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ABSTRACT ARTICLE HISTORY

This article presents an experimental investigation on transport of methylhydroxyethylcellulose Received 28 February 2016
(MHECQ) during drying of a model porous material. Nuclear magnetic resonance imaging and Accepted 14 January 2017
thermogravimetric analysis are used to measure water and MHEC transport, respectively. MHEC is KEYWORDS

added to glue mortars to increase open time, i.e., the time period during which tiles can be applied Bond number; capillary
with sufficiently good adhesion. Previous work showed that MHEC promotes a receding front number; drying; MHEC; NMR;
during drying and therefore leads to differences in the degree of hydration throughout the mortar polymer transport; porous
sample, i.e., the top surface shows poor hydration and the bottom surface shows good hydration. media; TGA

In this study, we investigate the transport of MHEC during drying of a model porous material,

consisting of packed glass beads saturated with an aqueous MHEC solution. At MHEC

concentration less than 1.3 wt%, homogeneous drying is observed, enabling advective transport

of MHEC toward the drying surface. In this case, accumulation of MHEC may form a skin at the

top surface and below this skin layer, a gel zone may form, which allows migration of water toward

the evaporation surface. When the MHEC concentration is above 1.3 wt%, front receding drying is

observed, which prevents transport of MHEC, resulting in a more homogeneous distribution of

MHEC.

Introduction drying no longer homogeneous. From this point
onward, the drying process takes place by transport
of vapor and/or liquid films. In this stage, drying is
dominated by internal mass transfer (e.g., internal vapor
transport). Different transport processes inside porous
materials may result in similar drying behavior. In the
latter case, the drying behavior is almost similar to that
observed in case of drying of squared or other shaped
capillaries in which liquid films are present in the
corners of the capillaries.”””*!

The evaporation rate at early stages largely depends
on the external conditions, such as air flow and

Methylhydroxyethylcellulose (MHEC) is added to glue
mortar to control open time. Open time is the time
period during which a tile can be applied with
sufficiently good adhesion. MHEC is said to retain
water enabling sufficient adhesion. During drying,
a skin may form that influences open time. The skin
can be considered a surface layer ranging from micron
to tens of micron thickness and having different
properties compared to the bulk material. Different
processes are reported to contribute to skin formation,

such as evaporation, densification through transport of 1 . .
) . } humidity. Very fast drying may lead to the formation
smaller inorganic mortar components, hydration,

carbonation, and accumulation of polymeric materials.”’ of a dry skin. A skin can also be the result of densifica-
Drying (;f porous media is a complex process.! tion of the mortar by inorganic mortar components.
In most studies, drying in porous media focuses on During drying, concentration of reactive cement
low-viscous fluids (e.g., water). In most cases, a porous particles at the top surface of mortar may occur, where
material dries homo'g'e’neously. with a consta’nt drying their rapid hydration could contribute to the reduction
— : . of open time by reducing the free water content and
rate until critical moisture content is reached.l®! In the . P . Y (9] J .

first stage, drying is dominated by the external mass stiffening of the paste.”" Also carbonation can generate
’ : o , a skin, typically consisting of a 10-um-thick layer of

transfer (e.g., evaporation). At the critical moisture yprea'y <o § Iy . 7
content, the fluid path is no longer continuous and CaCOj; formed during the first 30 min of air exposure.
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Finally, the flow of water during drying may transport
MHEC to the mortar surface, where it may deposit. This
skin formation at the drying surface is suggested to be
the key process that determines the open time."!

Only limited knowledge exists on the transport of
polymers toward the drying surface and skin formation
during drying. Jenni et al””! investigated the skin
formation of cellulose ether (CE) and polyvinyl alcohol-
modified mortar during open time and considered that
skin formation is a key factor that determines adhesion.
The authors showed that both organic and inorganic
substances can transport toward the drying surface
along with the water flux. Bentz et al.'®) investigated
the skin formation and observed the transport of
cellulose ether and small cement particles during drying.
Zurbriggen et al.' investigated skin formation by
investigating the interface between mortar and a glass
plate to visualize the skin formation. When the glass
plate is illuminated from the side, the location where
skin formed and appears dark prevented wetting,
whereas the fresh mortar that wetted the glass appears
bright. Gasparo et al.'? reported a higher enrichment
of CE at the mortar surface and a skin formation at
the mortar/air interface. They suggest that evaporation
and corresponding water flow is the reason for
the observed CE enrichment. Unfortunately, their
investigation does not provide detailed explanation of
the transport processes.

