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ARTICLE INFO ABSTRACT

Keywords: Corrosion under insulation (CUI) is a major risk factor for the material integrity of insulated equipment that is
Corrosion under insulation encountered i.a. in the chemical process industries. Undetected CUI has been the root cause for major accidents,
CUI

including loss-of-site, loss-of-life, prolonged plant shutdown, and environmental pollution. Reducing CUI risk via
labour-intensive inspection routines is associated with billions of dollars of annual maintenance costs worldwide.
CUI is caused by water bypassing a weather shield, migrating through the insulation and contacting the
equipment surface. The resulting corrosion rates are very high and the process is hidden from view. Surprisingly,
the fundamental mechanisms that drive water migration through insulation have been largely unexplored. In this
work we present novel experimental investigations of the evaporation and drying dynamics for a heated vertical
pipe with preformed mineral wool insulation and metal cladding. Relative humidity and temperature sensors
provide measurements of how the water evaporates and travels through the system during controlled water
ingress experiments. The experimental data shows that the drying time of the insulation material is proportional
to the amount of water added. We find that the drying process proceeds in two stages, where the length of the
first drying regime is directly related to the diffusion-limited evaporation from the bulk liquid water, while the
second drying time is influenced also by other factors such as the adsorption and desorption of water on the
insulation material fibres. The findings have implications for how time of wetness, used in CUI risk-based in-
spection methods, can be obtained from humidity sensor data. The new insights into water transport in insulation
enables a paradigm shift towards predictive CUI maintenance using humidity spot sensors.

Humidity transport
Mineral wool
Vertical hot pipe
Time of wetness

1. Introduction

Corrosion under insulation (CUI) refers to external, often localized,
corrosion on the metal surface of insulated process equipment as a result
of water ingress in the insulation (de Landtsheer, 2020). In many in-
dustries, equipment is insulated to stabilize process temperature, for fire
protection or noise reduction. A commonly used insulation system is
comprised of an open fibrous material such as hydrophobic mineral
wool, that is covered by a metal or plastic cladding to protect from water
ingress. However, the cladding is in practice never perfect, allowing
water to enter through imperfections or damages in the cladding. Often,
the ingressed water may be retained in the insulation material. In this
work we specifically study insulated pipes, and for convenience will use
the terms “pipe” or “piping”, but the findings and discussions herein will
in general apply to other types of insulated equipment such as vessels,
valves, tanks etc.
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If allowed to progress, CUI leads to integrity issues with major ac-
cident potential if the corrosion causes material degradation of equip-
ment that contains flammable or explosive fluids (Anderson, 2010; De
Vogelaere, 2009; Langgy et al., 2017). A further aggravating factor is
that the insulation can retain the flammable fluid and cause a lagging fire
(Fu et al., 2021; Brindley et al., 1999). As an example of the conse-
quences of CUI, an explosion and fire that occurred in a refinery caused
millions of pounds worth of damage to the facility, where CUI had
caused failure in a carbon steel line containing hydrocarbons (Geary,
2013). Another instance of CUI caused a leak in a hydrocarbon transfer
line in a refinery close to the Loire river, and resulted in an oil spill of
180 tonnes that contaminated 90 kilometres of coast line and cost 50
million Euros to clean up, cf. ARIA database incident no. 34351. Several
engineering failure analyses related to CUI have been published in the
open literature, e.g Roffey and Davies (2014)); Kumar et al. (2008)).
These failures have significant impact on unplanned maintenance and
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plant downtime, resulting in large costs for facility reparation, and in the
worst case injuries and loss of human life (de Landtsheer, 2020).

CUI is known to be a particularly challenging form of corrosion for
many reasons. An important factor is that the insulation can hold water
and keep the pipe surface exposed to corrosive conditions for extended
times, as supported by analysis of corrosion products (Ramirez-Ledesma
and Juarez-Islas, 2022). The presence of the insulation material and
cladding prohibits direct observation of the pipe surface where corrosion
occurs, making it difficult to identify and manage corrosion under
insulation. It is possible for CUI to continue undetected (Pojtana-
buntoeng et al., 2015) for years or even decades before failure eventu-
ally occurs. The current best practice for CUI inspection is full delagging
(meaning removal) of the cladding and insulation system, and subse-
quent close visual inspection of the pipe surface (de Landtsheer, 2020).
Case history analyses indicate that loss of containment occurs frequently
on piping, with CUI thought to be an underlying mechanism (Clay et al.,
2020).

Despite the high importance of preventing CUI, there have been
limited investigations of how water propagates inside typical insulation
systems, and especially, regarding how the water evaporates and leaves
the insulation system via convection and diffusion. In the present work
we have performed experimental investigations of water evaporation
and insulation drying dynamics for a vertical pipe insulated with hy-
drophobic mineral wool, held in place by a metallic cladding that has a
circumferential opening to the ambient air.

In this system, controlled amounts of water are added to a reservoir
which is in contact with the pipe wall kept at 70°C. The relative humidity
and temperature of the gas residing within the insulation material is
measured by 24 sensors at three different radial positions and 8 different
vertical positions. We observe the insulation drying dynamics following
addition of liquid water in different quantities, analyse the observations,
and compare with a simple one-dimensional model based on diffusion in
the vertical direction. A schematic illustrating the experimental setup is
given in Fig. 1.

This paper is arranged as follows: In Section 2, we give a brief review
of the current understanding of CUI; in Section 3 we review the ther-
modynamics and transport phenomena of the water-air-insulation sys-
tem, in Section 4 we describe the setup and methods, in Section 5 we
present the results, in Section 6 we discuss the results obtained and in
Section 7 we provide concluding remarks.

2. Current understanding of CUI

CUI is a serious problem which affects all types of chemical pro-
cessing plants, refineries, oil and gas platforms. The issue affects both
carbon steel and stainless steel piping, where the latter is prone to
chloride-induced stress corrosion cracking. The necessary inspection
and maintenance for prevention of CUI related damage constitutes a
significant amount of the maintenance budget, and 80 % of CUI events
are found on pipes (Fitzgerald et al., 2003). Based on CUI inspection case
histories and industry experience, the majority of damage occurs in the
process temperature range between — 4°C and 175°C (de Landtsheer,
2020). It is important to note here that inspection reports frequently cite
the nominal, or design-, process temperature, while the actual temper-
ature of the fluid inside the equipment is not known and could be lower.
Furthermore, if the equipment is made of low heat capacity material and
is subject to low (internal) flow rates, the exterior wall temperature
could be significantly below the nominal/design process temperature.
This can indicate why CUI may also be encountered when the reported
process temperature is above the boiling point of water.

