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Highlights

Multilevel simulation study of viscous heating effects at pressures up to 2500bar
Effective conductivity values calculated for the materials most commonly used in LC
Halving radial temperature difference requires doubling the bed conductivity

Only structures with connected enhanced conductivity cores can achieve this

Ultra-low conductivity column walls can alleviate viscous heating effects as well
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Abstract

We report on a numerical study of the thermal conductivity and temperature distribution in analytical
packed bed and monolithic HPLC columns to assess the feasibility of a number of potential solutions to the
viscous heating problem that would normally impede high efficiency separations when moving to extreme
operating pressures (e.g., 2500 bar). Computational fluid dynamic (CFD) simulations were employed to
study heat transfer on three hierarchical levels of the column: meso-pore level, through-pore level and
column level. At the first level, realistic values were determined for the conductivity of the porous zone
(koz), depending on the internal structure of the porous zone and the mobile phase used (acetonitrile, water
or a mixture of both). These ky,-values were in turn used at the second level to determine realistic values
for the effective conductivity of the bed (keg). It was shown that the presence of a solid core only has a
minor effect on the packed bed conductivity. Using highly conducting materials as core material can be
expected to maximally lead to a 60% increase in bed conductivity. Contrarily, in monolithic beds, the
presence of a core material would form one continuous phase of highly conducting material, thus greatly
enhancing the conductivity of the bed. At the third level, the temperature field in the entire column (bed
and column housing) was resolved for three typical boundary conditions: isothermal, adiabatic and still-
air oven. The effect of different physical properties (inlet pressure, mobile phase composition, bed
conductivity, wall conductivity and column ID) on these temperature fields was investigated. It was shown
that, theoretically, besides 1mm ID columns also “core-shell monoliths” can provide a solution to viscous
heating (by increasing the bed conductivity). Other possible solutions are proposed and discussed.

Keywords: viscous heating; thermal conductivity; Computational Fluid Dynamics; core-shell particles;
UHPLC; high pressure
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1. Introduction
To decrease analysis time and improve separation performance, a reduction in particle size is the most

straightforward method in liquid chromatography. However, to operate sufficiently long columns packed
with these smaller particles (sub-2um), increased operating pressures are required. For a fixed column
length and flow rate, pressure drop increases with the inverse particle size squared (1/d,2). When working
at the optimal velocity, which increases with 1/d,, the pressure increase is even proportional to 1/d,3. The
much larger operation pressure in current state-of-the-art ultra-high performance LC instruments (1200-
1500bar), requires to consider the thermal effects that result from pumping a liquid through a porous
medium. This so-called viscous heating or viscous dissipation of the mechanical energy increases the
temperature T of the mobile phase, column bed and hardware (wall, fittings, frits). The heat either exits
the column at its outlet (giving rise to axial temperature gradients) or through its wall (giving rise to radial
temperature gradients) X7\, In the limiting cases, all generated heat is either stored in the liquid (perfectly
adiabatic conditions, large axial temperature gradient), or removed through the wall (perfectly isothermal
column wall, large radial temperature gradient) *>7). Under practical LC conditions, where the column
hangs in a thermostatted compartment filled with air, the thermal boundary conditions will fall in between
these limiting cases, resulting in both axial and radial temperature gradients, with their amplitude
depending on the flow conditions around the column (still or forced air oven). For a fixed operating
pressure, the amplitude of the axial gradient depends mainly on the employed solvent (heat capacity),
whereas the radial gradients depend on the square of the column radius, the flow rate and effective
thermal conductivity ket of the column bed (particles + inter- and intra-particle mobile phase). The effects
of viscous heating can strongly be reduced by using capillary columns ® however, in practice, standard
column formats (2.1-4.6mm) still account for the vast majority of the LC market ©°. A considerable amount
of work has already been done in literature concerning the potential solutions to this viscous heating
problem. However, most of these studies used a theoretical model (Zarichnyak) to estimate the thermal
conductivity of the packed bed. A recent computation fluid dynamics study from our group showed this
model is invalid for core-shell particles under the conditions prevailing in liquid chromatography *?. These
simulations also showed that one of the previously proposed solutions, i.e. the use of core-shell particles
with a super-conducting core, cannot be expected to give more than a 50 to 60% increase of the thermal
bed conductivity, even when using core materials such as cupper or gold which have a conductivity that

is orders of magnitudes larger than silica.

In the present study, we use the same computation fluid dynamics approach to assess the level of bed
conductivity enhancement that would be needed to keep the axial temperature increase and the radial
temperature gradients within affordable limits when contemplating the use of pressures exceeding the
currently available maximal commercial instrumentation pressure, i.e. in the range of 2000-2500 bar. In
addition, we also address the question whether the required enhancement is feasible or conceivable with

existing materials or column fabrication procedures.
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For this purpose, a numerical heat transfer simulation study was conducted at three hierarchical levels:
i) meso-pore level
ii) through-pore level (=packing level)

iii) column level

The simulations at the meso-pore level are conducted to first determine the effective heat conductivity
(kpz) of meso-porous silica, which is the material used in the vast majority of the currently employed
chromatographic media (particles, silica monolith). To represent the microscopic details of the silica
backbone making up the meso-porous materials, two general classes of non-porous solid phase structures
were considered: i) consolidated packings of contacting spheres and ii) sponge-like monolithic skeletons.
The first class represents the type of meso-porous materials obtained by agglomerating smaller nano-
spheres. The second group is used to represent the type of meso-porous materials obtained via spinodal
decomposition sol-gel processes. In the packed sphere case, a variety of different packing geometries is
possible (face-centered cubic (fcc); body-centered cubic (bcc); simple cubic (sc); random sphere packing,
see Figs. 1a-d). In each of these packing arrangements, the packing density (generally described using the
porosity €) is fixed by the requirement that the particles need to be in contact with each other in order to
form a stable material. In the monolithic skeleton case, the porosity € can, at least conceptually, be chosen
as an independent variable. To represent this type of geometry, we used the Tetrahedral Skeleton Model
(TSM) introduced by our group in ¥, based upon a unit cell mimicking the tetrahedral bonding structure
in a diamond lattice. By varying the width and length of the skeleton branches, this geometry can
represent a very wide range of porosities, including the typical value of €=0.6 to 0.65 of most underivatized
silica-gel materials. To broaden the range of investigated geometries, we also considered the case of the

co-called inverted TSM, wherein the solid and liquid regions of the standard TSM are swapped.

