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Abstract

Absorbent materials such aswood, paper and cotton stabilize the atmosphere of shovcasesagainst
the relative humidit y changescausedby temperature variation and by exchange of air with the sur-
roundings.

There are seweral exchange processesbetween the air in the caseand the outside air: di®usion
through porous coonstruction materials, air °ow causedby temperature and pressurechangesand air
°ow by convection in a shovcasewhoserelative humdidit y di®ersfrom that of it environment. The air
changesabout oncea day in shonvcasesmade by conventional joinery techniques. The rate of exchange
can be reduced to lessthan "v e volumes a year by sealing a shovcaseso that only one small hole is
left for pressure equalization. A dust and sulphur dioxide “Tter can then be tted to maintain a pure
atmosphere within.

In heated rooms without air conditioning the RH may fall dangerously low in winter. A static
method of RH control for showcasesis described. This is a saturated solution of sodium bromide
covered by a silicone rubb er membrane.

A note about this digital version of the article

This version shows ead page, except this one, as a picture. The photographic illustrations are
not well reproduced. As for the content, | would now add that wood is indeed a good humidity
bu®er, but it outgassessudc a variety of chemicals that it should never be usedin a sealedcontainer.
The appendicesabout practical experimental methods seemquaint now (June 2004) but give a good
impression of the joys of experimental work in the analogue world of the nineteen sixties.
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ABSTRACT

Absorbent materials such as wood, paper and cotton stabilize
the atmosphere of show-cases against the relative humidity
changes caused by temperature variation and by exchange
of air with the surroundings.

There are several exchange processes between the air in
the case and the outside air: diffusion through porous con-
struction materials, air flow caused by temperature and
pressure changes and air flow by convection in a show-case
whose relative humidity differs from that of its environment.
The air changes about once a day in show-cases made by
conventional joinery techniques. The rate of exchange can
be reduced to less than five volumes a year by sealing a
show-case so that only one small hole is left for pressure
equalization. A dust and sulphur dioxide filter can then be
fitted to maintain a pure atmosphere within.

In heated rooms without air-conditioning the RH may
fall dangerously low in winter. A static method of RH
control for a show-case is described. This is a saturated
solution of sodium bromide covered by a silicone rubber
membrane.

INTRODUCTION

Two recent articles [1,2] have shown the
advantages of packing humidity-sensitive ob-
jects in cases containing materials, such as
wood and silica gel, which have a stabilizing
effect on the relative humidity.

Objects in display-cascs, as well as those in
transit, will bencfit from this treatment. The
use and performance of stabilizing materials
in this role is onc of the subjects of this
article.

In buildings which arc heated in winter but
a0t fully air-conditioned the relative humidity
RH) sometimes falls so low that wooden
objects are damaged. Show-cases arc not gen-
erally air-tight, and long periods of low
humidity will eventually overcome the in-
fluence of the stabilizing material. A second

STUDIES IN CONSERVATION

theme of this article is therefore the problem
of maintaining the RH within a display-case
higher than that of its surroundings, without
danger of condensation during accidental
temperature changes.

There is also a brief discussion of air pol-
lution within show-cases because most of the
calculations apply to water vapour and
pollutant alike, and a casc designed to main-
tain a stable RH can easily be protected
against entry of pollutants.

ATMOSPHERIC MOISTURE

The reader will need an understanding of
the concept of relative humidity. A brief
explanation is given below. Much fuller
information is available in some of the text-
books listed in the bibliography (3,4

At ordinary temperatures liquid water is
in equilibrium with a definite concentration
of water vapour in the space around it. This
concentration is almost unaffected by the
presence of other gases and depends only on
the temperature. The movement of air dis-
tributes water vapour to spaces remote from
a liquid water surface, where the air gencrally
contains less than the equilibrium amount
of water vapour. The actual concentration,
expressed as a fraction or percentage of the
equilibrium concentration, is the relative
humidity (RH). The relation between the
water vapour concentration (absolute humid-
ity), relative humidity and temperature is
shown in Fig. 1.

Why choose RH rather than water vapour
concentration as the measure of atmospheric
moisture? The reason is that moisture-
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Fi6. 1. The relation between absolute humidity, relative humidity and temperature. Based
on hygrometric tables HMSO.

sensitive materials such as wood, paper, and
textiles change their dimensions and moisture
content as the RH around them changes, but
are not much affected by changes of absolute
humidity as long as the RH remains constant.
In other words the moisture content—RH
relationship is little affected by temperature.
The moisturc content—RH relationship of
air, however, is very much affected by tem-
perature, as Fig. 1 shows. The conscquent
interchange of water vapour between air and
wood can be used to counteract the change in
RH of air.