Another challenging aspect of CUI is the, to the best of our knowl-
edge, limited number of research studies on the fundamental aspects of
CUI. Most studies do not emphasize the importance of the transport
mechanisms of water in insulation materials. Presently, it is not possible
to predict reliably where CUI may occur.

Inside the insulation system, at least the following transport
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Fig. 1. Illustration of the experimental setup for measuring the evaporation
and drying dynamics following water ingress under mineral wool insulation on
a vertical pipe. The differently coloured squares indicate the positions of the
sensors that measure relative humidity and temperature within the instru-
mented cross-section.

mechanisms for water are possible and graphically summarized in Fig. 2:
a) liquid water in the insulation or at the inside of the cladding can flow
downwards in the system, b) water vapour can move by diffusion down
concentration gradients, c¢) liquid water can propagate through the
insulation material by capillary action, d) water can propagate through
thin films adsorbed onto the insulation material fibres, e) water vapour
can condense into liquid as a result of diffusive transport towards the
cold cladding, f) evaporation of liquid into water vapour after liquid has
been transported towards the hotter surface. Specifically, in the case of
insulated high-temperature pipe systems, a conventional view is that
water can propagate in a liquid state to the hot metal (pipe-) surface,
evaporate, propagate towards the colder cladding, and condense there.
Persisting in a cyclic behaviour, this can lead to accelerated corrosion
(de Landtsheer, 2020). At present, the relative importance of the
mechanisms a)-f) is not clear.

In this work we study directly the mechanisms b), e) and f). In our
experimental setup, liquid water is added directly to a reservoir at the
hot surface, such that mechanisms a) and c) are eliminated. Mechanism
d) can occur in our system, and is thought to be of relatively minor
importance, but can not be measured directly to distinguish it from
mechanism b).

In addition to a limited knowledge of the relative importance of
water transport mechanisms, there is also uncertainty about whether
liquid water presence at the pipe surface is necessary for corrosion (or
coating degradation) to occur, or if the presence of high-humidity air in
the insulation close to the pipe is sufficient to cause adsorption of water
films and corrosion damage. For comparison, in atmospheric corrosion it
has been observed that “corrosive wetness” (i.e. establishment of
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Fig. 2. Illustration of the possible transport mechanisms of water inside the insulation material: a) liquid flowing due to gravity, b) diffusion of water vapour, c)
liquid flowing due to capillary action, d) adsorption of water onto fibres, e) condensation of water vapour, f) evaporation of liquid water.

corrosion conditions) can correspond to exposure to an atmosphere with
relative humidity as low as 40 % in particular conditions (Mansfeld,
1979). The typical definition in atmospheric corrosion is to take the time
of wetness as the duration of time the equipment surface is exposed to
relative humidity above 80 % at a temperature above 0°C (Roberge,
2008). In addition to the time of wetness, it has been reported that cyclic
operating conditions, i.e. repeated drying and wetting of the metal
surface, can enhance corrosion, as the corrosion rate is highest just
before the surface dries out (Yadav et al., 2004). As far as we are aware,
no systematic study on how humidity affects corrosion rates for metal
surfaces covered by insulation exists. Presently, it is not clear how ob-
servations of atmospheric corrosion can be applied to CUI conditions.
The term time of wetness is currently used for CUI without any precise
definition.

Some previous authors have conducted experimental tests of corro-
sion rates for CUIL Caines et al. (2015) performed experiments to
develop correlations to predict the CUI rate under natural environ-
mental conditions for offshore applications, using an accelerated CUIL
test in the laboratory (G189, 2007), combined with field testing. Caines
et al. (2013); Hillier et al. (2021) focused on the investigation of pitting
corrosion behaviour, perhaps the most common type of localized
corrosion under insulation in marine environments. Is is found that
general corrosion model predictions are not applicable to insulated
equipment due to the significant differences in the corrosion mechanism
caused by the insulation material (Caines et al., 2017). A clear finding
from laboratory studies is that the insulation presence increases the
corrosion rate under the insulation compared to non-insulated systems
due e.g. to the insulation keeping the moisture longer at the metal sur-
face. In these laboratory studies, large amounts of liquid water were
used to thoroughly soak the insulation. It remains an open question how
the corrosion rates develop as the water content in insulation decreases,
especially in the presence of a strong thermal gradient.

One of the most effective measures for preventing corrosion of the
equipment is to use a protective coating material (de Landtsheer, 2020).
Selection of coating materials is done according to the equipment ma-
terial, operating temperature cycles etc. The resistance of a given
coating to different salt solutions as well as salt sprays is typically used to
assess coating performance. For a review of the different types of coat-
ings, see e.g. the articles by (Miyashita, 2017; Miyashita et al., 2016;
Kane et al., 2008). What is important to note is that all coating systems
will eventually degrade when immersed in water, and that current
risk-based inspection methods have to assume that the coating will be
permanently immersed in water. This means that knowledge of whether
the equipment surface is wet or dry can drastically improve the accuracy
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of predicting the remaining lifetime of the coating. Different technical
solution have also been investigated to protect the equipment surface
from water and reduce the drying time of the insulation material once it
becomes wet. Contact-free systems are designed with an air gap pre-
venting direct contact of the wet insulation material and metal (Rana
et al., 2021; Haraldsen, 2010) and have been applied with success in
recent years. Similarly, solutions exist where the air gap is designed
between the insulation material and the cladding, where the goal is to
prevent the outside of the insulation material to be exposed to liquid that
is condensing during periods with low ambient temperatures. These
solutions are typically used together with drain holes in the cladding to
allow liquid to flow out and to reduce the insulation dry-out time by
allowing the diffusion of water vapour entrapped inside the insulation
material. For instance, in the NORSOK Standard M004 “Piping and
Equipment insulation” it is recommended to deploy drainage holes with
a minimum diameter of 16 mm located at the 6 o’clock position on
horizontal pipe runs with a spacing of maximum 2 m.

The influence of drain holes in the cladding on the drying of the
insulation material was investigated by Pojtanabuntoeng et al. (2015)),
but is a topic that needs further exploration. It is clear that larger drain
holes increase the exchange of humid air with the ambient. However,
larger openings also increase the possibility for water ingress, such that a
balance of these factors must be considered. In the present work the
opening in the cladding has a fixed area. Further research is needed on
the impact of varying the sizes of drain holes.