In the second part of the study, targeting the macroscopic packing level, the effective conductivities of
the meso-porous media obtained in the first part are combined with the effective conductivity of the
mobile phase mixtures typically employed in liquid chromatography to calculate the overall thermal
conductivity (kerr) of the chromatographic bed. This is done in the absence as well as in the presence of an
interstitial flow. We also considered both fully porous and core-shell chromatographic media, as well as

III

both particulate beds and monolithic skeleton beds. In case of a monolithic bed, the “core shell” case

consists of a fully solid skeleton (the core) covered uniformly with a layer of meso-porous material.

In the third part of the study, the kes-values obtained in part two are used in a whole-column model to
calculate the steady-state radial and axial thermal gradients one can expect in a typical metal-tube based
commercial chromatographic column for UHPLC (dimensions 2.1x50mm) for the three “classic” thermal
boundary conditions (isothermal, adiabatic and still-air oven) and for varying degrees of the thermal
conductivity of the packing material. This allows to quantify which magnitude of thermal conductivity (and

hence also which type of materials) would be needed to keep the thermal gradients within affordable
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limits when considering running columns at pressures in the 2000 to 2500 bar range. Next to an increase
of the bed conductivity, a number of other potential solutions to alleviate the viscous heating temperature

gradients are discussed as well.

2. Numerical methods

2.1 Geometries and grid

Fig. 1 shows all geometries used for the conductivity simulations at the meso-pore and through-pore level.
The column geometry (including detailed dimensions) used in the third part of the study can be readily
viewed from temperature contour plots shown in Fig. 7 further on. These dimensions were determined
by measuring a number of widely used commercial columns and rounding the resulting average value.
Furthermore, some small simplifications of the actual design (e.g. the assumption of cylindrical symmetry
for the column end-fitting pieces) were made as a compromise between required computational effort

and gain in extra information.

In all considered spherical core-shell materials, a relative core radius p=0.63 was used. This yielded a
volume fraction of shell material of 0.75. For the tetrahedral skeleton a relative core radius p=0.45 was
used. This yields the same volume fraction of shell material of 0.75 in the €.=0.60 case and a slightly
different fraction (0.73) in the £.=0.39 case.

On the meso-pore and packing level, all ordered sphere packings contained at least 8.5 x 10° cells. All TSM
geometries contained at least 1.9 x 10° cells. Both types of geometries were meshed with mainly
tetrahedral cells, and inflation was used to ensure smaller, triangular prism shaped cells near the
core/shell interface and shell/liquid interface as here the highest velocity and temperature gradients
occur. The sizing of the mesh cells was such that quadrupling the number of cells had an impact of less

than 0.1% on the measured effective conductivity.

“The random packing contained 3.2 x 10° tetrahedral cells, resulting in 2.4 x 103 cells per particle. Cells
sizes were smallest near the interfaces. As a grid check, the SC packing was meshed with the same settings
as the random packing (also yielding 2.4 x 10® cells per particle) and used with some typical material

conductivities, resulting in a maximal error on the effective conductivity of 1.2%.”12%

On the column level, all geometries were meshed with at least 220.000 rectangular cells. In the packed
bed, smaller cells were used (as compared to the column wall and end fittings) to accurately calculate the
velocity profile and cells were smaller in the radial direction (as compared to the axial direction), because
in this direction velocity and temperature gradients are higher. Inflation was used to ensure smaller cell
sizes near the bed/column wall interface, because in this region the highest velocity and temperature
gradients are present. Halving the cell size in both axial and radial direction led to a change in the reported

temperature differences (ATrad,bed, ATaxbed, ATaxcol, S€€ later) of less than 0.2%.
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2.2 Simulation procedures

Simulations of the effective conductivity at the meso-pore and through-pore level were carried out using
the same steady-state method described and accurately validated in 29, In brief, the energy equation
(which describes the conservation of energy principle) *? was solved using the finite volume solvers of
Ansys Fluent to find the steady-state temperature field resulting from two opposite boundaries at
constant, but different temperature. This allows reporting the heat flux through the geometry. The
analytical solution (derived from Fourier’s heat transfer law) describing the heat flux through an infinitely
wide slab of finite thickness and consisting of a homogeneous material with thermal conductivity ket was

used to find the value of kes that correctly predicts this reported heat flux.

Simulations of the temperature distribution at the column level were carried out under steady-state
conditions as well. Conservation equations for mass and momentum (to solve the velocity field) were
solved together with the equation for energy conservation (to solve the temperature field). All equations
were solved simultaneously because the velocity and temperature field are coupled (through viscous

heating and through the temperature dependency of density and viscosity).

Liquid viscosity was put at Newtonian. The velocity fields were obtained by solving the Navier-Stokes
equations using the coupled pressure-based steady state solver with a Least-Squares Cell-Based gradient
evaluation and a second order upwind interpolation scheme for the momentum and second order for
pressure. All velocity profiles were calculated by imposing a fixed pressure at the inlet and outlet.
Temperature fields were obtained using a second-order upwind spatial discretization. Spatial gradients
were again evaluated using the Least-Squares Cell-Based method. The meshing density was typically on

the order of 800 cells/mm?.

Pressure inlet and pressure outlet boundary conditions were used, with a range of different inlet
pressures, while the outlet pressure was fixed at 1 atm. The mobile phase inlet temperature was 298.15
K. The base of the column geometry was assigned an axisymmetric boundary condition. This makes that
this 2D geometry behaves as a 3D geometry with cylindrical symmetry. At the interface between the fluid
zone and capillary or column wall (subsequently in the inlet capillary, cone, frit, packed bed, frit, cone and
outlet capillary) a no slip boundary condition was used. All capillary and column walls were assigned the
properties of stainless steel (k=16.3 W(m.K)). At the outer boundaries of the capillaries and column wall
three different thermal boundary conditions were used: adiabatic boundary conditions to mimic a
perfectly insulated column, isothermal boundary conditions (Twai=298.15 K) to mimic a perfectly
thermostatted column and natural convection boundary conditions (Trom=298.15 K) to mimic a still-air

oven. Natural convection coefficients were calculated according to Eq. 10 from Churchill and Chu (1975)
[13]
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Three different liquids were used as mobile phase: pure water (H,0), pure acetonitrile (ACN) and a
40/60(v%/v%) ACN/H,0 mixture. Density and viscosity of these liquids as a function of temperature and
pressure were taken from National Institute of Standards and Technology (NIST) database in case of water
and from Billen et al. ¥ in case of ACN and the ACN/H,0 mixture. Data was fitted to provide the solver
with a continuous function of pressure and temperature. In ** data is only reported for pressures up to
1000 bar, hence for higher pressures these data were extrapolated. The expansion coefficient a(p,T) was

calculated from these fitted functions as:

19p (1)
) T)=—-—
a(p,T) o aT
wherein p is the density of the liquid. Thermal conductivity (k) and isobaric heat capacity (C,) were taken

at constant p (1 bar) and T (298.15 K).