Mortars are complex and the identification of
polymer in a mortar matrix is difficult, especially in
commercially formulations with low concentrations of
0-1wt%. Our aim is to understand the contribution
of transport processes of MHEC on drying mortar,
which is driven by water transport. In previous studies,
we have studied transport processes in reactive media,*!
which make interpretation quite challenging. To only
investigate the effect of transport process of MHEC
on the distribution, a nonreactive model is needed.
Consequently, to wunravel hydration effect from
evaporation effect, packed glass beads were chosen as
a nonreactive model material. We have chosen packed
glass beads as the model porous media, instead of other
materials such as sintered Al,O3, because the pore size
of the packed glass beads can be easily manipulated by
changing bead size, and MHEC can be easily extracted
from the bead surface. Glass beads with three different
diameters were used to understand the influence of pore
size and structure on the MHEC distribution during
drying. Some 2D model porous systems consisting of
glass beads exist, allowing imaging the drying process
using a camera.***! To measure fluid distributions
inside 3D porous materials, techniques like synchrotron
X-ray tomography!'® and nuclear magnetic resonance
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(NMR) imaging"”"**) allow noninvasive probing of
moisture with a sufficiently high spatial and time
resolution. For this study, NMR imaging was used to
monitor the moisture distribution during drying
process. Unfortunately, NMR is not able to determine
the MHEC distribution. Consequently, thermo-
gravimetric analysis (TGA) was chosen as an analysis
technique for MHEC distribution.

The goal of this study is to understand the transport
behavior of MHEC during drying in a model porous
media saturated with an MHEC solution. For the first
time, an attempt is made to link MHEC to the transport
processes during the drying process using NMR and cor-
relate final distribution of MHEC to the drying processes.
The following specific research questions are addressed.
(1) How does the pore size influence the drying behavior
of porous media saturated with MHEC? (2) How does
the pore size influence the transport of MHEC?

Materials and methods
Methylhydroxyethylcellulose

Methylhydroxyethylcellulose is water-soluble cellulose
ether, synthesized from cellulose by substituting methyl
and ethylene oxide groups by an etherification process.
A commercial-grade MHEC (Tylose MHS 6000
P6), provided by SE Tylose GmbH & Co0.KG, Germany,
with a degree of substitution (DSyg, ME = Methyl)
of 1.3 and a molar degree of substitution (MSyg,
HE = Hydroxyethyl) of 0.3, we chose this MHEC as a
model system being the most standard modified
cellulose being commonly used for influencing drying
properties for cementitious materials, such as glue
mortar. The MHEC solutions were prepared by heating
200 ml of water to 80°C allowing the dissolution of
MHEC. The solution was homogenized by stirring the
solution with a magnetic stirrer at 500 rpm for 2 days.
Finally, the solution was cooled to room temperature.
The dynamic viscosity of MHEC solutions was
measured with a TA-Instruments AR-1000 rheometer.
To investigate the effect of viscosity, a concentration
range of MHEC was selected. Table 1 shows the
dynamic viscosity for different MHEC concentrations.
Obviously, the viscosity value of 4.3 wt% MHEC varies
four orders of magnitude compared to 0 wt% MHEC.
The surface tension as a function of MHEC
concentration is shown in Table 1. A conventional
pendant drop technique was used to measure the
surface tension of MHEC solutions (DSA 100 Drop
Shape Analyzer). The surface tension of MHEC
solutions was determined by fitting the drop shape to
Young-Laplace equation, which relates the interfacial
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Table 1. Experimental parameters used to calculate the capillary number and Bond number.
Sample Porosity, Pore Dynamic Pore Surface Capillary Bond
length n velocity viscosity, radius, Permeability, tension, Contact number, number

Wt% (mm) (m*m™3) (ums™) u (Pas) r (m) K (m?) y (mNm™) angle, 6 (°) Ca (-) Bo (-)
1-mm-sized beads