The difficulties in predicting CUI are the main motivation for the
development of risk-based inspection strategies. These are dependent on
estimates for the corrosion rate. In the idealized case of dry insulation,
the risk of CUI is set to be negligible (de Landtsheer, 2020). In practice,
this is never the case for outdoor equipment, and inspection of the pipe
surface is necessary for CUI risk classification. Sophisticated
non-destructive inspection (NDI) methods to assess the corrosion rate or
wetness state under the insulation exist, (Cao et al., 2022): ultrasonic
inspection (Zhu et al., 1998), pulsed eddy current (Sophian et al., 2017;
Cheng, 2012; Brett and Raad, 1996; Angani et al., 2010), neutron
backscatter (Hart, 2014), microwaves (Jones et al., 2012; Simonetti
et al., 2015), and sniffing dogs trained on the scent of corrosion (Schoon
et al., 2014). NDI is generally a complex inspection operation, and
particularly challenging for complex geometries or at elevated locations.
NDI techniques provide information on a single point in time to give a
snapshot of the equipment integrity, and cannot anticipate corrosion
that will happen in the future, and therefore cannot be used to predict
CUI before it occurs (Fransen et al., 2018).

As the presence of water in the insulation is generally believed to be
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the main prerequisite for CUIL, a different approach is to implement a
monitoring solution that detects water in the insulation. In particular,
the concept of measuring the water content in the air inside the insu-
lation by relative humidity spot sensors has been proposed (Fransen
et al.,, 2018). Further knowledge about the fundamentals of water
vapour transport in porous insulation materials is needed to enable the
application of a spot sensor humidity detection system.

Understanding of humidity migration in insulation materials is
mainly derived from energy gains and losses calculations in building
physics (Tariku et al., 2010a). In building physics, however, one
commonly assumes that the temperature has no influence on humidity
transport. In building physics applications, temperature differences (and
gradients) across the insulation layer are generally significantly lower
than compared to typical CUI conditions. Philip and Vries (1957))
investigated the influence of temperature gradients on humidity trans-
port in porous materials by modelling of diffusion. The occurrence of
mould formation in building structures (in the vicinity of localized hu-
midity concentration peaks and due to inappropriate insulation venti-
lation for material drying-out), can be compared with a corrosion
process that is developing under humid insulation. Numerical models for
humidity transfer in porous building materials have been developed and
applied by Hagentoft et al. (2004)); Belleudy et al. (2016)); Shrestha
et al. (2021)); Tariku et al. (2010b)) to identify humidity profiles in
building materials. Liquid water transport mechanisms in porous
building materials can be described using water sorptivity measure-
ments through free water intake experiments (Vejmelkova et al., 2009;
Hall, 1977, 1989; Ioannou et al., 2008; Yang et al., 2006; Hall and Tse,
1986; Roels et al., 2004). Water ingress into hydrophilic insulation
material, such as older types of mineral wool, increases the insulation
material thermal conductivity, causing reduction in insulation perfor-
mance. Then, undesired variations in the optimized process temperature
can occur (Hoffman, 2019; Jerman and Cemy’, 2012; Jirickova and
Cerny, 2006). Effects of convection inside insulation is mostly related to
highly permeable materials (Dyrbgl et al., 2002).

In this work, we seek to improve understanding of the relation be-
tween insulation material drying time and the amount of added water to
the system by means of experiments, simple theoretical modelling of
diffusion processes, and identification of other transport mechanisms
that affect the system dry-out time. The findings from this contribution
support the development of sensor based humidity monitoring tech-
nologies, enabling predictive CUI maintenance.

3. Theory
3.1. Thermodynamics of humid air

For the temperatures and pressures that are relevant in CUI appli-
cations, humid air can be considered as an ideal gas mixture of dry air
and water vapour, such that Dalton’s law of partial pressures is appli-
cable. The vapour pressure of water is then given by the ideal gas law,

Mp, = p,RT, @

where M is the molar mass of water vapour, py is the vapour pressure, p,
is the density of water vapour, R is the universal gas constant, and T is
the temperature. The total pressure p is given by the sum of the vapour
pressure and the partial pressure of dry air, pg,

D =Pd +Dy. 2

The specific humidity, Yy, is defined as the mass of water vapour mu,o
per unit mass of humid air m (or mass fraction of water vapour in the gas
mixture):

_Mug,o _ Mpo/V_py

Yy —
m

3)

m/V p’
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where Vis a control volume enclosing humid air with density p and mass
m. Specific humidity is equal to the ratio of the partial density of water
vapour p, to the total density of humid air p. Moreover, the specific
humidity is related to absolute humidity through the water vapour
density p,. The absolute humidity AH is defined by the mass of water
vapour my,o per humid air volume V, and is related to the specific
humidity,

My,o0

AH = Py = Yup.

(€]
The saturation vapour pressure psa(T) is defined as the vapour pressure
at the gas-liquid interface in a state of equilibrium; here at the (flat)
surface of a pool of liquid water. The dependence of saturation vapour
pressure on temperature can be described by the Clausius-Clapeyron
equation (Petty, 2008). A particular solution of the Clausius Clapeyron
equation is the Magnus equation (Buck, 1981), which relates saturation
vapour pressure to temperature for humid air:
17.62T
)

24312 + ®

Dsat(T) = 6.1 12exp<
where T is the temperature in °C, and the empirical parameters in the
equation are valid for water vapour. The saturation vapour pressure is a
monotonically increasing function of temperature.

The relative humidity RH is then given by the actual vapour pressure
pv expressed as a fraction of the saturation vapour pressure pg,:(T):

Dv

RH=—"—.
Psar(T)

©

Applying the ideal gas law to partial water vapour pressure py, the ab-
solute humidity (Eq. (4)) can also be related to the vapour pressure. The
absolute humidity at which the gas is saturated AHg,¢ can be determined
using the ideal gas law and the saturated vapour pressure in Eq. (5):

Mp sat

AHg = RT

)

Hence, the relative humidity can be understood as the ratio of ab-
solute humidity to the absolute humidity at which the gas is saturated,

AH

RH = .
AHSat

(8)

The specific humidity Yy, can then be calculated from the tempera-
ture and relative humidity measurements according to

Mpgac ( T)

Yy =RH———2
v p(RH, T)RT

9
where the ideal gas law can be used to calculate p(RH, T).

3.2. Adsorption and absorption of gases on solids

Adsorption is a spontaneous process that decreases the surface en-
ergy of solids in contact with gases by having gas molecules stick to the
solid surface. For mono-layer adsorption the phenomena are well rep-
resented by the Langmuir adsorption isotherm (Kontogeorgis and Kiil,
2016), while for multi-layer adsorption more advanced models such as
the BET equation can be employed. The adsorbed phase for humid air
will predominantly consist of water molecules. In addition to adsorption
at the solid surface, absorption further into the bulk of the solid can
occur.