Table 1. Mobile phase thermal properties

Mobile phase liquid k [W/(m.K)] Cp [J/(kg.K)]

H>O 0.611 4181.3W

ACN 0.19¢? 2233.6%)

40/60(v%/v%) ACN/H0 0.41@ 3785.8 ©
(1) NIST

(2) Hulse et al., 2004. [13]

(3) Kolker and Safonova, 2010 [16]. In case of the mixture, the C, value was determined by linear
interpolation between the two closest mixture compositions.

(4) By interpolation between pure H,0 and ACN, according to Jamieson et al. 7] with a=1.

While the mobile phase is ‘pushed’ through the system, energy originating from the effected pressure
work is dissipated in the system. Part of it is absorbed during the expansion of the mobile phase liquid,
while the remainder leads to the heating of the mobile phase liquid. Eq. (2) gives the pressure work done

per unit of time per unit of volume (W) in an infinitesimal control volume in cylindrical coordinates.

W= <6(uxP) N la(rurP)> (2)

0x r or

+ P24 P—Lbu—+
0x ox or "% or r

( apP ou, Ju, dapP Pur)
= ux

In which P is the local pressure and ux and ur the axial and radial velocity components.

This pressure work term multiplied with aT, in which o is the thermal expansion coefficient, gives the

amount of energy absorbed by the thermal expansion and hence the remaining energy, available for

heating is [8!;

( dapP N du, ou, 4 aP N Pur) a o
Yx o ox ar Yor *
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A user defined function (UDF), that allows to incorporate this expression in the energy balance as an extra

energy source term was used.

All simulations were performed with the finite volume solvers of Ansys Fluent, version 17.1 from Ansys,
Inc. This software was used on Dell Power Edge R210 RackServers each equipped with an Intel Xeon x3460
processor (clockspeed 2,8 GHz, 4 cores) and 16 Gb, 1333 MHz ram memory and Windows server edition
2008 R2 (64-bit) as operating system.

3. Results and discussion

3.1 Simulations at the meso-pore level

In this section, heat conductivity simulations were carried out at the meso-pore level, considering binary
media consisting of an impermeable silica network (the silica backbone) whose interstices are filled with
a liquid medium (the mobile phase zone) as depicted in Fig. 1. The obtained conductivity values represent
the effective conductivity k,, of the meso-porous zone in silica materials when filled with the mobile phase
liquids typically used in LC. Given the thermal conductivity of alkyl chains/Cis (kc1s=0.15W/(m.K)) is not
too different from that of the typical mobile phases being used in chromatography (typically ranging
between kn=0.61 W/(m.K) for pure water and 0.19 W/(m.K) for pure ACN), and given that in most cases
the alkyl chains anyhow make up only a fraction of the stationary phase layer, the latter is assumed to be

an integral part of the mobile phase zone.

Fig. 2 shows how the obtained effective conductivity curves monotonically decrease with increasing .
This increase can be understood as a direct consequence of the fact that an increase in € inherently implies

a decrease of the fraction of silica and the fact that silica has a markedly larger conductivity (ksio,=1.40

W/(m.K)) than the mobile phase.

It can also be noted that the effective conductivity curves shift upwards when the conductivity of the
mobile phase (km) increases. This increase is less than linearly proportional because the mobile phase only
makes up part of the material. For the same reason (effect of km is damped by presence of silica material),
it is obvious to observe the effect of kn, is smallest in the structures with the lowest external porosity €

and gradually becomes larger when ¢ increases, i.e., with increasing fraction of mobile phase.

Another observation from Fig. 2 is that the geometrical details of the structure have a smaller effect than
the porosity. For the TSM and inverted TSM-models, this even holds to such an extent that both structures
produce nearly perfectly overlapping curves (cf. black solid and open symbols). The difference between
the tetrahedral skeleton structures (connected black data points) and the sphere packings (isolated blue

and red data points) is also relatively small, reducing to virtually nothing when the mobile phase
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conductivity is large (blue data points nearly coincide perfectly with the black data point curves for the
case of kn=0.58 W/(m.K)). Not surprisingly, the kn=0.58-case is the one where the geometrical details
matter least, as this is also the case where the difference in conductivity between the solid and liquid
phase is smallest. When the mobile phase conductivity is small (cf. position of red data points with respect
to black data points for kn=0.21 W/(m.K)), the particulate bed geometry produces effective conductivity
values that are about 10-15% lower than the tetrahedral skeleton. This effect can be owed to the higher
degree of connectivity in the tetrahedral structure as opposed to the limited contact area between the

individual particles in the consolidated particle packing.

3.2 Simulations at the packing and through-pore level

Moving up one level, the present section considers the effective heat transfer occurring at the level of the
interstitial space and the particles (or skeleton branches in case of monolithic media). The overall
conductivity calculated at this level is hence representative for the effective conductivity ket of the
chromatographic bed. In these calculations, the ky,-values obtained in the previous section are used to
represent the thermal conductivity of the meso-porous zones of the particles or the skeleton branches.
For the thermal conductivity of the mobile phase liquid in the interstitial space, the well-established values
for water and acetonitrile are used. Both the pure liquids as well as a 40/60(v%/v%) ACN/H,0 mixture

were considered. For the sake of brevity, most presented results are for water.