EFFECT OF RH CHANGES ON MUSEUM
OBJECTS

The dimensional changes of absorbent
materials are not uniform in all directions.
Fibres swell more transverscly than longi-

tudinally and a log of wood swells less
radially than circumferentially and very little
longitudinally. Much of the trouble caused by
RH changes is duc to this unequal swelling.
The warping of wood, for example, is caused
by its different cxpansion in radial and cir-
cumferential directions. Laminated materials
also warp. Even paper laid down on cotton
cloth may cockle because, although the
individual fibres of paper and cloth lengthen
identically as the RH increascs, the twisted
cotton yarn may actually shorten. The pro-
gressive dissolution of creases in garments is
due to the movement of the fibres as the RH
fluctuates.

Dimensional changes are not the only
result of RH fluctuation. Above certain
values of RH somc mincrals and glasscs
bCCOHlC dCliunSCCnt alld mCtalliC COrrOSiOll
and mould growth occur.
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2. Part of the absorption isotherm of soda-boiled cotton
at 20°C (from Urquhart & Williams [s]).

It is always beneficial to maintain an un-
changing RH around an object and sometimes
it is necessary to maintain around a particular
object a RH lower or higher than that pre-
vailing in the gallery.

Old wooden articles were made from wood
dried to equilibrium with air of over 70%, RH.
If these objects are subjected to much drier
conditions the wood will warp and the
structure may crack, according to the way in
which the parts have been joined.

RH STABILIZATION BY ABSORBENT
MATERIALS

The effect of cotton and wood in stabilizing
a closed container against RH fluctuations
caused by temperature changes has been
lucidly explained by Garry Thomson in a
recent article [1]. Briefly, the stabilization is
due to the small effect of temperature changes
on the moisture content of wood and the
great amount of moisture contained in a
small volume of wood compared with an
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equal volume of air. As the temperature rises
the RH of the air tends to fall (Fig. 1). But the
RH of the air in contact with the wood
remains almost constant. If much wood is
present its moisture content entircly deter-
mines the RH of the entire volume.

In a similar way the change in the moisture
content of an absorbent material caused by a
change of RH at constant temperature can
be uscd to stabilize show-cases against changes
caused by leakage of air into the casc.

Fig. 2 shows the relationship between the
moisture content of cotton and the RH of the
air in cquilibrium with it at 20°C. In Fig. 3
data from Figs. 1 and 2 are replotted to show
how stabilization occurs. Consider a show-
case of T m® volume with 400 g of cotton
cloth laid on its floor. Initially the RH inside
is 60%, and the RH outside is 40%. The casc
is opened bricfly so that all the air is changed
but the cotton has no time to dry out appreci-
ably. Then it is closed up again. The cotton
will still be at A’ but the air in the case will
be at B. Water will now move from cotton
to air. The position of the final cquilibrium
is governed by the condition that, in a closed
container, the air must gain as much water as
the cotton loscs. Equilibrium is thercfore re-
established at C (54% RH) where the two
dotted lines are of equal length [6].
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FiG. 4. Thin line: The effect of putting a bowl of water in an empty casc (left) and in a casc with 4 kg/m3 of cellulosic

material. The heavy line is the RH in the gallery. When the bowl is put in the empty casc, the RH rises from around

50% to around 70%,. The small-scalc fluctuations arc duc to temperature changes. From the double vertical line the
cellulose material is present. The change to high humidity has now become a slow drift.

When the leakage is slow and continuous
the same sort of argument applics. A con-
venicnt rule of thumb can be obtained by
calculating the weight of cotton whose iso-
therm has the same gradient as that of 1 m?
of air. This is about 200 g. This amount of
cotton can be considered cquivalent in its
moisture relations to 1 m® of air space. One
volume change of air in a case of 1 m?
containing 200 g of cotton will cause only
half the RH change that would occur in the
absence of cotton. One volume change in a
case containing 2 kg cotton will cause only
one tenth the RH change in the empty case.
Wood is nearly twice as cfficient as cotton but
much slower acting.

The practical cffects of using absorbent
materials in showcase construction and fur-
nishing arc shown in Figs. 4 and 5.

METHODS OF MAINTAINING A
CONSTANT RH

The best method of maintaining a constant
RH in a show-casc is to use absorbent material
inside the case and a conditioned atmosphere
outside it. Where this is impossible or too
expensive, or where individual objects require

a RH different from that in the gallery, three
static, or almost static, mecthods of internal
humidity control have been used.
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F1G. 5. The cffect of using absorbent material to stab-
ilize the RH in a showcase. A and B: Temperature and
RH in a gallery of the Victoria and Albert Museum.
C: RH in an empty case. When the case is opened
(arrows) it fills with air from the gallery. Through the
week the RH drifts toward the average outside. D: RH
in a case containing a wooden musical instrument and
cloth-covered cork base. The RH is stabilized not only
against the change of air when it is opened but also
against changes due to temperature variation.
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Cursiter [7] enclosed a panel-painting in a
frame whosc base contained a tray filled with
a salt which reversibly changed its crystal
structure, with cvolution of water vapour,
below a RH of 55% (at 15°C).