Mineral wool is a material that has a high permeability, high porosity
and low water adsorption compared to more commonly studied mate-
rials such as wood or concrete. For instance Jerman and Cerny (2012),
(Jirickova and Cerny, 2006) performed measurements of adsorption
isotherms for mineral wool. The amount of water adsorption in mineral
wool is low compared to e.g. wood, where even dry wood can contain
more than 10 % water by volume. Even so, the amount of adsorbed
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water in the insulation can be significantly larger than the amount of
water in the humid air inside the insulation, such that the adsorbed
water films can provide a significant reservoir for water during wetting
and drying phenomena.

Absorption of water is the working principle of typical inexpensive
commercially available humidity sensors. These work based on the plate
capacitor principle with a thin polymer layer that absorbs water mole-
cules. The water vapour molecules enter or leave the polymer until
equilibrium is reached. The capacitance of the polymer changes ac-
cording to the amount of absorbed water in the polymer layer.

3.3. Diffusion and convection of humid air

In a gas mixture such as humid air, diffusion occurs spontaneously to
establish uniformity of the system, where the diffusing substance (water
vapour) moves in the direction of decreasing concentration. For a review
of diffusion in the context of drying of porous media, see e.g. (Xu et al.,
2020). The diffusion process very often takes place simultaneously with
convection. In the case relevant to CUI, convection is driven by buoy-
ancy, as hot and humid air is lighter than cold and dry air. A buoyancy
driven flow caused by both density differences due to temperature
variations and concentration variations is called double-diffusive con-
vection, which is relevant in many engineering applications, including
humidity migration in porous media (Trevisan and Bejan, 1985). The
particular case of double-diffusive convection where the heat gradient is
imposed horizontally and the concentration gradient vertically has
received some attention in the literature (Mohamad and Bennacer,
2001).

The experimental setup in this work features a (predominantly)
vertical gradient in water vapour concentration, with high concentra-
tion at the bottom near the water addition reservoir, and low concen-
tration at the top. The setup also features a horizontal temperature
gradient, with high temperature at the pipe wall (70°C) and low tem-
perature at the cladding (ambient laboratory conditions at approx.
20°C). The gradients are illustrated in Fig. 3. As illustrated in this figure,
there will in general also be a concentration gradient radially. Due to the
slender aspect ratio of the insulation cross-section in the experimental
setup, the radial gradient will be smaller than the vertical gradient.

For the present system it is of interest to estimate the relative
importance of convection versus diffusion. When convection of the fluid
occurs inside a porous medium, the convective velocity follows from
Darcy’s law, and the modified Rayleigh-Darcy number Ra can be used to
characterize the ratio between transport due to thermal diffusion and
transport due to convection. It is given by

SATL
_SALY o4,

Ra
aP,,

(10

where the parameters that characterize the experimental setup in this
work are: g = 9.81m/s? acceleration due to gravity, f = 3 x 103K !
thermal expansion coefficient of air, AT = 50K temperature difference,
L = 0.06m radial thickness, a = 25 x 10~%m?/s thermal diffusivity, v =
22 x 10~%m?/s kinematic viscosity, Py, = 9kPas/m? is the vertical hy-
draulic resistivity. After the transformation using the expression for
permeability of the mineral wool k = vyAx /AP, and hydraulic resistivity
Py, = AP/vL, the obtained approximate value of 0.4 can be found.

The obtained value of the modified Rayleigh-Darcy number, Ra ~
0.4, shows that some convective transport occurs, but the diffusive
transport is a stronger effect in the present system. A detailed mea-
surement of the convective transport could be obtained by the vertical
temperature variation in the system. Qualitatively this can bee seen in
the experimentally measured temperatures, but the uncertainty associ-
ated with the exact radial position of the temperature sensors in the
strong temperature gradient, means that a quantitative estimate cannot
be given with the present data. It may be possible to achieve this in
future experiments by using significantly smaller and more accurate
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Fig. 3. Schematic illustration of the specific humidity (concentration) and
temperature gradients during the transient drying process. The lines indicating
constant specific humidity are generally sloped in the region where drying
is occurring.

Sensors.

3.4. Mollier diagram for humid air in insulation systems

A common way to explain the processes related to thermodynamics
of humid air is to use a Mollier diagram, which provides relationships
between dry bulb temperature, relative humidity and specific humidity
values. For the relevant thermodynamic states of humid air within the
insulation material, a Mollier diagram is shown in Fig. 4. Three different
cases for the radial distribution of humid air are shown. These are given
as lines showing the variation in the specific humidity on the horizontal
axis, while the temperature gradient between the hot pipe and cold
cladding corresponds to the dry bulb temperature shown on the vertical
axis. These cases correspond qualitatively to different positions in the
vertical pipe experiments, where case 1 is encountered close to the
opening to ambient, case 3 occurs close to the water reservoir, and case 2
is found between these two. Transport of humidity by diffusion will
occur both along the coloured lines, thus changing their slopes, and
between the regions represented by these lines, thus shifting the lines
marked 2 and 3 towards line 1. We emphasize that the cases 2 and 3 are
drawn with straight lines for simplicity, in general they will be curved paths
when the system is not in equilibrium.

In Fig. 4 we have illustrated three possible situations for the radial
variation in the humid air state. These cases are relevant for the
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Fig. 4. Mollier diagram for humid air. The three coloured lines indicate three
qualitatively different cases for the distribution of humidity along the temper-
ature gradient in the insulation. In all cases it is assumed that we have a pipe
temperature of 70°C, and a cladding temperature of 25°C. In case 1), there is
diffusive equilibrium along the temperature gradient; in case 2), there is
diffusion of moisture towards the cold cladding; in case 3), there is diffusion
towards the cold side and condensation occurs, both at the cladding and a
certain distance inside the insulation in the temperature range where the blue
line follows the 100 % RH line.

evaporation and drying of the insulation system, and are described
below.

1. Specific humidity is constant at the equilibrium concentration. There
is no net diffusion taking place radially in the insulation, and the
system is generally dry.

. Specific humidity is higher at the hot surface, and diffusion takes
place radially towards the cold surface. This situation occurs tran-
siently after some water has entered near the hot surface. After some
time, the system will reach an equilibrium state with constant spe-
cific humidity.

. Similarly to case 2, this shows a transient situation with higher
specific humidity at the hot surface driving diffusion towards the
cold surface. Here the humid air reaches the point of condensation,
and there is a kink in the blue line indicating that the specific hu-
midity cannot exceed the value of saturated air at the given tem-
peratures. Condensation will occur along the part of the blue line that
follows the 100 % RH line. The distribution of liquid water along this
section can not be trivially obtained.