0 10 0.38 0.53 1x1073 2x107* 79 % 107° 70 16 38x 1077 015

0.4 10 0.38 0.51 26%x107°  2x107* 79 % 107° 54 23 13x107%  0.20

13 10 0.38 0.38 0.72 2x107* 79x107° 43 35 37x107% 0.8

2.1 10 0.38 0.25 5.93 2%x107* 79 % 107° 39 54 48x107° 043

43 10 0.38 0.21 49 2%x107* 79 % 107° 28 77 78 %1072 159
500-pm-sized beads

0 10 0.38 0.750 11072 1x107*  198x107"° 70 16 1x107°  72x1072

0.4 10 0.38 0.72 26x1073  1x107*  1.98x 107" 54 23 36x107°  0.10

13 10 0.38 0.31 0.72 1x107%  198x10°"° 43 35 6x1073 014

2.1 10 0.38 0.20 5.93 1x107%  1.98x 107" 39 54 49x1072 022

43 10 0.38 0.18 49 1x107%  198x 107" 28 77 14 0.80
50-um-sized beads

0 10 0.38 0.73 1x107°  8x10% 195x10 " 70 16 85x10° 58x10°°

0.4 10 0.38 0.71 26x1073  8x107°  195x 107" 54 23 29x107*  78x1073

13 10 0.38 0.38 0.72 8x107% 1.95%x 102 43 35 6x1072 1.1x102

2.1 10 0.38 0.27 5.93 8x107° 1.95x 1072 39 54 55%x 107" 17 x1072

43 10 0.38 0.21 49 8x107°% 1.95x 107" 28 77 128 64 %1072

tension to drop shape. The table shows a decrease in
surface tension with the increasing MHEC concen-
tration, wherein the most pronounced decrease is
observed at low MHEC concentrations.

The contact angle for different MHEC concentrations
(Table 1) is determined on silica glass. The contact angle
was determined using a data physics OCA-20 contact
angle instrument and using the sessile drop method. In
both cases, an increase in contact angle is observed with
the increasing MHEC concentration.

NMR imaging and setup

Nuclei with a net magnetic moment will start to process,
when placed in a magnetic field with a resonance
frequency, called the Larmor frequency given by:

V4
='B 1
f P 05 ( )
where L

5- is the gyromagnetic ratio of the nuclei
(42.58 MHz/T for 'H), and B, the applied magnetic field
strength. The constant magnetic field can be replaced by
a spatially varying magnetic field B,

B(x) = By + G - x, (2)

where G represents the magnetic field gradient and x the
position. This enables in situ monitoring of moisture
content at different positions in the sample due to the
spatial variations in the resonance frequency.

The sum of all individual magnetic moments of the
spins is the so-called net macroscopic magnetization
and can be manipulated by applying an oscillating
magnetic field at the resonance frequency of nuclei.
The intensity of the resulting spin echo signal is
proportional to the density of the magnetic moment

and thus the hydrogen density. The hydrogen density
is directly connected to the local water content.

The experiments were performed with a home-built
NMR setup with a static magnetic field of 0.77, resulting
in a resonance frequency of 31 MHz and a gradient of
400 mT m ™~ '. In this configuration, a spatial resolution
of 0.8 mm was obtained. Figure 1 shows the schematic
diagram of the NMR setup designed to measure
moisture profile of cylindrical sample during drying.
Moisture profiles were obtained with a Hahn spin echo
sequence with an echo time of 150 us, window width
100 ps, repetition time of 2.5s at different sample
positions divided by a reference sample (containing
water) of equal volume.

@ Step motor

P Air flow
/

®
/
Earaday akiek} Teflon holder

Figure 1. Schematic diagram of NMR set-up. The step motor is
used to position the sample in the NMR set up. Note: NMR,
nuclear magnetic resonance.



Drying experiments

The bead diameters used for this study are 1 mm, 500,
and 50 pum, respectively. The different bead diameters
were used to make model porous media with different
pore sizes to investigate the influence of pore size, and
corresponding capillary forces, on drying and transport
of MHEC. The beads are cleaned with demineralized
water and an acetone solution. After oven-drying, the
beads are put in a cylindrical glass sample holder with
a diameter of 18 mm and a length of 10 mm for an
NMR drying measurement. The samples were first
packed with beads and each sample was vacuum
saturated with pure water and increasing concentrations
of MHEC solution, namely, 0.4, 1.3, 2.1, and 4.3 wt%.
Each sample was vacuum saturated for 3 days to ensure
full saturation. The drying was performed using an air
flow of 11min~", with a close to zero relative humidity
on the top of the sample. The experiments were
performed at room temperature (20°C), although the
authors are aware that the temperature is influencing,
especially the evaporation process, this was beyond the
scope of this study.

TGA measurement on MHEC dried bead

At the end of the drying experiments, the final MHEC
distribution was determined with TGA. After drying,
five layers of sample beads of 2 mm layer thickness were
taken off sequentially along the vertical profile from
the drying surface to the bottom of the sample holder.
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The MHEC weight loss of each layer of beads is
measured and compared to the initial weight of MHEC
inside the beads. Before starting a TGA measurement
on MHEC dried bead sample, the applicability of the
method needs to be investigated in terms of accuracy,
reproducibility, and sensitivity. For these reasons, we
measured samples containing different amounts of
MHEC to construct a calibration curve. To do this,
different concentrations of MHEC solution were
prepared and poured in TGA crucibles. The TGA mea-
surements of these samples were performed from 25 to
600°C at 5°Cmin~ " with an air flow of 50 mlmin .
The corresponding calibration curve of the initial MHEC
content as a function of TGA weight loss is shown in
Fig. 2. The inset in Fig. 2 shows the TGA weight loss
of 3.9 wt% MHEC solution as a reference. We see 4%
unburned residue inside the crucible at the end of the
measurement. This is expected, since MHEC is known
to contain salts as a result of production. This indicates
that MHEC can be accurately quantified through the
weight loss by thermal decomposition of MHEC.

