pressure meter could be used to ensure correct flow rates. Furthermore, studies on 
models with the correct scale are needed. This to ensure the increase in pressure through the 
small channels in the valve-controlled splitter is tolerable and to see what time of obstruction 
in laminar flow splitter gives desirable mass transfers. As implied earlier, there are numerous 
ways to implement the principles into working concepts and several different materials is 
possible to use. A concept development is therefore desirable to decide which solution that 
could be the best. 
 
The variable flow resistor principle has been proved to work in earlier studies. However, the 
use in a flash chromatograph is questionable, due to the variation of pressure in the main 
flow, which can be both lower and higher than in the makeup flow. With the use of well 
thought through manifolds and check valves could it be possible to ensure a constantly higher 
pressure in the main flow. But the focus on the diversion with variable resistors was low in 
this project due to the patents covering this principle.  
 
The principle with a pump driven flow diversion is appealing. The diversion would be 
continuous, easy to adjust and easy to monitor. Unfortunately, the principle would be difficult 
to realise through a concept as the presented mock-up. To get a splitter with characteristics 
comparable to the MRA must the pump be very small but still be able to work against a 
pressure of a couple of bar. The flow rate must be low, but to keep the dead time low must 
the flow velocity be high (approximately one centimetre per second). A macro pump as the 
presented mock-up is nearly impossible to meet the desired requirements. The use of 
microelectromechanical systems could be a solution. The development of MEMS is rapid. A 
MEMS pump capable of pumping a liquid with rates and velocities required by a 
chromatograph could be available in a couple of years. 
 
The MRA is the dominant device for flow splitting in flash chromatographs on the market to 
date. To be able to replace the MRA or in other ways come up with a solution to lower the 
cost associated with the flow splitter is important. The company that could reduce the cost 
associated with the flow splitter and extend the service intervals would get a competitive 
advantage over other LPLC manufacturers.  
 
In the event of new splitting technique, it may be necessary to increase the retaining time in 
a delayloop. If the retaining time is increased, is it of great importance to lower the band 
broadening in the delayloop in order to keep the yield high. Even if no new splitter is 
developed and incorporated into a flash chromatograph, it may be necessary to improve the 
delayloop. For instance, if the rate of flow in the main flow is to be increased, the volume 
must also increase to maintain the retaining time. Unfortunately, it is impossible to draw any 
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conclusions regarding the magnitude of the band broadening when the length of the tube is 
extended from the results in this report. Further testing on tubes with the same diameter but 
of different lengths is therefore desirable. Nevertheless, it is likely that a longer delayloop 
tube means more band broadening, both due to the increased length of the tube but also due 
to the increased throughput time. A longer tube also means longer waiting times using low 
flow rates. A delayloop tube adapted for a 3 seconds retention time of, e.g, a 200 ml/min flow 
would result in a retaining time of 50 seconds if the flow rate is 12 ml/min. Both the increased 
waiting time and increased band broadening could motivate the use of two delayloops. One 
for lower flow rates and one for higher flow rates. This would unfortunately be a bulkier 
alternative, requiring more space.  
 
If a new delayloop were to be designed, further testing would be necessary. Even changing 
the winding of the delayloop would influence the band broadening. By injecting a sample in 
the delayloop and measure the length of the band both in the beginning and end of the tube 
using two UV-detectors would result in more reliable results. The results would also be easier 
to compare with each other with fewer error sources. As mentioned, the smearing began 
immediately after the initiation of the pump. Maybe the band broadening is affected by the 
development of a laminar flow and acts differently in different tube diameters. In the case of 
an MRA splitter is the sample injected into a fully developed laminar flow. By comparing 
the band in the beginning and end of a tube and calculate the difference would give data 
independent of the initiation broadening. Furthermore, if smaller tubes are used in a new 
delayloop, the increased pressure needed due to the increased pressure drop must be 
evaluated. As discussed above, smaller diameter tubes mean longer tubes, and long, small 
diameter tubes mean larger pressure drop. A tube diameter resulting in, for the application 
tolerable pressure drop, must therefore be used. 
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Appendix 1 – ASCO series 055 valve 
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Appendix 2 - ASCO series 282 valve
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Appendix 3 - ASCO series 045 valve 
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