3.5. Estimation of drying times based on diffusive flux approximations
from the sensor data

In this section, we present a simple model to estimate the dry-out
time of the insulation system, based on vertical diffusion from the
reservoir to the opening. The diffusive flux for species i in multi-
component systems with non-uniform density can be computed via the
Fickian diffusion approximation

ji = —pDVY,, an
where D; is an effective binary species diffusion coefficient. In diffusive
equilibrium, the mass fraction is constant. For the binary water vapour-
air system at hand, this corresponds to constant values of specific hu-
midity. We assume that upon filling of the water reservoir, the humid air
above the water interface is saturated. We further assume that gradients
in specific humidity are only present up to the vertical height of the
opening to ambient. The idealized situation in terms of specific humidity
contours, is visualized in Fig. 3. The dry-out time of the reservoir can
then be computed by estimating the mass-flux through the annular disk
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just above the water reservoir, assuming that the mass fraction gradient
can be estimated by the saturated conditions at the reservoir side, and by
the mass fraction values obtained from the sensor just above, on the
insulation side. Similarly, the vertical mass flux across the annular disks
at the height of the opening, and corresponding to sensor layer one, two,
and three, can be estimated by values for mass fraction provided by the
sensors closest to the opening height in layer one, two and three, and the
assumption of constant specific humidity (equal to ambient conditions)
at the height of the opening. Integrating the mass fluxes over the
bounding areas, provides the mass flow rate out of the enclosed volumes.
By conservation of mass, the mass flow rate is also given by the amount
of added water to the system, divided by the (unknown) transport time-
scale. The diffusive time scale for transport of water vapour out of the
reservoir volume enclosed by the surface A, is then given by

diff __
tres -

Maad
_ ; (12)
preSDreSAreS (()YW /6z) res :

where M,qq is the amount of water added to the reservoir, and subscripts
res denote evaluation of the respective quantity at the reservoir condi-
tions. The mass fraction gradient is evaluated from sensor readings ob-
tained at the sensor just above the reservoir, and the assumed saturated
reservoir conditions. Equivalently, the diffusive dry-out time for the
insulation volume bounded by the water reservoir and the opening to
ambient, is given by

tdiff _ Madd

- Maaa 13
™ = S DAY /02), a3

where k = 1, 2, 3 denotes the (radial) sensor layer, where the quantities
are evaluated. In Eq. (13), the mass fraction gradient is evaluated from
sensor readings obtained at the sensors from the three sensor layers
closest to the opening, i.e., approximately at the vertical position of the
opening, and the assumed constant ambient state. An illustration of the
bounding volumes is given in Fig. 5.

To evaluate the quantities occurring in Eq. (12) and Eq. (13), we
employ a commonly used correlation for the diffusion coefficient’s de-
pendency on temperature Nellis and Klein (2020)),

D(T) = D, (Tlo) -

a4
Specific humidities are obtained from relative humidity and tempera-
ture readings from the sensors and the known (saturated) state of the
near-water reservoir as well as the ambient conditions. The diffusive
model is applied to sensor data in Section 5.

4. Experimental methods
4.1. Description of the vertical setup configuration

The measurement of relative humidity and temperature inside the
insulation was performed using the sensor configuration and the
experimental setup shown in Fig. 6. A logging system with multiplexers
(Omega, OM-240) was used to record the output data from analogue
temperature and relative humidity sensors (Michell Instruments
PCMini52, Driesen en Kern, DKRF4001). A vertical steel pipe with inner
and outer radius of 94 mm and 104 mm was used. The pipe can be
heated up to 70°C using a thermostatically controlled electric heating
cable mounted at the inside of the pipe. A secondary thermal safety
control was used for shutting down the heating system if the tempera-
ture exceeded 80°C. An annular water reservoir made from plastic was
positioned in contact with the pipe at vertical position 170 mm as
measured from the base of the pipe. The reservoir has a height of 30 mm
and wall thickness of 2 mm. The reservoir can contain 335 mL of water,
and is connected to two pieces of tubing for filling.

A hydrophobic mineral wool insulation (Rockwool PS 960) has been
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Fig. 5. Vertical cross section of the bounding volumes considered in the
diffusive model. The hot pipe is represented by the red shaded area on the left,
and the cladding is illustrated by the black vertical line to the right. Black ar-
rows denote the vertical component of the diffusive flux vectors. Gradients in
specific humidity are evaluated from assumed known quantities (reservoir
state, constant specific humidity above the opening in the cladding) and from
the measurements of the indicated sensors, respectively. The small box
enclosing the water reservoir is used to calculate t‘{““, and the large box (sub-
divided in sensor layers), is used to calculate t3if, as explained in the text.

used and assembled in two insulation layers, both with 30 mm thickness,
as indicated by the dashed line in Fig. 6 (b). The insulation is covered by
a rigid metallic cladding which is painted black, cf. Fig. 6 (a). A
circumferential ventilation opening of height 40 mm is present in the
cladding. The vertical position of the opening is at 410 mm from the
bottom of the pipe.

Sensors are placed at different vertical and radial positions in the
insulation material, as shown in Fig. 6 (b). In the following we distin-
guish the three sensor layers: The first layer of sensors is placed next to
the inner pipe, and covered by the first insulation layer. Sensors placed
in the second sensor layer are positioned in small pockets that were
made on the outside of the first insulation layer. Sensors in the third
sensor layer are located in pockets on the outside of the second insu-
lation layer. According to this arrangement, the corresponding radial
distances of the sensor layers from the inner pipe are 0 mm (sensor layer
1), 30 mm (sensor layer 2) and 60 mm (sensor layer 3), respectively.
There are 8 sensors in sensor layer 1, and 7 sensors in sensor layer 2 and
3, cf. Fig. 6 (b). In addition, a reference sensor is providing the lab
environment. One sensor is fixed to the outside of the cladding just
above the opening, and one sensor is placed below the water barrier
plastic disc below the reservoir. This plastic disc is installed to prevent
liquid water, originating from condensation at the cladding, from
running down along the inner side of the cladding and collecting at the
bottom. The disc has a tight fit against the cladding, but was not
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expected to be completely diffusion tight.

4.2. Calibration of the sensors

A climate chamber (Weiss SB2/300/40) was used to calibrate the
sensors before the experiments. Calibration of the sensors for relative
humidity and temperature was performed for the expected range of
temperatures and humidities in the experiments, i.e., between 10 % and
95 % relative humidity, and between 15 and 70°C. Linear calibration
curves were found for each sensor and are used in the subsequent
experimental measurements.

4.3. Experimental procedure

Before the liquid water was introduced, the pipe was heated up to
70°C until an approximate equilibrium with the ambient had been
reached. Typically this equilibration time was at least 24 h. When the
pipe wall temperature reached the set value, water at approximately
68°C was introduced through a 3 mm inlet pipe into the water reservoir
using a 50 mL syringe in several batches. The inlet pipe was then closed
to prevent transport of water vapour through any other paths than the
circumferential ventilation opening.