Results and discussion

Moisture profiles during drying of packed
beads with different pore sizes

We aim to understand the transport behavior of MHEC
during drying of randomly packed beads. First, the
influence of MHEC on the drying behavior of a model
porous media is investigated. With NMR imaging, the

40F ' ' '
T3 9 wit MHAEC

o

35F

e

3.0F

weight loss (mg)

25 R T R R

Temperature (°C)

20F

15F

1.0F

05F

MHEC concentration from TGA (Wt%)

00 s 1

1 " 1

0.0 0.5 1.0 1.5

20 25 3.0 3.5 40

Concentration of MHEC solution (wt%)

Figure 2. This figure shows (a) TGA curve for different weight percentage MHEC and (b) corresponding calibration curve plotted for
different weight percentage MHEC solution. Note: TGA, thermogravimetric analysis; MHEC, methylhydroxyethylcellulose.
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moisture distributions in drying bead samples were
obtained.

Figure 3 shows the moisture distribution of 1-mm
bead samples saturated with different concentrations
of MHEC during drying. The top and bottom sides of
the samples are located on the left and right sides of
the profiles, respectively. Figure 3a shows the moisture
distribution in case of 0 wt% MHEC. The first curve
represents the profile at 35 min after the start of the
experiment. The profiles are acquired and plotted every
35 min. Inhomogeneous drying is observed, as indicated
by the inclined arrow and continues till a critical satu-
ration 6. (A.~0.05m>m °) is reached, indicated by
the vertical arrow. After the critical saturation has been
reached, a homogeneous drying is observed till the end
of the drying process. With the increasing MHEC
concentration (Figs. 3b and 3c), the drying behavior
becomes more inhomogeneous, and a receding drying
front is observed from the start of the drying process,
as indicated by the horizontal arrow.

The total moisture content is plotted against time for
different weight percentage of MHEC in Fig. 3d. In the
first stage of 0 and 0.4 wt% MHEC drying, the overall
curve is decreasing linearly. In the last period of drying,

the moisture decrease is nonlinear and the evaporation
rates decrease. This corresponds to the period in which
a receding front moves inside the material and which is
dominated by an internal evaporation process, followed
by vapor diffusion. From Fig. 3d, one can clearly see a
decrease in the initial drying rate with the increasing
MHEC concentration. We return to the interpretation
after presenting the drying behavior of all bead sizes.

Nuclear magnetic resonance moisture profiles of the
500-um-sized bead samples with different MHEC con-
centrations during drying are shown in Fig. 4.
Figure 4a shows the drying in case of 0 wt% MHEC.
Homogeneous drying is observed for water-saturated
beads till a critical saturation 6. (6, = 0.07 m®> m ), after
which a front receding drying is observed. With an
increase in MHEC concentration, the drying behavior
becomes more inhomogeneous (Figs. 4b and 4c). For
1.3wt% MHEC, a transition from homogeneous to
inhomogeneous drying is observed. In the case of
4.3 wt% MHEC, a moving front is observed, as indicated
by the horizontal arrow. Figure 4d shows the total moist-
ure content against time for different weight percentage
of MHEC. Again a decrease in the initial drying rate with
the increasing MHEC concentration is observed.

—o—O0WM% A

—o— 04 W%
1.3 W%

—v—21W% ]
4.3 W%

Figure 3. Moisture profiles of the T mm bead as a function of position during drying. (a) 0 wt% MHEC profiles plotted every 35 min,
(b) 1.3 wt% MHEC, (c) 4.3 wt% MHEC profiles plotted every 68 min, and (d) total volume of water as function of MHEC concentration.
The dotted line shows the shift from an inhomogeneous to homogeneous drying. Note: MHEC, methylhydroxyethylcellulose.
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Figure 4. Moisture profiles of the 400-600 um bead as a function of position during drying. (a) 0 wt% MHEC profiles plotted every
35 min, (b) 1.3 wt% MHEC, (c) 4.3 wt% MHEC profiles plotted every 68 min, and (d) total volume of water as function of MHEC
concentration. The dotted line shows the shift from homogeneous to inhomogeneous drying. Note: MHEC, methylhydroxyethylcellulose.