First, the effect of the presence of a convective flow in the interstitial space was investigated. As can be
noted from Fig. 3, the effective bed conductivity of a 2 um particle bed can only be expected to be
significantly influenced by the presence of a convective heat transfer component when the fluid velocity
exceeds 10 cm/s. These are values that are normally never reached in chromatography. All subsequent
calculations have therefore been conducted assuming a zero velocity in the through-pores, in agreement

with the assumptions made in earlier work 9,

As already stated, Fig. 2 shows that the ky,-value of a typical silica sol-gel material (for which the internal
porosity before coating is around £=0.6 to 0.65) is typically of the order of k,,=0.5 to 0.9 W/(m.K).
However, to cover the widest possible range of ky,-values, the simulations performed in Figs. 4-5 were
carried out over a range that is significantly broader (0.2< kp, < 2) than is accessible with silica as the
support material to offer a more general view on the relation between the ke of the bed and the kp, of
the mesoporous silica material. Fig. 4 compares the effective bed conductivity ke for two sphere packing
cases: a perfectly ordered one (fcc packing with a porosity of €=0.24, Fig. 4a) and a randomly packed one
(Fig. 4b) with a porosity of €=0.39 as typically encountered in packed bed columns. Fig. 5 shows the kes-
data for two distinct tetrahedral skeleton model cases, resp. with an external porosity of €=0.4 and 0.6.
The first value was selected to enable a direct comparison with the packed bed of spheres, while the

second value is more typical of actual silica monolithic beds 2%,
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Considering first only the black curves (=no core) in both Fig. 4 and 5, it can be observed how kes increases
with increasing conductivity (ko;) of the packing material, as physically expected. Again, this increase is
weaker than linear because the meso-porous material, i.e., the region where the variation in kp; is actually
imposed upon, only makes up a fraction ¢ of the total bed, while the conductivity of the mobile zone
(remaining fraction 1-¢g) is kept invariant at kn=0.58. For similar reasons, it is also obvious to see that the
increase of ket with kp, is steepest for the material with the highest solid fraction (fcc with £€=0.24, fig. 4a)

and weakest for the material with the lowest solid fraction (TSM with £=0.6, fig. 5b).

On a side note, it is also interesting to observe that, in the absence of a solid core (=black data in Figs. 4
and 5), the porosity effect is significantly larger than the effect of the packing shape, as can for example
be witnessed from the fact that the €=0.39-packed bed and the £=0.39-tetrahedral skeleton model (resp.
Fig. 4b and Fig. 5a) basically lead to identical kef-curves, while structures of the same type but with

different ¢ lead to significantly different kes-values (compare Fig. 4a with 4b or compare Fig. 5a with 5b).

The most striking observation from Figs. 4 and 5 is made when considering the data points corresponding
to the presence of a non-porous, high conductivity core (=gray symbols and curves). In 1% it was already
observed and explained that the use of particles with high-conductivity cores can only be expected to
have a limited effect on the overall bed kes. This is confirmed again in Fig. 4, showing that, for example,
the presence of a solid silica core only changes the effective bed conductivity over that of a bed of fully
porous particles with some 10% to 15% in the practically relevant range of ky.-values (ranging from 0.8 to
1.1 W/(m.K) in case of water as a mobile). Even when contemplating the use of Al,Os- or Cu-cores, with a
conductivity that is respectively 29 and 285 times higher than that of a silica core, the increase in effective

over-all bed conductivity is nowhere larger than some 50 to 60%.

Whereas Fig. 4 is for pure water, we found it also instructive to investigate the changes in ket with varying
core conductivity for pure ACN as well as for a mixture with some intermediate composition, somewhat
arbitrarily chosen at 40%/60%(v/v) ACN/H-0, as this leads to kes-values situated somewhere midway the
kest Of pure water and that of pure ACN. The results are shown in Fig. 6, again confirming maximal gains
canin all three cases never be expected to become larger than some 55%. The course of the three curves
is nearly identical (relative plots nearly perfectly overlap, data not shown). The vertical difference between
the curves can hence be fully attributed to the differences in conductivity of the mobile phase, with the

highest conductivity mobile phase (pure water) producing the highest kes, as physically expected.

On the other hand, the use of a high conductivity core material clearly would have a much stronger effect
in the monolithic bed case (Fig. 5), as the computed kes-values are roughly one order of magnitude larger
thanin the core-shell particle bed cases (compare y-axis scale with Fig. 4). The straightforward explanation
for this difference is that in the spherical particle case the high conductivity cores are isolated from each
other by the less conductive shells and can hence not form an interconnected high conductivity path

through the column. In the monolithic case, on the other hand, the core backbone inherently forms a fully
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interconnected structure, such that any higher conductivity automatically carries over the entire length
of the bed.

Comparing the €=0.39 and £=0.6 -monolithic structures (Figs. 5a-b) shows the £€=0.39-case leads to higher
ket-values than the €=0.6-case. This can again be explained by the higher fraction of highly conductive

solid material in the £=0.39-case.

3.3 Simulations at the column level

Finally, moving to the whole-column level to address the main research question of our study, the kes
values calculated in the preceding sections are used to calculate the temperature distribution profiles that
can be expected in conventional metal tubing-based 5cm columns operated at pressures up to 2500bar.
Fig. 7 shows the results obtained at 2500bar for the three different considered thermal boundary
conditions. In general, the temperature contour plots are very similar to the ones already obtained in
literature at lower pressures 71921231 They display similar shape, but higher absolute temperature
values. This implies that the main effect of the higher inlet pressures employed is due to the accompanying
increased viscous heating, while secondary effects resulting from the high temperatures and pressures
(density and viscosity changes) do not lead to a specific deviation from the thermal behavior observed at

lower pressures.

Similar to what is already well-documented for lower operating pressures 67192123 ‘the jsothermal lines
in a column operated at 2500 bar still substantially run in the axial direction when the column is operated
in a thermostatted environment (Fig. 7a). Some small deviations from a perfect axial uniformity can be
seen (mainly at the inlet of the bed), but these can essentially be attributed to entrance effects and the
presence of the endfittings and the metal inlet tubing, details that were not included in earlier work. In
the adiabatic case on the other hand, the isothermal lines substantially run in the radial direction (Fig. 7b),
reflecting that here the temperature mainly changes in the axial direction, again in agreement with the
situation at lower pressures. The small radial gradient that can be observed despite the adiabatic
conditions is caused by the fact that the adiabatic wall conditions are imposed at the outer mantle of the
metal tubing, leaving the possibility for an internal heat flow running from the end to the front of the

column along the metal tubing "\,

Fig. 7c shows that the overall temperature distribution under natural convection conditions (representing
the practical conditions in a still-air oven) lies much closer to the adiabatic case than to the isothermal
case. Since the temperature difference between the inside of the column and the environment is smaller
at the start of the column, the radial temperature gradients are the smallest at the inlet and increase

towards the end of the column. This is again similar to the situation observed at lower pressures [©7:1921-
23]
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3.3.1 Column-level temperature gradients