Evaporation of water from the reservoir starts immediately after
water addition, and changes in temperature and relative humidity
values were monitored. Pipe wall temperature and the amount of liquid
water introduced in the water reservoir were controllable factors in the
experiment, while fluctuations of ambient temperature and relative
humidity in the laboratory were uncontrollable parameters. After the
experiment had been completed, the data were collected from the data-
logger and analysed.

4.4. Experimental uncertainty

No measurement system is perfect, and the error of a measurement is
defined as the difference between the measured value and the true value
of the measurement. In the present experiment there are several po-
tential sources of errors and uncertainties, which we summarize here.

First of all, there is the uncertainty in the measurements themselves.
An overview of the uncertainty specified from the sensor manufacturers
is presented in Table 1.

The relative humidity values provided by the sensors is given by a
correlation programmed into the microcontroller of the sensing device.
The correlation is a function of temperature and capacitance (i.e. the
mass of absorbed water). Thus, it is necessary for the humidity sensor to
also measure temperature, and the measurement uncertainty in tem-
perature propagates non-linearly into the relative humidity uncertainty.
For this reason, accurate relative humidity sensors need to incorporate
very accurate temperature measurements. To be specific, the contribu-
tion of the temperature uncertainty into the relative humidity uncer-
tainty is given by

d

S8(RH) ~ RH(ﬁlogpm) oT.

15)
The uncertainty in the relative humidity is thus on the order of 2 %-
points for a 5T ~ 0.2 K, for the range of temperatures and relative hu-
midities at hand, as given by the sensor manufacturer and discussed in
Section 4.4. The uncertainty in the absolute humidity due to uncertainty
in the relative humidity temperature measurements can be found by
Gaussian error propagation, which for the conditions at hand gives
5(AH) ~ 0.4gm™> at ambient/cladding conditions, and 5(AH) ~
4 g m~ at the hot pipe wall.

Assuming a constant temperature uncertainty of 6T ~ 0.2 K and
propagating the error through the expression for specific humidity, gives
a relative uncertainty in the range of 1.7-2.5 % and an absolute un-
certainty of ca 5 x 10~* kg kg1, respectively. If the measurand varies in
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Fig. 6. (a) Photograph of the instrumented vertical pipe, and (b) schematic of the sensor layout.

Table 1
Uncertainty of the sensors specified in the datasheet from sensor manufacturers.
Sensor type Sensor output Accuracy Range
PCMini RH +2% [0, 100]%
T +0.2°C [ — 20, 80°C]
DKRF4001 RH +2% 10-90 %
RH +35% >90% or <10 %
T + 0.6- + 2. 6°C [ — 20, 80°C]

a spatial region there will be the spatial error. The sensors in the first
sensor layer are placed next to the pipe wall. However, it is difficult to
say with certainty that all the sensors have similar thermal contact with
the pipe wall. Considering the strong temperature gradient that exists,
from 70°C on the pipe wall to ~ 25°C on the cladding across a distance of
6 cm, a 1 mm difference in the radial sensor position gives a 0.75°C
difference. Fig. 7 shows the scatter in temperature values in the first
sensor layer. Note how the evaporation of water leads to a temperature
drop in the sensors located between the reservoir and the opening
height. The observed scatter can be caused both by positional uncer-
tainty, by uncertainty in the sensors, and by convection, as discussed in
Section 3.3. With the present sensors, it is not possible to distinguish
these effects with certainty.

Regarding the injected water volume, the water was introduced
through the inlet pipe into the water reservoir, using a syringe with
maximum volume of 50 mL. The measuring of water volume in the sy-
ringe gives rise to readability error. The estimated error due to read-
ability is + 0.5mL.

To prevent the presence of escape paths for water vapour different
than the circumferential opening, the cladding was sealed tightly and
furthermore covered with several layers of tape. Below the reservoir, the
disc was not perfectly sealed against water vapour, but has removed
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Fig. 7. Temperature values in the first layer, rolling mean using 5 samples. The
dashed line indicates the water addition event. Colours are according to the
schematic in Fig. 6b.

uncertainty regarding liquid water accumulating at the bottom of the
system. The readings of the sensor placed below the plastic disc
confirmed that this space became dry at the same time as other sensors
returned to the dry state.

Electrical noise is one of the common environmental causes of
random error. In this experimental system, the temperature controller
has been causing scatter in the temperature reading due to heating
switching on and off. This caused temperature fluctuations of + 1°C
around the set-point.
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5. Results

The results of the different water addition experiments are presented
in this section. To analyse the drying dynamics of the mineral wool
insulation material, four different cases of controlled water addition are
investigated. We perform addition of 250 mL, 125 mL, 63 mL water to
the reservoir, in addition to a double addition of 250 mL of water.

The plots shown in the following sub sections are the rolling-mean
averaged measurements of temperature and humidity over time. As
described in the previous section, the sensors are mounted in groups at
three different radial positions, and we refer to these as the first (inner)
layer of sensors, the second (middle) layer of sensors, and the third
(outer) layer of sensors.

As discussed in Section 3.3, the specific humidity Y, enters into the
diffusion equation. Hence, the specific humidity is presented in the
following plots, calculated according to Eq. (9). Considering specific
humidity has several benefits over considering the measured relative
humidity values, including straight-forward comparison of values be-
tween the three layers, as well as removing to a large extent the effect of
the radial position uncertainty which makes it difficult to directly
compare relative humidity values within each layer.

Time evolutions for specific humidity and temperature are shown for
the 250 mL single and double water addition experiments. Results from
the 125 mL and 63 mL experiments are deferred to the Appendix for
better readability. These experiments have been analysed in the same
fashion as the 250 mL water additions cases presented here, and the
resulting drying times are included in the Fig. 15.

5.1. Addition of 250 mL liquid water

Figs. 8, 9, 10 show the measurements from the test with addition of
250 mL liquid water. The pipe was kept at a temperature of 70°C
throughout the experiment. The water addition event is marked by a
vertical dashed line. When evaporation of water starts due to heating of
the water in the reservoir, the specific humidity shows a sharp increase.
Elevated and approximately constant values can be observed for around
29 h. Then, a sharp decrease occurs. This drop is associated with the dry
out of the reservoir. Subsequently, we refer to the period between the
time of water addition, and the sharp decrease in specific humidity of all
sensors, as the first drying time. The first drying time corresponds to the
time of wetness of the insulated equipment. The second period of drying
is characterized by a gradual decrease in the specific humidity, and lasts
for approximately 120 h. The second drying time corresponds to the dry
out of the insulation. Both observed drying times are identical for the
three sensor layers.