Nuclear magnetic resonance moisture profiles of
the 50-um-sized bead samples with different MHEC
concentrations during drying are shown in Fig. 5.
Figure 5a shows the drying in case of pure water. An
inhomogeneous drying is seen at the bottom of the
sample (indicate by the inclined arrow at the right side
of the plot), whereas homogeneous drying is expected.
Even in a second experiment, the same behavior was
observed. The reason for this drying behavior may be
due to the floating and rising of fine beads toward
the top, which may result in a more dense packing at
the top. In such a case, a higher density will result in
a higher capillary pressure forcing the water to the
top. This will cause a reversed inhomogeneous drying.
After this, the drying becomes homogeneous. The
moisture profile for 1.3 wt% (Fig. 5b) shows a front
receding drying, indicated by the horizontal arrow. In
addition, we see a homogeneous drying at the back of
the sample indicated by the vertical arrow. Front drying
is also observed for 4.3 wt% MHEC as shown in Fig. 5c.
A front is seen at the beginning of the drying process,
moving inside the sample, as indicated by the horizontal
arrow. Figure 5d shows the total moisture content

against time for different weight percentage of MHEC.
Again here, a decrease in the initial drying rate with
the increasing MHEC concentration is observed.

Forces determining the drying behavior

In this section, we focus on the forces determining the
drying behavior. This is achieved by investigating the capil-
lary and Bond number (Bo) dependence on the addition of
MHEC. With these numbers, a phase diagram is con-
structed that is used to explain the experimental findings.

One can characterize the drying inside a porous
material using the capillary number (Ca). The capillary
number can be considered a ratio of length scales L and
&, (Ca=L/E), where L is the size of the sample and &
represents the width of the observed drying front. One
can rewrite the capillary number, using Darcy’s law
and Young-Laplace equation p. = 2ycosf/r to obtain''!

Lnvnr
Ca=——,
2Ky cos 0

(3)

where 1 [-] represents the porosity, v [m s~ '] the initial
fluid velocity, # [Pa s '] the viscosity, r [m] the average



1880 A. P. A. FAIYAS ET AL.
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Figure 5.
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Moisture profiles of the 50 pm bead as a function of position during drying. (a) 0 wt% MHEC profiles plotted every 18 min,

(b) 1.3 wt% MHEC profiles plotted every 35 min, (c) 4.3 wt% MHEC profiles plotted every 68 min, and (d) total volume of water as
function of MHEC concentration. Note: MHEC, methylhydroxyethylcellulose.

pore radius, K [m?®] the permeability, y [Nm™'] the
surface tension, and 6 [°] the contact angle. This
equation shows that the drying behavior is mainly
determined by evaporation rate, viscosity, permeability
of the material, surface tension, and contact angle of
the pore liquid, considering that the pore radius, sample
size, and porosity are constant for each sample. In
essence, the equation describes the ratio between
viscous forces and capillary forces. When Ca<<1
capillary forces dominate over the viscous forces. In case
Ca >>1, the capillary forces no longer surpass the
viscous forces in the permeable material.

For large pore size materials, the effect of
gravitational force on the drying cannot be neglected.
In that case, the effect on drying inside a porous
material can be characterized using the Bond number.
The Bond number is the ratio between gravitational
forces and capillary forces.

pghr
0= )
2ycosf

(4)

where p [kg m2] is the liquid density, g [m s
the acceleration of gravity, h [m] is the sample length,
y [N m '] the surface tension, and 6 [°] the contact

angle. This equation shows that the main parameters
determining the effect on drying are the pore radius,
surface tension, and contact angle, considering that
the sample height and liquid density are constant for
each sample. In case Bo << 1, the capillary force
dominates over the gravitational force, resulting in
homogeneous drying of the material. In case Bo >> 1,
the gravitational force dominates over capillary force
resulting in front drying.

