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Abstract

Moisture buffering describes the use of high moisture-sorption materials to provide humidity control in interior spaces. Established models of the moisture
dynamics of buffering are derived from conventional 1-D Fickian vapour-diffusion equations. We describe an alternative simpler analysis using a 1-D Sharp
Front (SF) formulation in which the sorbed water occupies a well-defined zone that extends inwards from the surface. SF modeling is widely used in water
transport analyses, but has not previously been applied to a vapour transfer process. This SF analysis emphasizes the (time)? evolution of the sorption
process. It yields the standard expression for the moisture effusivity, several testable scalings and a new definition of the moisture penetration depth.
Features of the model are compared with some published experimental data on clay plaster, a widely used buffer material. A new sorption buffer index is
a measurable experimental property that describes the water-vapour buffer strength of the material. This index is a composite material property which
combines water-vapour sorption capacity and water-vapour permeability, and does not depend on test duration.
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1 Introduction

In buildings subject to episodes of high humidity it is
sometimes useful to line interior surfaces with materials that
have both high water-vapour permeability and high water-
vapour sorption capacity. Such materials extract water from
humid air, and release it again when the humidity falls. This is
the essence of moisture (or humidity) buffering. The idea that
materials, whether deliberately introduced or not, may play a
consequential part in influencing the humidity of rooms can
be traced back at least to Isetti et al. [1], and then to
Cunningham [2] and to Koronthalyova [3], although the later
independent work of Padfield [4] in 1998 was influential.

The topic now has a sizeable research literature. This deals
with the moisture dynamics of buffering, material properties,
test methods and performance. The established models of
buffering dynamics [5, 6] are constructed from standard
equations for vapour diffusion. These are applied to finite
(rather than semi-infinite ‘thick’ ) 1-D buffer systems with
time-dependent (usually step-change) boundary conditions.
As a result their solutions involve either rather complicated
analytical procedures or fully numerical methods. This is
perhaps an impediment to their widescale use, and may also
obscure important scaling relations between the controlling
variables.

Here we describe an alternative analysis of moisture buffering
using a Sharp Front model [7]. SF models often provide
mathematically straightforward representations of water
transport processes, emphasising the time dependence of
mass (or volume) balances. Most SF applications in building
physics are of capillary liquid transport, so an SF model of a
vapour-transfer process is new. What makes an SF model
appropriate for moisture buffering is that most of the water
entering the material is immobilised in a compact zone
adjacent to the surface. In fact, the strong adsorption of water
vapour by typical buffer materials severely retards the rate of
vapour diffusion [8]. In consequence most of the mass
transfer (both in adsorption and desorption) is confined to a
reasonably well-defined sorption zone extending inwards
from the surface. We identify the limit of this zone as the
location of the Sharp Front. We note that in SF models the
advance of the front within a porous material is generally
driven by capillary forces acting on liquid water, but is here
controlled by the joint effects of vapour diffusion and sorption
capacity. Moisture buffering is an example of a highly
nonlinear diffusion phenomenon, with the diffusive motion of
the front greatly retarded by sorption. This is what makes it
appropriate to use an SF formulation.
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2 Buffering dynamics
2.1 Water-vapour diffusion

We consider the dynamics of buffering in the simple slab of
Fig. 1.
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Figure 1. A thick slab of uniform material conditioned at humidity H,
and subject to a step increase of humidity to H, atthe surface AA’;
X, marks the penetration depth of the advancing sorption front.

The existence of a water-vapour concentration gradient
drives water from higher relative humidity to lower. The
water-vapour flux can be described by Fick’s law of isothermal
brownian diffusion

. dew
Jm = — w% (1)

where j,, is the mass flux, ¢, is the gas-phase water
concentration, and D, is a diffusivity with dimension L2T
(notation here largely follows that of [7]). So long as the water
moves through the slab solely by means of molecular
diffusion in the gas phase, we can expect D,, (at any
temperature) to have a constant value independent of c,,. It
is more useful to express c,, as a pressure: c,, equals the
vapour density p,,, and assuming ideal behaviour the water
vapour pressure p,, = p,RT/M, where M is the molar
mass of water, R the gas constant and T the Kelvin
temperature, so that

DywM dpy __ -D dpw (2)

Jm = RT dx Voax '

In building physics the lumped quantity D, = % is called

the water vapour permeability [9] and denoted §,,; itis nota
permeability in the Darcian sense but rather a quantity
proportional to a binary molecular diffusivity. D, has
dimension T. The vapour permeability so defined is a property
of the slab material expressing the rate at which it transfers
water vapour under the action of a gradient of vapour
pressure at constant total pressure. It is normally measured
directly in a standard cup test [10]. The impeding effect of the
porous material is seen by comparing D, with the diffusivity
of water vapour in air itself D, (usually described as the
‘diffusivity in stagnant air’ ).