In the data from the first sensor layer, there is also a clear

T (°C)

48 72
Time (hours)

96

Fig. 8. Temperature and specific humidity response in the first sensor layer
during the addition of 250 mL of liquid water. The specific humidity Y, is
calculated according to Eq. (9).
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Fig. 9. Temperature and specific humidity response in the second sensor layer
during the addition of 250 mL of liquid water. The specific humidity Y,, is
calculated according to Eq. (9).
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Fig. 10. Temperature and specific humidity response in the third sensor layer
during the addition of 250 mL of liquid water. The specific humidity Y, is
calculated according to Eq. (9).

temperature drop’ following the water addition. This is associated with
the phase transition of liquid water to water vapour, consuming energy
equal to the latent heat of evaporation, and leading to decrease in
temperature for the extend of the evaporation period. When the primary
drying process has completed, the temperatures all return to their initial
values. Note also that the sensors in the third layer are somewhat
affected by the day-night cycles in the laboratory, cf. Fig. 10, while the
inner layer is not affected (Fig. 8).

Drying times have been estimated as illustrated in Fig. 11: For each
sensor we subtract the specific humidity one day prior to water addition,
and thereby construct the excess specific humidity with respect to the
sensors’ initial value. The excess specific humidity is then average over
the 24 h before the water addition. This processing results in smooth
curves that represent the deviation in specific humidity in response to
the water addition, and eases comparison of readings obtained at
different sensor positions. The first drying time is found when the sen-
sors simultaneously show a significant drop in excess specific humidity
(marked by the second dashed line, with the first drying time denoted by
£35). The second drying time is found when the excess specific humidity
of the sensors coincide again (marked by the third dashed line and
denoted by t3%). As illustrated by the gray shaded area in Fig. 11, there is

1 Most sensors show a temperature drop, but the sensors mounted near the
top show a small temperature increase, due to the thermostat adding the same
amount of heat along the whole pipe height.
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Fig. 11. Excess specific humidity above each sensors’ baseline specific hu-
midity (averaged over one day before water addition) for all sensor layers as
function of elapsed time after water addition: Layer one (orange), layer two
(green), and layer three (blue). The dashed vertical lines indicate the water
addition event at zero hours, the first drying time, £, at 29 h, and the second
drying time, 3%, at 120 h, respectively. The grey shaded area shows the un-
certainty range in the second drying time.

some uncertainty connected to this visual measure. Another option to
assess the second drying time, is to consider the second significant drop
in humidity for the sensor positioned below the water barrier disk (cf.
Fig. 10). However, estimating the second drying time based solely on the
readings from one single sensor is deemed as less robust than consid-
ering the collective return to equilibrium of all sensors. Nonetheless, the
fact that the sensor below the disk returns to the dry state at a similar
time as the sensors placed above the disk, indicates that there is no
significant liquid water accumulation due to condensation below the
disk.

5.2. Repeated addition of liquid water

The double addition of water experiment was started from the dry
state at 70°C before introduction of 250 mL water. The sensor signals
were monitored during the primary drying phase, and upon observation
of the sharp drop in humidity that indicates the end of first drying state,
another injection of 250 mL water was performed.

70

65 Em———s Smm———
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0'0924 ( 48 96 120 144
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Fig. 12. Temperature profile and specific humidity response to the introduc-
tion of water as a function of time for the first sensors layer. The different
colours of the line represent sensor at different position within first sensor layer,
on the pipe surface.
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The observed humidity and temperature signals in the different
sensor layers are shown in Figs. 12, 13, 14. It is clearly seen that the
humidity response to the second addition of water is very similar to the
first addition. Note that upon re-addition of water, the specific humidity
values are stabilizing at approximately the same value as the first
addition. The first drying times are equal, and observed to be close to
30 h, as expected from the single 250 mL water addition. This indicates
that the first drying period is not influenced by the residual amount of
water vapour residing in the insulation, and only depends on the
reservoir conditions. The second drying time, measured for the second
water addition, is approximately 174 h, about /2 longer than the 120 h
measured for the single 250 mL addition experiment, highlighting the
complex interaction between the physical processes in place.

5.3. Estimation of drying times

Here, we apply the simple vertical diffusive model suggested in
Section 3.5 to the sensor data obtained from the 63 mL, 125 mL, and
250 mL experiments. Calculated values from the diffusive flux model or
the first drying-time (reservoir dry-out time) and the second drying time
(insulation dry-out) are denoted tdiff and tfiff, respectively. Steadiness of
diffusive fluxes in the volume between the reservoir and the opening
should provide similar estimates for the first drying time, when evalu-
ating the diffusive fluxes in the near reservoir vicinity (Eq. (12)) and
close to the opening (Eq. (13)). To estimate the reservoir dry-out time,
we assume that the humid gas in the void space between the water
surface and the bottom part of the insulation is at saturation, and at the
water temperature of 70°C. The vertical diffusive flux is estimated via
the sensor readings at a position located 50 mm above the reservoir
when using Eq. (12). We use the plateau values for the first peak in the
specific humidity signals. When using Eq. (13), the sensors located in
sensor layer 1, 2, and 3, at a position 200 mm above the reservoir are
used, and gradients are evaluated towards the assumed constant
ambient specific humidity. The calculated dry-out times are listed and
compared against the observed dry-out times in Table 2. We see that the
dry-out times of the water reservoir computed via the diffusive model
and sensor data close to the reservoir, agrees with the observed dry-out
times to within 21 %, whence evaluation of the diffusive fluxes close to
the opening over-estimates the reservoir dry-out by almost a factor of
three. This deviation indicates that during the first drying phase, pro-
cesses other than diffusion affect the mass fraction field. The secondary
dry-out time, or insulation dry-out time, is computed based on the mean
value of the specific humidity just after the reservoir has dried out, and
the base value, i.e., we assume a linear decrease in specific humidity
from the levels at the onset of insulation drying, to the base level, when
the insulation is back at the humidity state it was at before water was
added to the reservoir. As for the first drying time, the vertical gradient
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Fig. 13. Temperature profile and specific humidity response to the introduc-
tion of water as a function of time for the second sensors layer.
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Fig. 14. Temperature profile and specific humidity response to the introduc-
tion of water as a function of time for the third sensors layer.

Table 2

Estimation of the water reservoir dry-out time using the vertical diffusive flux
model based on the sensor closest to the reservoir (top half) and sensors close to
the cladding opening (bottom half).

Maqa [mL] tiff [h] s [h] (diff /¢0bs Sensor position
63 8.8 8.6 1.02 Near reservoir — Eq. (12)
125 17.5 15.0 1.17
250 35.0 29.0 1.21
63 21.6 8.6 2.51 Near opening — Eq. (13)
125 44.3 15.0 2.95
250 83.5 29.0 2.88

in mass fraction for each sensor layer in Eq. (13) is computed with
respect to the (assumed constant) ambient value for specific humidity at
the three radial coordinates, respectively. The calculated drying times
are listed in Table 3. The agreement for the insulation dry-out time
calculated with the diffusive model is up to 20 %, compared to the
observed insulation dry-out times.