To parameterize Ca and Bo, both the physical
property values of liquid and the properties of model
porous media are required. The parameters determining
the capillary number and Bond number are given in
Table 1 for all bead sizes. The physical properties of
liquid, such as viscosity, surface tension, and contact
angle are given in “Methylhydroxyethylcellulose”. The
other parameters to be determined for the model
systems are porosity, pore radius, and permeability.
The porosity of a packed bed determines the saturation
level, which can be easily obtained from the NMR
experiment. The saturation level is the result of the type
of packing. For all bead sizes, our NMR experiments
show a saturation value of =0.37, which corresponds
to close random packing. The typical highest form of
dense packing is a tetrahedral packing that exhibits



the smallest void space. As such, this results in the
highest obtainable capillary pressure. Therefore, we
chose tetrahedral voids packing to calculate the pore
radius, = 0.225R, where R is the diameter of the bead.
The permeability of the porous medium is the ability
of fluid flowing through a porous media caused by a
pressure difference. There are several approaches
reported in the literature to calculate the permeability
of porous media.?*?*! Each of them has their own
accuracy and assumptions and some models are for
mortars and concrete only since those models are being
used for pore size distributions. However, in our study,
we have chosen Carman-Kozeny model,** as this
model is often applied on packed beads and powders.
In the so-called “Carman and Kozeny” model, or
“hydraulic diameter” model the packed beads of porous
media can be considered as a parallel sequence of pores
of which the cross-sectional area has a complicated
shape. The assumed laminar flow through such a
medium of parallel pores is described by the
Hagen-Poiseuille law, giving a relation for the inter-
stitial velocity and the cross-sectional shape, based on
the hydraulic diameter. Based on these starting points,
Carman and Kozeny**! derived their equation to
calculate the permeability of such packed beds,

2,3
dps

K=—2"
Al —e)

(5)

where K [m?] is the permeability, d, [m] is the diameter
of the bead, and e [m> m™>] is the porosity of packing,
£=0.38 calculated from NMR moisture profiles (the
experimental range of porosity is considered between
0.35 and 0.67*) and A is 36k, k is the so-called
Carman-Kozeny constant with k=5 for beds packed
with spherical particles. Flow experiments on dis-
ordered packed beds of monodisperse spheres have
resulted in values for A in between 150 and 185.2>%¢
Studies show that the Carman-Kozeny relation can be
used for dense, disordered packed beds, irrespective of
particle size and shape.?”?*! Although a variation of a
factor of 2, our calculation of capillary number (Fig. 6)
does not change considerably. As such variations are
small, the conclusions are not affected by the choice
of estimating permeability based on “Carman-Kozeny”
approach.

The initial pore velocity for all bead size was deter-
mined from the decrease in the total moisture content
plotted in Figs. 3d, 4d, and 5d, wherein the value was
determined from the initial slope of the curve at t =0.

On the basis of parameterization that was previously
outlined, a phase diagram can be constructed (Fig. 6),
wherein the capillary number against Bond number
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for all bead samples is presented. The horizontal and
vertical lines represent the dominance of capillary,
viscous, and gravitational forces, i.e., at Ca=1 and
Bo=1 (transition lines), respectively. The third
diagonal line represents Ca = Bo. For all points in
Fig. 6, a label is given indicating the type of drying
behavior. These labels are h, t, and f corresponding to
homogeneous drying, transition, and front drying,
respectively. In this Ca-Bo phase diagram, one can
distinguish the dominating force. In region I, the
gravitational forces and viscous forces are negligible
and the dominating force is the capillary force. In this
regime, homogeneous drying is expected. In zones II
and III, the viscous and gravitational forces dominate,
respectively. In these cases, a drying front is expected.

In Fig. 6, the Bond number decreases one order of
magnitude with a decrease in bead size and correspond-
ing decrease in pore radius, whereas the capillary
number increases one order of magnitude with a
decrease in bead size. The reason for the observed
increase in the capillary number is due to the squared
value dependence of the permeability on pore radius,
k ~ 1?, which results in an increase in capillary number
with a decrease in pore radius. In the case of smaller
beads, capillary forces dominate over gravitational
forces, and homogeneous drying is observed. In the case
of large beads, the gravitational force dominates over
the capillary force, and inhomogeneous drying is
observed. For all bead sizes, a change of capillary
number of several orders of magnitude is observed with
the increasing MHEC concentration. This implies that
viscous forces dominate over capillary forces and
gravitational forces. The capillary force is no longer suf-
ficient to cause the flow. Consequently, a front receding
drying is observed. Note that only for the large bead
sizes the effect of gravity is of any importance. Only
for the high viscous fluid and large bead sizes, gravity
becomes more of importance, this is the result of the
fact that the capillary forces decrease as a result of a
decrease in surface tension.