D, is a binary gas phase diffusivity but, recognizing that
water is usually a minor constituent, the appropriate quantity
is the tracer diffusivity, as measured in the dilute limit in which
water diffuses in a background of pure air. At 25 °C D,,, is
2.55x10°m* [11],and D, is 1.85x 10%°s. Provided that
water is transmitted within the slab solely by molecular

diffusion through the gas phase, then the vapour permeability
is controlled by the physics of molecular-kinetic diffusion. In
particular, diffusivity D,,, varies with absolute temperature
T and total pressure P as T"/P where n is around 1.8
[7], so that a similar temperature and pressure dependence is
expected for D,,. Accordingly, D, variesas T™1/P.

2.2 Water-vapour sorption

Buffer materials are chosen to sorb water strongly.
Information on the sorption property comes from
measurements of how the equilibrium water content varies
with relative humidity at the temperature of interest. In
building physics the sorbed water content is defined in terms
either of water content ‘mass by volume’ w or of water
content ‘mass by mass’ 8,,. Here we use the latter. We
denote the fractional relative humidity H = p,,,/pwo, Where
Pwo is the saturated water vapour pressure. Sorption
isotherm datasets 6,,,(H) are often fitted to one or other of
the many available isotherm functions. The quantity & =
dé,,/dH is called the moisture (differential) capacity [9].
Alternatively we can define a moisture capacity &y, =
AB,,/AH from the change in mass A#,, produced by a
prescribed change in relative humidity AHy; = H; — H,.

2.3 A Sharp Front description

We ask how the slab of Fig. 1 responds when the relative
humidity at the surface at AA’ is increased from H, to H,
at time t = 0. We can apply Egn 2 to describe the diffusion
of water vapour from AA’ into the interior of the slab. We
recognize that almost all the water entering the material is
adsorbed and immobilized, and also that the amount of water
adsorbed rises steeply with humidity. (These assumptions are
reasonable in the RH range < 90% for most practical moisture-
buffering materials in which sorbed water is taken up by
cellulosic or clay materials). Therefore for t > 0 the slab
develops a zone of higher water content which extends slowly
inwards from the surface. If the thickness of this zone is x,,
(the ‘penetration depth’) then the cumulative mass of
adsorbed water (per unit area of surface) is i,,, = x,p,A0,,,
where A8, isthechangein 6,, produced by increasing the
humidity by AH = H; — H,, and p;, is the dry bulk density
of the slab material. Information about 6,,(H) comes
directly from the water-vapour sorption isotherm of the
material, so that p,AB8,, = pp&y,;AH . Noting that H =
pW/pWOI we have im = xpprOIpr/pWO-

We can write Eqn 2 in the approximate form

di . A
% =jm =D, XL:/ (3)
Then eliminating x,, gives

.o di (Apw) 2
ln d_rtn = ppéo1Dy #: (4)

and integrating with i,, = 0 at t = 0 we obtain

i, = 21/2Ap, [@]“2 $1/2 = 21/2\p B - 12,
w0
(5)
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Here the quantity B = (0,&01Dy/Pwo)*/?, with dimension
L'1T3/2, is the same as the moisture effusivity b,, used inthe
standard analysis of moisture buffering [5, 6].

Egn 5 may be usefully rearranged to give
im = zl/zAH(prOIDvao)l/z ’ tl/z' (6)

The quantity i,/(100AH) is the same, apart from a
numerical factor, as the ideal moisture buffer value [MBV] of
the standard theory [5], defined for a thick slab.

From Eqgn 6 the significant scaling is that, for any time ¢, i,
varies as [~] (pp&o1Dy)Y?, where p,, &., D, are
material properties. Of these, the moisture capacity &,; is
the quantity with the largest numerical range and the largest
impact on the buffer action.

The penetration depth at time t is

Bpwo DyDbwo 1/2
x. ~ 2172 Ct1/2 = 9172 [ ] 12 7
L4 Pbéo1 Pbéo1 ( )

The main scaling in Eqn 7 is that the penetration depth x,, ~

D,}/Z and ~p‘i,/02. Since both D,and p,, increase with
temperature, so also does x,. On the other hand x, ~

1/2 . . .
1/&,1", and so decreases as the moisture sorption capacity
increases.