6. Discussion

As discussed previously there is a multitude of physical effects that
interact in the experiments reported here. Water vapour is produced by
evaporation of liquid water from the water reservoir, and transported by
diffusion from higher values of specific humidity to lower values, i.e.,
from the reservoir towards the opening to ambient. Convection due to
buoyancy differences in the air caused by the radial temperature
gradient cause a slow circulation that increases the transport of humid
air from the hot pipe towards the colder cladding. Adsorption/desorp-
tion of water between the fibres and the gas phase means that a signif-
icant amount of water can be stored in the bulk, interacting with the
diffusion process. Condensation can occur both inside the insulation and
at the cladding when saturated hot air diffuses into the colder regions,
and subsequently there will be evaporation during the drying of the
system.

Several interesting points from the specific humidity curves and
observed drying times can be noted. Firstly, we note that there is a linear
relation between added water amount and first drying time, i.e.,

Table 3
Estimation of the insulation dry-out time based on the vertical diffusive flux
model using sensors close to the cladding opening.

M_qq [mL] tczliff [h] tgbs [h] tg‘ff/tgbs
63 35.3 38 0.93
125 80.0 92 0.87
250 147.9 120 1.23
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reservoir dry-out time. This can be understood in terms of the initial
evaporation process which features a linear relationship between
evaporated mass and dry-out time, as the imposed heat flux from the
pipe surface into the reservoir (and the insulation) is nearly constant. In
Section 3.5 we suggested a simple vertical diffusive flux model, showing
that the first drying time can also be estimated by measuring the amount
of water vapour that is transported past the sensor just above the water
reservoir. The diffusive transport from the saturated water reservoir to
the nearest sensor is linear in the amount of added water.

Comparing the three sets of experiments, it is seen that the recorded
specific humidity is strikingly equal for the first drying period. In
particular, the values of specific humidity during the first drying period,
as well as the recorded values immediately after the sharp drop at the
onset of the second drying period, are very similar. Hence, for all ex-
periments, the gas phase in the insulation is in a comparable state during
and just after evaporation from the reservoir, and similar second drying
times should be expected if only diffusion from the reservoir to the
opening were the dominant mechanism. The increase in evaporation
time for more added water, also means that there is more time for
convection to bring high humidity air towards the cladding, for
adsorption to take place on the fibres, and for condensation in the bulk
and on the cladding to occur.

Equilibrium adsorption is related to the local humidity state, and
should therefore be similar during the first drying time for the three
experiments, as the humidity distributions are very similar. Measure-
ments of the adsorption isotherm for ProRox PS960 at 40°C show that
the equilibration time scale is on the order of tens of hours, i.e., the
adsorption is likely not proceeding at equilibrium, and more liquid water
can be adsorbed onto the fibres when exposed to prolonged supply of
water vapour. When the supply of humid air to the cladding ceases, this
excess liquid water is evaporating into the gas phase again, increasing
the second drying time, meaning that more added water to the reservoir,
prolongs the second drying time, consistent with the observations from
Fig. 15. The second drying times appear to scale non-linearly with the
added water mass, but unravelling the exact functional dependence will
require additional experiments, preferably with even higher accuracy
provided by latest-generation sensors. From the double water addition
experiment, cf. Fig. 14, we find similar first drying times for the
consecutive water additions, whence the second drying time is
approximately a factor of /2 longer than the second drying time for the
single 250 mL water addition event. The observations listed above point
towards a complex interaction of diffusion, adsorption, convection and
condensation/evaporation leading to redistribution of the added water
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Fig. 15. Overview of the observed first and second drying times in relation to
the amount of added water. Error bars on the second drying time are calculated
as illustrated in Fig. 11.
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mass in the system. The overall drying time for the added water to leave
the system, however, is consistent with a scaling proportional to the
square root of added water mass, a typical signature of diffusion
controlled systems.

7. Conclusion

We have performed experiments on liquid water addition to an
insulated vertical hot pipe. Two characteristic drying regimes are
identified, associated with evaporation of liquid water from the water
reservoir until reservoir dry-out, followed by insulation drying. In the
context of understanding and preventing corrosion under insulation,
these two regimes are associated with the time of wetness of the
equipment, and the time where humidity sensors would give elevated
readings, respectively. We have shown that the first drying time scales
linearly with added water mass, given that the evaporation process for a
constant heat flux, as well as diffusive transport at the centimetre scale
near the reservoir, is linear in the added water mass. The second drying
mode is affected by all physical phenomena at hand: diffusion, con-
vection, adsorption/desorption, condensation/evaporation at the
cladding.

Adding different amounts of water yields similar responses of the gas
phase humidity peak values during the first drying period, with differ-
ences between experiments only pronounced in the length of the first
drying stage. As a similar humidity distribution at the end of the primary
drying will lead to similar diffusive fluxes, the explanation for the pro-
longed second drying time for larger amounts of added water is asso-
ciated with the time-integrated effects caused by convection,
adsorption/desorption and condensation/evaporation. The overall sys-
tem drying dynamics observed in the presented experiments can be
described by a square root dependence of the added water mass, giving
an overall diffusion-like characteristic.

The findings in this work confirm that humidity and temperature
monitoring of insulated process equipment indeed is a promising solu-
tion to quantify water ingress. A simple diffusive flux model provides
good agreement for the insulation drying time, and can be computed
from sensors close to the cladding opening. The water reservoir drying
time, i.e., the time of wetness, calculated by the diffusive model using the
readings provided by the near-cladding sensors, is overestimated
significantly. In terms of a sensor monitoring solution to detect water in
the insulation system, further work is needed to understand the
connection between evaporation at the equipment surface and the
resulting sensor humidity responses.

In practical terms, the findings indicate that monitoring the insu-
lation wetness (the second drying time) provides a conservative estimate
of the time-of-wetness, which again determines the corrosion rate.
However, the exact relation between the first and second drying times
will depend on the specific design of the system, including insulation
and cladding design, ambient climate, and pipe temperature. The pre-
sent work constitutes the first openly available study which demon-
strates the viability of monitoring CUI implicitly via detecting the
humidity in the insulation system. The findings in this work are also of
relevance for improving the design of insulation and cladding systems to
minimize the impact of corrosion under insulation. Further work should
be undertaken to investigate the performance of different cladding so-
lutions and insulation systems, in light of the novel understanding of
humidity dynamics that has been presented in this work.
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