Note that Fig. 6 shows the initial value and that later
stage during drying the curve may shift, resulting in a
different picture. At later stages, the contact angle and
surface tension increase due to an increase in MHEC
concentration. In addition, at the same time, the
viscosity increases considerably for the same reason.
Furthermore, the permeability will drop since less fluid
is available (and connections might be lost). Taking into
account that the evaporation rate remains constant
(obtained from the plots of the total moisture content),
the decrease in saturation results in an increase in pore
velocity and an increase in capillary number. All these
effects work in the same direction, and which increases
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Figure 6. Capillary number vs. bond number as a function of MHEC concentration. The labels h, t, and f represent homogeneous,
transition and front receding drying of the corresponding sample, respectively. The numbers 1, 2, 3, 4, 5 represent 0, 0.4, 1.3, 2.1, and
4.3 wt% of MHEC, respectively. Note: MHEC, methylhydroxyethylcellulose.

the capillary number over time as such the curve shift
toward the viscous zone.

MHEC transport

In this section, we aim to understand the MHEC
transport during drying of glass beads saturated with
an MHEC solution. This is achieved on the basis of
MHEC distribution in the samples after drying in the
NMR setup. For the TGA measurements, the samples
were split in five separate, originally stacked, layers.
Using this method, the average concentration distri-
bution along the package of layers can be determined
quantitatively. Figures 7a-7c shows the MHEC
distribution curve for 1-mm, 500, and 50-pm bead
samples saturated with different weight percentage of
MHEC solution after drying. The MHEC distribution
as given in Fig. 7 is calculated from the mass of MHEC
divided by the mass of the beads plotted against the
position. For the samples at low concentration (with
0.4 and 1.3wt%) an increased concentration is seen
at the top layer. In the case of a 2.1 wt% MHEC
concentration, the distribution shows a gradient in
concentration increasing toward the top. At this
concentration, the high viscosity of pore solution seems
to inhibit transport of water and MHEC toward the top.
As a consequence, the deposition of MHEC at the
surface is no longer possible and the MHEC is deposited
more homogeneously throughout the material
compared to the 0.4 and 1.3 wt% MHEC-saturated

samples. In the case of 4.3wt% MHEC, also this
concentration shows a gradient but smaller than the
sample with 2.1 wt% MHEC.

Figure 8 shows the schematic representation of
MHEC concentration inside a bead sample before and
after drying process. At the start of the drying
process, a homogeneous distribution of MHEC exists
throughout the sample, given by c¢o. Upon drying, an
enrichment of MHEC at the top surface is observed.
This may be explained by the initial low viscosity of
the pore solution, wherein advection causes MHEC to
transport and subsequently deposit at the drying
surface. It is known that CE forms a gel at a certain
concentration, which we will refer to as gel concen-
tration ¢y . During drying, the water can transport
through the gel, as shown schematically in Fig. 8.

The key processes that determine the transport of
MHEC are diffusion and advection. In the case of
0.4 wt% MHEC, all the MHEC are transported to the
surface, which may be a result of advection of cellulose
molecules. In the case of 1.3 wt% MHEC, the fact that
not all the MHEC is transported to the surface, which
may be a result of restricted advection or back diffusion.
At these concentrations, the long polymer chains may
attach to the bead surface, which prevents MHEC to
transport along with the water. To analyze whether
advection or diffusion drive the transport, the Peclet
number (Pe) for the MHEC solution and film thickness
calculation may be used.*® The Peclet number is a
dimensionless number that is the ratio of advection
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and diffusion (the diffusion equations have been
discussed in detail in our previous article!"), given by:

UL

Pe = —,
D

= (6)
where L [m] represents the length of the sample,
D [m?s™'] the self-diffusion coefficient of CE,
1.7 x 107" [m?s™!], this value was taken from the
literature reported by Nyden et al.®"! They investigated
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the self-diffusion coefficient of ethyl (hydroxyethyl) cellu-
lose (EHEC) for a range of concentrations (0.02-4 wt%)
and found that self-diffusion coefficient of EHEC varies
with the concentration ((0.01-1) x 10" " m?s™!). We
chose self-diffusion value for the low concentration
range and U [ms '] is the velocity of the fluid. The
velocity U of fluid is calculated from the measured
NMR moisture profiles. When Pe< 1, diffusion
dominates and when Pe>1 advection dominates.

B

-

Figure 8. Schematic representation of MHEC concentration inside bead samples before and after drying process. Note: MHEC,

methylhydroxyethylcellulose.
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Table 2 shows the Pe for all bead sizes with 0.4 and
1.3wt% MHEC, respectively. In all cases, Pe>>1
indicating that transport of MHEC is dominated by
advection.