Comparing the results of all conducted whole-column simulations in a more quantitative way, Fig. 8 shows
a plot of the axially-averaged radial temperature difference (ATradped, S€€ EqQ. (5)) measured across the
packed bed part of the column as a function of the radially-averaged axial temperature difference (ATax bed,
see Eq. (4)) for different inlet pressures for the case of a 40/60 (v/v) ACN/water mixture (very similar
curves are obtained for pure water and pure ACN-cases, see Fig. 1 and 2 of SM). As a side note, it should
be remarked that, when changing the pressures, it was opted to keep the flow rate constant at 0.5 mL/min
(measured at column inlet). With also the column length fixed, this implies gradually decreasing column
permeabilities (corresponding to ever decreasing particle sizes) are considered when the pressure was
ranged from 500 to 2500bar. Under the presently adopted conditions of a fixed bed length L=5m and flow
rate F=0.5mL/min, the particle sizes corresponding to these different pressures respectively correspond to
1.53um at 500bar, 1.22um at 750bar, 1.04um at 1000bar, 0.82um at 1500bar, 0.69um at 2000bar and
0.59um at 2500bar. Other assumptions are certainly possible, but it was considered that keeping the
permeability constant would lead to flow rates that would become impractically large when reaching the
highest pressures. Higher pressures can obviously also be used to make longer columns, but in that case
the viscous heating problem is less important (F decreases with increasing L and consequently the amount

of produced heat Q=F.AP decreases).

In Fig. 8a, ATragped is plotted versus the axial temperature difference between the column in- and outlet
(ATaxcot). This is the axial temperature increase measure that is experimentally most easily obtained (by
inserting a thermocouple in the in- and outlet stream of the column) and therefore used in many studies
on viscous heating. In Fig. 8b, the x-axis coordinate represents the axial temperature establishing over the
packed segment of the column only (ATaxbed). This is the chromatographically more relevant measure, and
will hence be used in the remainder of the study. Since the temperature in the bed varies with both the
axial and radial position, it should be noted that the reported AT.xpes Was calculated by taking the
difference between the average (mixing cup) temperature at the bed inlet and outlet and AT agbed by
taking the average along the total bed length of the temperature difference between the center and outer

region of the bed.

o _ ~ beed,outp' Cp.T.u.e.dS fsbed,in p.Cp.T.u.e.dS ()
ATax,bed - Tbed,out - Tbed,in - -
J:gbed,out P Cp' u.e.dS beed,in p- Cp' u.e.dS
fOL(Taxis — Twau)-dx
ATrad,bed = i (5)
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With, T the mixing cup temperature, p the density, C, the heat capacity, u the x-velocity, ¢ the bed
porosity, S the cross sectional area of the bed, L the length of the bed, T.xs the temperature at the axis of

the bed and Tuai the temperature at the interface between bed and column wall.

First considering the plots of ATr.dbed VErsus ATaxcol (Fig. 8a), the isothermal boundary condition case
clearly leads to the physically expected behavior: no significant change in temperature along the x-axis,
while the radial temperature difference across the bed consistently increases with increasing pressure.
Hence the near-perfectly vertical progression of the data points. The adiabatic boundary condition on the
other hand produces the strongest axial temperature increase while the radial T-gradient is smallest.
However, and despite what is physically expected for an adiabatically insulated system, the AT aq,beq-values
are not negligible and steadily increase with increasing pressure. This is due to the already mentioned
heat backflow in the metal column mantle. This backflow establishes because in practice the adiabatic
wall condition can only be applied on the outer wall of the metal tubing, such that part of the heat can
still radially escape from the chromatographic bed region. The natural convection case shows a behavior
that is very similar to the adiabatic case, but with a AT aq,ed VErsus ATaxcol -relationship that has a roughly
two-fold higher slope. In both cases (natural convection and adiabatic), the relationship between AT .q bed

and ATax ol is close to linear.

Comparing Fig. 8a with Fig. 8b, where the x-axis represents ATaxped instead of ATuxcol, it readily becomes
apparent that the axial temperature differences across the bed (ATaxbes) are considerably smaller than
those measured across the entire column, with roughly ATaxped = 60% 0f ATaxcol. Or in other words, about
40% of the measured temperature increase occurs in the metal endfitting pieces. This shows the reduction
in retention caused by the viscous heating is significantly less than one would expect when determining
the axial temperature increase by inserting thermocouples in the in- and outlet flow. Taking the case
represented in Fig. 8 (40/60 ACN/H,0 mixture, Fi,=0.5mL/min, L=5cm), the axial temperature across the
bed itself would be limited to some 18°C at 2500bar under still air conditions (=natural convection), rather
than the 32°C measured across the column. Taking a typical retention enthalpy of 7,5.10° J/mol this
corresponds to a decrease in retention between front and end of the bed of some 15%, whereas the
across-column temperature difference would one make to assume a 25% loss in retention capacity
between in- and outlet. Although the course of the curves in Fig. 8b is very similar to those in Fig. 8a, they
show a distinct upward curvature, as the values on the y-axis are the same as in Fig. 8a, where ATaxcol
increseases almost linearly with AP, but AT.ped increases slower (due to an increasing fraction of the
removed heat being lost in the large surface area column endfittings). Plotted versus ATaxped, the
isothermal case now also displays a small axial temperature difference. This temperature increase is
eliminated in ATaxco as this heat is lost in the narrow outlet tubing due to conduction to the column

endfitting.
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Whereas the data shown in Fig. 8 were for a 40/60 ACN/water mixture, it should be noted the slope of
the ATradped VErsus ATaxped-cuUrves strongly depends on the composition of the mobile phase. This is shown
in Fig. 9, where the mixture data already shown in Fig. 8 are compared to those obtained for pure water
and pure ACN. This is done for both the natural convection (Fig. 9a) and the adiabatic thermal boundary
condition (Fig. 9b). In both cases, there is a considerable increase of the slope of the ATiagped VeErsus
ATaxped-curves when going from the purely aqueous to the purely ACN mobile phase, with the 40/60
ACN/water mixture lying in between both extremes. The increase in slope with increasing ACN-fraction
can be understood from the decrease in radial conductivity of the packed bed due to the much lower
thermal conductivity of ACN compared to water. The increase in ATaxped iS On the other hand related to
the combined effect of the difference in mobile phase heat capacity, the amount of generated heat
(proportional to flow rate and pressure drop) and heat lost to the environment. In the adiabatic case (Fig.
9b), the ATr.4,bed-values are clearly smaller than in the natural convection case, but remain very significant
and display a similar relative dependency on the mobile phase composition. The data also show that
developing solutions to create the perfect adiabatic environment for the column are not sufficient if

nothing is changed to lower the backflow of heat along the metal column wall.