Eqgns 6 and 7 taken together show that for a series of materials
the quantity i,,/x, ~ ppéo1 but is independent of D,,. On
the other hand, the quantity ip,x, ~ D, butisindependent
of pp&y1. The effect of sorption is to retard the diffusion
process, so that the effective water-vapour permeability is =
D, /(ppéo1), provided that p,&y; > fp,o Where f is the
volume-fraction porosity of the buffer material and p, is
the saturated water-vapour density at the working
temperature.

Egn 6 can be written as
im=A-tY? (8)

where A = AH(2p,&01D,Puwo)*?. Wecall A (for want ofa
better term) the sorption buffer index of the material. This
quantity A, dimension ML'ZT'”Z, is a directly measurable
experimental quantity and is the property that describes the
water-vapour buffer strength of the material. The magnitude
of A depends both on the moisture capacity and the rate of
sorption. Since the moisture capacity & is rarely if ever
independent of the humidity H,the bufferindex A depends
on H (or AH). Arguably, A is the single most useful
quantity to determine experimentally as a measure of buffer
performance. It should be noted that the sorption buffer
index A as defined in Egn 8 is analogous to the sorptivity S
in capillary liquid transport models [7, 12]. Unlike the
conventional moisture buffer value [5], the index A
incorporates the t/? scaling of the sorption process, and
therefore is a material property independent of the duration
of sorption.

2.4 Example

Analysis of published results in dynamic-response tests [5, 13]
confirms that the mass of water adsorbed following a step
change in the imposed humidity generally increases as t'/2.
As an example, Fig. 2 shows data [13] on a clay plaster.

0.06

m

Cumulative mass change i/ kg m2

0 0.5 1 1.5 2 25 3 3.5

(Time t/h) "2
Figure 2. Change in mass of sorbed water in clay plaster, calculated
from data of Maskell et al. [13]: three adsorption/desorption cycles,
surface condition alternating at 12 h intervals between 50 % and
75 %RH at 23°C; i, set to zero at each humidity change; di,,/
dt/2 = A=+ 0.016 kg/(m*h'2). First cycle +; second cycle o
third cycle 0.

For this material, and under the test conditions specified, the
sorption index is 0.016 kg/(m2h'/2). In this case, the sorption
behaviour is reversible, so that water lost by desorption also
increases as t/2. The adsorption and desorption rates are
similar,and A has the same value within experimental error.
From A and assuming D, = 2.6 x 10! s at 23°C [13], we
calculate the position of the penetration front x, =
2AHD,p,,0/A =8.4 mmh™72, In other words, the penetration
depth x, = 84mmat1h,and26.4mmat10h.

2.5 Comment

The SF model we describe shares some features with the
lumped model of Cunningham [14], which has been adapted
for use in moisture buffering [15]. However the SF model
makes explicit use of standard parameters D, and &, and
does not depend on a sinusoidal boundary condition. The SF
model as briefly presented here does not include surface or
interface contact resistances, nor have we discussed
multilayer buffers. However SF models readily allow such
features to be incorporated [7]. The Nordtest model [5] has a
distributed rather than a lumped water content. The analysis
supporting the test protocol is based on heat-transfer
analogies, and computes the time variation of the water-
content distribution when the material is subject to a square-
wave humidity boundary condition.
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3 Conclusions

1. A simple Sharp Front model of water vapour sorption
has been developed for the main purpose of describing
moisture buffering.

2. The SF analysis provides an elementary description of
the sorption process, emphasizing the t'/? scaling of
the cumulative sorption mass changes, the quantities of
greatest practical importance.

3. The SF model recovers expressions for cumulative mass
change and penetration depth for step changes in
humidity which are similar to those of the standard
theory.

4. A sorption buffer index is defined to meet the need for
a simple experimental measure of the buffer strength
of a material.

5.  The analysis leads to a number of testable scalings
which predict the dependence of the important
practical quantities i,, and X, on material properties
such as p,, D,, & and p,o, and hence the
temperature variation of i, and x,.

The analysis raises several open questions in moisture
buffering that require further analysis and experimental
investigation.

e Does the cumulative water mass gain vary
consistently as t/2 as predicted?

e Is the sorption index generally the same for
adsorption and desorption?

e What is the true water distribution? There is some
NMR imaging data on wood [16, 17]. However little
is known about water distributions in other buffer
materials such as clay and lime plasters, often
formulated with cellulosic fibres.

e Do buffer materials generally reach sorption
equilibrium on the timescales of interest (typically
the daily variations in indoor spaces)?

e Is water transport in buffer materials solely by
vapour diffusion or is there also film flow (or even,
in some cases, true capillary transport)?
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