In the low MHEC concentration profiles (especially
1.3 wt%), the presence of MHEC in the second layer is
clearly observed (positioned at 3 mm in Fig. 7). The
question is whether this results from the formation of
a deposited or gelled region, or limited advection, or
both. To answer this question, the critical concentration
for MHEC deposition or gelation should be known.
This can be obtained from the evaporation of an MHEC
solution. From bulk evaporation measurements with
different weight percentage MHEC, we found that the
evaporation rates drop when a critical concentration,
Csol = 10 wt% was reached, see Fig. 9. We are convinced
that this concentration is ¢, since in the case of a gel,
the evaporation will remain constant, which is exper-
imentally confirmed in Fig. 9, in which the 6.5 wt%
MHEC solution (which is a gel at this concentration)
shows evaporation speeds equal to the lower con-
centration. This supported by the fact that the water
diffusion is same at small concentration.”?! Assuming
full advection at lower saturation levels (0.4 and
1.3 wt% MHEC), at this concentration, deposition of
hydrophobic MHEC film may occur, forming a barrier
for vapor transport. In such a case, the thickness of the
surface layer (§) formed by the transported MHEC is
given by:

o C()L

0 (7)

)
Csol

where ¢, is the initial concentration of MHEC at t =0,
L [m] is the sample length, and ¢, is the expected
deposition concentration. The expected surface layer
thickness is given in Table 3. The predicted surface layer
thickness of 1.3 mm in the case of complete advection is
much smaller than the found 2 mm layer thickness. This
clearly indicates that not all the MHEC are transported
to the surface, since for this 1.3 wt% concentration
MHEC is found in the second layer. This leads to the
conclusion that no full advection of MHEC is occurring
at this concentration.

Table 2. Peclet number calculated from the NMR moisture
profiles for all bead samples and 0.4 and 1.3 wt% MHEC,
respectively.

Peclet number, Pe

Samples 1-mm bead 500-pm bead 50-um bead
0.4 wt% MHEC 3.0 x 10° 42 % 10° 42 % 103
1.3 wt% MHEC 2.2 x 10° 1.8 x 10° 2.2 x 103

MHEC, methylhydroxyethylcellulose.

1 b 1 v 1 ® 1 ¥
—0— 0 wt% MHEC
—O0— 0.4 wt% MHEC
1.3 wt% MHEC
—v— 2.1 wt% MHEC
4.3 wt% MHEC
6.5 wt% MHEC

¢, =10wt%

Cyor = 10Wt%

0 5 10 t (h) 15 20 25

Figure 9. Total volume of water as function of time during
bulk evaporation of different weight percentage MHEC solution.
Note: MHEC, methylhydroxyethylcellulose.

Table 3. MHEC layer thickness calculated for low
concentration of MHEC.
MHEC (wt%) Layer thickness, §(mm)
0.4 0.4
13 13

Summarizing, we have shown that advection is
dominating as transport process over diffusion and
the results indicate not all MHEC are transported by
advection to the surface.

Conclusion

This article presents an experimental investigation on
the transport behavior of MHEC in a model porous
media made of packed glass beads. NMR imaging and
TGA are used to measure water and MHEC transport,
respectively.

When drying at low concentration of MHEC, the
NMR profiles show a homogeneous drying for all bead
sizes, whereas with an increase in MHEC concentration,
we observe a front receding dying behavior.

Our experimental result of the MHEC distribution
shows that for all bead sizes filled samples that have
a low MHEC concentration <1.3wt%, a higher
enrichment of MHEC toward the drying surface is
observed. At these MHEC concentrations, the
homogeneous drying, which indicates a liquid path all
the way to the surface of the sample, allows advective
transport of MHEC toward the drying surface. At high
MHEC concentration above 1.3 wt%, more or less
homogeneous MHEC distribution is observed. At these
concentrations, front receding drying is observed,
which inhibits transport of MHEC due to advection.



Our results show that the pore diameter does not have
any significant influence on the drying behavior. This
is corroborated by Fig. 6, which shows that although
the curves shift the measured concentration points that
are positioned as such that they roughly maintain their
drying pattern. A larger shift in pore size would be
required to change the drying pattern as we observed
an inhomogeneous drying for 1-mm beads at low
weight percentage of MHEC due to gravitational force.
However, with an increase in MHEC concentration, the
gravitational force become negligible and viscous force
leads a receding front drying behavior. In general,
homogenous becomes more a front-like drying pattern.

Further, analysis on the transport of MHEC by
analyzing the MHEC distribution of dried samples
saturated at low MHEC concentration (1.3 wt% and
lower) shows that not all MHEC are transported to the
surface, in other words, no full advection has taken place.
Furthermore, based on Peclet number, we showed that
diffusion is too small to be of any influence. At higher
concentrations a layer-by-layer deposition is observed,
which is because of the observed front-like drying. In
fact, the beads do not seem to directly influence the
transport of MHEC rather than changing the drying
behavior.
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