Please note that the change in mobile phase considered in Fig. 9 is made under the assumption the
permeability of the bed at a given pressure is kept identical to that of the ACN/water-mixture. This implies
the flow rates in the pure water and the pure ACN-case no longer correspond to F=0.5mL/min but are
changed inversely proportional with the change in viscosity, yielding a 1.56-2.28 times higher flow rate in
the ACN case and a 1.06-1.17 times smaller flow rate in the H,0 case (depending on the inlet pressure and
thermal boundary conditions). The results obtained for the case where Fi, is kept constant for every
considered liquid composition and every pressure is shown in the SM (Fig. S3). As can be noted the effects
are qualitatively similar, but less outspoken as cases with the same inlet pressure now also represent a

same amount of heat generated.

While the pressure coordinate in Figs 8 and 9 has been eliminated by directly plotting ATradbed VErsus
ATaxped, the corresponding plots of AT adbed VErsus AP and ATaxbed VErsus AP are respectively shown in Figs.
10 and S4 of the Supplementary Material (SM). Fig. 10 shows ATadeq increases linearly with increasing
AP up to the highest considered AP (Pearson's correlation coefficient>0.999), with the slope depending

on the mobile phase composition and thermal boundary conditions.
The nearly linear relationship with AP allows to conclude that moving to a 2500bar operation would simply

double the radial temperature gradient compared to working at a currently typical maximal pressure of

1250bar. Fig. 9 shows that at 1250bar AT adbed in @ 2.1 mm column can be expected to be of the order of
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0.75°C for pure water, some 1.5°C for the ACN/water mixture and some 2.5°C for pure ACN. The loss in
column efficiency these temperature differences are generating is something the chromatographic
community has, out of necessity, learned to live with. Considering now that a doubling of the inlet
pressure would double the radial temperature differences, it follows immediately that, in order to bring
these differences back to the current level, a solution needs to be found that could halve the difference

again.

3.3.2 Bed conductivity enhancement solutions
In this and below section, it is investigated what solutions could exist to halve the radial temperature

gradients in a 2.1x50mm column operated at 2500 bar, or even reduce it below that level.

A solution already suggested in literature would consist of using particles with an enhanced thermal
conductivity 4. Grinias et al. showed experimentally that the presence of a “regular” solid silica core
impacts the thermal behavior and efficiency of chromatographic columns 2%, To investigate this, Fig. 11
shows how the AT.qbed VErsus ATaxped-CUrves can be expected to vary if the thermal conductivity of the
bed could be increased. Data are shown for the 40/60 ACN/water-mixture (Fig. 11a) as well as for pure
ACN (Fig. 11b). The pure water case is not considered, as the radial thermal gradient problem is less

stringent. The observed effect is furthermore very similar to that of the two other considered fluids.

The first important conclusion from Fig. 11 is that, within the investigated range of considered kef-
increases, the increase in ket has nearly no effect on the axial temperature difference, while the radial
temperature difference decreases following a nearly perfect inversely proportional relationship with keg:

ATrad,bed ~1/Kest (6)

A second important conclusion is that roughly a doubling of ket would be needed in order to bring the
ATrad,ped at 2500bar below its current value experienced at 1250bar (levels indicated by dashed horizontal
lines). As can be noted from Fig. 6, this is not possible with particulate beds (maximal enhancement=55%),
while such a doubling would be easily within reach if a monolithic bed structure consisting of a highly
conductive core could be produced. As can be seen from Fig. 5, the thermal conductivity enhancement of
monolithic structures can easily amount up to even a factor of 40, due to the strong degree of axial

connectivity of the monolithic structure.

3.3.3 Other solutions

Next to enhancing the radial heat transport, another way to suppress the creation of radial gradients, at
least conceptually, would be to replace the highly conductive metal of the column wall with a less
conductive material to stop the radial heat losses at the column inner wall instead of at its outer wall.

Provided such a material possessing the required mechanical properties can be found, this would
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eliminate the aforementioned problem of the backflow of heat leading to the relatively large radial

gradients under perfect adiabatic conditions observed in Fig. 8 and 9b.

The effect of the conductivity of the column tube wall is investigated in Fig. 12, where the natural
convection and adiabatic case data for the 40/60 ACN/H,0 mixture obtained in a metal tubing column
already shown in Fig. 11a (solid red line in Fig. 12) are compared with the temperature gradient values
one can expect when the entire column (wall + endfitting pieces) would be made in a material that is

approximately 4, 16, 64 and 256 times less conductive than what is typical for stainless steel.

In agreement with one’s physical expectations, making the column wall less conductive indeed leads to a
reduction of the radial temperature gradient. Since in steady-state, the produced heat needs to leave the
column anyhow, the reduction of the radial gradient is inevitably also accompanied by an increase of the
axial temperature gradient. From a practical point of view, the most interesting data set is the one for
kwai=0.25W/m.K as this is representative of a column that would consist entirely of PEEK. As can be noted,
such a column would suffer much less from radial temperature differences than a metal column
(ATrad,bed=0.66 °C instead of 2.13 °C for a stainless steel wall column operated at 2500bar under natural
convection conditions). For the case of a 4-fold wall conductivity reduction (certain metal oxides such as
Al and Zr-oxide or rock like materials such as quartz, marble and granite have thermal conductivities in
this range), the effect on ATndped is still limited. It is only if a material with a 16-fold reduction
(kwar=1W/m.K, representative of traditional low thermal conductivity ceramic materials ?!) is being used

that ATradped could be brought under 1°C (in case of natural convection).

Whereas increasing the thermal conductivity of the bed has barely any effect on the axial temperature
gradient (ATaxped, See Fig. 11), the use of low-conductivity column walls clearly leads to a significant

increase of the axial temperature increase. This is clearly a drawback of this approach.

The adiabatic-case data in Fig. 12b display a similar pattern, albeit the use of the lower conductivity
materials now really drives ATraq,bed to values <0.1K, showing that if a change to a less conductive column
wall material could be combined with a perfect adiabatic operation (as would obtained when surrounding
the columns with a vacuum jacket as proposed by Gritti ?”)), the radial temperature gradients would be
reduced to a level where its effect on column band broadening would be truly insignificant. The increase
of the axial temperature gradient is however more pronounced than in the natural convection case shown

in Fig. 12a.

Since an integral PEEK column cannot be expected to withstand high internal pressures without
deformation, except when conceiving impractically thick column walls, we also found it instructive to

investigate whether it would suffice to coat only the inner wall of a metal tube with a thin (100 um) PEEK
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layer (keeping the column ID constant), using the PEEK layer for thermal insulation and the surrounding
metal tube for mechanical strength. As can be noted from the position of point A in Fig. 12, the effect of
the thin PEEK layer is relatively small and only lowers ATragped With some 17% (compared to the 69%
decrease of an integral PEEK column. This is due to the fact that the heat transfer resistance of the thin
layer is insufficient to block a sufficient part of the radial heat transfer, such that there remains a
significant backflow of heat along the metal part of the wall. In an integral PEEK column, not only the
radial heat transfer is blocked to a much more significant extent (column wall is about 20 times thicker
than 100 um PEEK layer roughly leading to a 12 times larger thermal resistance), but also the axial back
flow of heat is suppressed to a much larger extent (conductivity of PEEK is about 64 times less than that
of stainless steel). As can be noted from interpolating between points C and D, a 100 um thin insulating
layer would need to be made of a material that is 36 times less conductive than PEEK (and hence 2324
times less conductive than stainless steel) to obtain the same degree of radial temperature gradient

reduction one could obtain if it would be possible to use an integral PEEK column.

Finally, comparing the black curve data (Imm column) with the other data (2.1 mm columns) in Fig. 12
shows that the most simple and straightforward approach to abating the viscous heating band broadening
still consists of resorting to thinner columns. Obviously, the field is not ready for this yet, given the ongoing
debate about the feasibility to pack high quality 1mm columns 222! as well as the requirement to move

to a micro-flow instrument in order to use these columns without extra-column band broadening losses.

Conclusions

Whereas the production of spherical core-shell particles with a high conductivity core can only be
expected to produce a relatively moderate increase in the bed conductivity, the simulation with the core-
shell monolithic structure conducted in the present study shows that the only way to use high conductivity
solid cores to effectively abate the viscous heating problem in UHPLC at pressures above 2000 bar is by
using structures where this solid core forms one uninterrupted path throughout the entire bed, as is the
case in the presently considered idealized tetrahedral skeleton model structure. Whether or not it will
ever be possible to produce such structures having the required small domain size (order um) is however
an open question. Simulations conducted at the column level showed that the bed conductivities of such
structures can be high enough to alleviate the radial temperature gradients in the bed and offer a solution
to the viscous heating problem, while the bed conductivities attained by using spherical core-shell
particles with a high conductivity core were too low. An alternative approach, being the use of low
conductivity wall materials, was investigated. It was shown that this approach also led to reduced radial
temperature gradients. Besides practical considerations (e.g. mechanical strength), another downside of
this approach was that the lower AT.g was inevitably accompanied by an increase in AT This is
disadvantageous, because it induces an extra loss in retention and unpredictable selectivity amongst

other effects %31, As predicted by theory, the most simple and straightforward solution to abate viscous
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heating obviously is a reduction of the column ID, as shown by the 1mm ID simulations conducted at the

end of this study. This solution however still requires the development of column packing procedures that

work as well as for 2.1mm ID columns 28! and a new generation of instruments with further reduced extra-

column volumes and dispersion sources as well as with an increased pressure rating.
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Figure captions

Figure 1. Unit cells of different ordered sphere packings (a-c), unit cell of the random sphere packing
considered in Section 3.2 (d) and unit cells of the tetrahedral skeleton model geometries considered in
Sections 3.1 and 3.2 (e,f). All sphere and branch radii are 1.00 um. The corresponding unit cell lengths (in
direction of the temperature gradient) and porosities (g) are indicated in the figure. Core material: black,
porous zone: grey, mobile zone: transparent blue. In case of fully porous structures, the core material was

assigned the same properties as the porous zone (shell).

Figure 2. Effective conductivity for porous layers made up of TSM structures (®) or inversed TSM
structures (<), for a range of porosities and different mobile phase conductivities. Red cubes (M) are FCC,
BCC, SC packings at closest packing porosity and a random packing (g.=0.39) for kn=0.21 W/(m.K). Blue
cubes (M) are same packings with kn=0.58 W/(m.K).

Figure 3. Flow-dependency of relative effective conductivity (kest/Kefru=0) of a random packing of fully
porous spherical particles (€.=0.39). Conditions: km=0.58 W/(m.K), ky,=0.80 W/(m.K). The dashed lines

indicates Kest/Keft,u=0 = 1 (i.e. no influence of convection).

Figure 4. Effective conductivity (kerr) of packed beds of spheres (perfectly ordered fcc-packing with €.=0.24
(a) and random packing with €.=0.39 (b)). Both fully porous (black data) and core-shell (gray data) particles
are considered. Conditions: kn=0.58 W/(m.K), ksio,=1.4 W/(m.K), kz0,=2 W/(m.K), Ka,03=40 W/(m.K),
kcu=400 W/(m.K).

Figure 5. Effective conductivity (kesr) of monolithic beds (TSM-packing with g.=0.39 (a), TSM-packing with
£.=0.60 (b)). Both fully porous and core-shell monoliths are considered (as indicated in figure).
Conditions: km=0.58 W/(m.K), ksio,=1.4 W/(m.K), Kka,03=40 W/(m.K), kc,=400 W/(m.K). The curve
representing the data of zirconia core particles, coincides with the curve of the silica core case and was
left out.

Figure 6. Effective conductivity (kesr) in @ random packing of core-shell particles with varying core
conductivity kere for pure water (kn=0.61 W/(m.K), M), pure ACN (kn=0.19 W/(m.K), A4) and a

40/60(v%/v%) ACN/H,0 mixture (kn=0.41 W/(m.K), @).

Figure 7. Temperature distribution profiles in a 50x2.1mm metal tubing column operated at 2500bar for

(a) isothermal, (b) adiabatic and (c) natural convection boundary conditions imposed at the outer column
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walls. Flow rate=0.5mL/min, mobile phase=pure water. Arrows in (a) define the difference between

ATaxbed and ATax ol Used in the text. Arrows in (c) indicate the main column dimensions (drawing to scale).

Figure 8. Plots of ATraq,bed as a function of (a) ATax.cot and (b) ATaxped in @ 2.1xX50mm metal tubing column
operated at different column pressures (500, 750, 1000, 1500, 2000 and 2500bar) with a 40/60(v%/v%)
ACN/H,0 mixture and ke#=0.59 W/(m.K). Three different thermal boundary conditions as indicated in
figure: isothermal, adiabatic and natural convection (still-air). Flow rate=0.5mL/min for adiabatic case.
Bed permeabilities of the adiabatic data points were also used for the corresponding (same inlet pressure)
natural convection and isothermal points. Different column inlet pressures relating to the different data

points are indicated in figure and follow the same order for all curves.

Figure 9. Effect of liquid composition on plots of ATr.dbed as a function of ATaxped in @ 2.1X50mm metal
tubing column operated at different column pressures (500, 750, 1000, 1500, 2000 and 2500bar) for (a)
natural convection (still-air) and (b) adiabatic boundary conditions. Considered liquids: pure water (M),
pure ACN (4) and a 40/60(v%/v%) ACN/H,0O mixture (®). Flow rate=0.5mL/min for every pressure
considered for the ACN/H.O mixture under adiabatic conditions. Flow rates for natural convection
conditions and for pure water and ACN changed in relation to their different viscosity (see text for details).
Values for kes: 0.77 W/(m.K) (M), 0.37 W/(m.K) (4) and 0.59 W/(m.K) (®).

Figure 10. Evolution of AT adped as a function of the column pressure drop for natural convection (full
symbols) and adiabatic (open symbols) boundary conditions. Considered liquids: pure water (M), pure
ACN (4) and a 40/60(v%/v%) ACN/H,0 mixture (®). (same data as in figure 9, different representation)

Figure 11. Effect of increases in kest on the ATragped VErsus ATaped-relationship under natural convection
(still air) conditions for (a) a 40/60 ACN/water-mixture and (b) pure ACN. Different column inlet pressures

are indicated in figure and follow the same order for all curves.

Figure 12. Effect of the conductivity of the column tube wall (kwar) on the ATragped Versus ATaybed-
relationship under (a) natural convection (still air) and (b) adiabatic conditions for the 40/60 ACN/water-
mixture. Red data represent single-material columns with either a regular wall conductivity (kwai=Kstainless
steei=16.27 W/(m.K), solid line) or a lowered wall conductivity (dashed lines). Yellow data represent a
stainless steel column (kwai=16.27 W/(m.K)) with extra internal coating (100 um thickness) with different
thermal conductivities (A: keoat=0.25 W/(m.K), B: keoat=0.0625 W/(m.K), C: keoat=0.0156 W/(m.K), D:
keoat=0.0039 W/(m.K)). Black data represent a regular column with 1mm ID. Different column inlet
pressures are indicated in figure and are the same for all curves, with one extra high pressure (3500bar)

in case of the 1Imm ID column.
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Fig. 6:

ke [W/(m.K)]

1.4 -

1.2 =
Pure H,0O

1.0

Fully porous O

0.8 ACN/H,0 40/60

0.6 A
Pure ACN

0.4 (

0.2

0.0 | | 1 | 1 | 1

0.5 % %o 5 %50 Q500
< < (3

Keore [W/(m.K)]



Fig. 7:

Isothermal

Adiabatic

Flow direction

Nat. conv.




Fig. 8:
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Fig. 9:
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Fig. 10:
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Fig. 11:
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Fig. 12:
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Figure S1. Plots of AT .d,bed @s a function of (a) ATaxcol @and (b) ATaxbed in @ 2.1X50mm metal tubing column
operated at different column pressures (500, 750, 1000, 1500, 2000 and 2500bar) with a pure H,0
mobile phase and ke#=0.77 W/(m.K). Three different thermal boundary conditions as indicated in figure:
isothermal, adiabatic and natural convection (still-air). Flow rate=0.5mL/min for adiabatic case. Bed
permeabilities of the adiabatic data points were also used for the corresponding (same inlet pressure)

natural convection and isothermal points. Different column inlet pressures are indicated in figure and are
the same for all curves.
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Figure S2. Plots of AT .d,bed @s a function of (a) ATaxcol @and (b) ATaxped in @ 2.1X50mm metal tubing column
operated at different column pressures (500, 750, 1000, 1500, 2000 and 2500bar) with a pure ACN
mobile phase and ke#=0.37 W/(m.K). Three different thermal boundary conditions as indicated in figure:
isothermal, adiabatic and natural convection (still-air). Flow rate=0.5mL/min for adiabatic case. Bed
permeabilities of the adiabatic data points were also used for the corresponding (same inlet pressure)
natural convection and isothermal points. Different column inlet pressures are indicated in figure and are
the same for all curves.
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Figure S3. Effect of liquid composition on plots of AT adbed as a function of ATaxped in @ 2.1x50mm metal
tubing column operated at different column pressures (500, 750, 1000, 1500, 2000 and 2500bar) for (a)
natural convection (still-air) and (b) adiabatic boundary conditions. Considered liquids: pure water (M),
pure ACN (4) and a 40/60(v%/v%) ACN/H,0 mixture (®). Flow rate=0.5mL/min under adiabatic
conditions (for all inlet pressures considered and all three mobile phases). Flow rates for natural
convection conditions changed in relation to their different viscosity. Values for kes: 0.77 W/(m.K) (M),
0.37 W/(m.K) (~) and 0.59 W/(m K) (®).
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Figure S4. Evolution of AT.ed as a function of the column pressure drop for natural convection (full
symbols) and adiabatic (open symbols) boundary conditions. Considered liquids: pure water (M), pure ACN
(4) and a 40/60(v%/v%) ACN/H,0 mixture (®). (same data as in figure 9, different representation)