Silica gel has been used as a moisture
reservoir [8]. It behaves in exactly the same
way as cotton or wood. The absorption iso-
therms vary considerably from onc brand of
silica gel to another, but the change of water
content per 1%, change of RH at 50%, RH is
about 6 g per kg dry weight.

Saturated salt solutions maintain, at a con-
stant temperature, a constant RH in the sur-
rounding atmosphere. The reason for this is
that the concentration of the solution remains
constant as the water evaporates, by precipita-
tion of more salt. The equilibrium RH is less
than 100%, becausc the salt dilutes the water
in which it is dissolved and hinders the cscape
of water molecules from the surface. The rate
of return of water molecules to the surface
depends only on the surface arca and is un-
afteccted by the dilution. Consequently the
water vapour concentration above the solu-
tion diminishes until these two processes are
in equilibrium. The slight temperature depen-
dence of the RH is duc to the change in solu-
bility of the salt. For dilute solutions the lower-
ing of water vapour concentration is given by
Raoult’s law: 8p/p = n,[n, where n, and n,
are the number of ions of salt and the number
of molecules of water respectively. p is the con-
centration of watcr vapour over pure water.

As the concentration of salt increases, the
interactions between the various ionic and
molccular species increase so that the cqui-
librium RH becomes incalculable and must
be experimentally determined. The published
data for many salts have been collected by
O’Brien [9]. An cxample of the use of this
method is given in [10].

THE RATES OF THE PROCESSES
CONTROLLING RH

So far I have described only cquilibrium
conditions and have ignored the rates of the
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various processes which control the relative
humidity. These aspects of RH control are not
important in the packing cases which were
the subject of the carlier articles [1,2] because,
although cases in transit are subject to greater
and more rapid fluctuations of temperature
and relative humidity, their thermal insulation
and air-tightness is generally much better than
that of show-cases. Also packing cases fit
their contents more closely and equilibrium
is rapidly cstablished between the air and the
materials in-the case.

A sudden temperature change will rapidly
affect the inside of a display case and the
distances over which water vapour must
move to restorc equilibrium are much greater
than in a packing case.

The effect of leakage will be to reduce the
RH below the equilibrium value in a con-
tainer provided with some method of humidi-
fication. With a silica gel or wood stabilizer
the RH will slowly drift towards that of the
outside air.

A knowledge of the rates of these various
processes is very important in deciding how
much stabilizer and humidifying apparatus
must be provided and what surface area it

should have.

THE RATE OF LEAKAGE OF AIR

The most convenicnt and relevant tracer of
air movement is water vapour. Its concen-
tration can rcadily be determined by hygro-
metry.

To measure the rate of loss or gain of
water vapour it is necessary to remove or
cover all absorbent materials within a show-
case, because a wooden base board, for exam-
ple, will allow water vapour to diffuse through
it. Furthermore, absorbent material inside the
case may take months to rcach equilibrium
with the air and either delay or invalidate the
results.

A shallow tray containing a saturated salt
solution is placed in the case. The salt should
be one whose saturated solution gives an
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cquilibrium RH considerably ~greater or
smaller than that of the ambient air. Several
weeks are allowed to pass during which the
residual absorbent materials (which are difficult
to remove cntirely) reach equilibrium. Then
the rate of loss of water is measured while the
RH inside and outside the case is recorded.

In onc particular test the RH inside was
72% while the average outside was 55%.
During one wecek the salt solution lost 24 g
of water. The volume of the case was 1-25 m3,
At 72% RH and 20°C the air within contained
about 16 g of water while an equal volume
of outside air contained 12 g. During one
week therefore 6x 125 m® of air had come
out of the case and been replaced by air from
outside.

A number of experiments using various
RH differences and several show-cases gave
results of about the same magnitude.

Water vapour diffuses through air nearly
twice as fast as oxygen and nitrogen and very
much faster than dust particles. Diffusion is
one of the processes responsible for air
movement and so the data obtained with
watcr vapour cannot strictly be extended to
gases and particles of greater weight.

Asarulc of thumb, however, one can assume
that cvery day one volume of air is exchanged
between a show-case of standard construction
and its surroundings. Obviously less leaky
cases cxist, but unless they arc scaled against
pressure changes it is impossible to prevent
air movement.

It has been argued that some ventilation is
nccessary  to  prevent excessive humidity
changes during rapid changes of temperature
and also to remove the gascous emanations
which are the product, and may in turn be
the cause of deterioration. But this rate is too
slow to prevent humidity changes and the
rate of cntry of pollutants must far cxceed
the ratc of generation of decomposition
products.

Nevertheless the protective effect of a show-
casc can be considerable. The air in a com-
parable unenclosed space changes cvery few

seconds. Fig. 6 shows that even a small reduc-
tion in the rate of circulation of air can cause
a considerable fall in the concentration of re-
active gascs.

THE CAUSES OF AIR MOVEMENT

Air diffuses through some of the materials
of the show-case—mainly through the wooden
parts. It also diffuscs through cracks and key-
holes and the holes sometimes deliberately
made in show-cases to ‘let them breathe’.

Air flow is caused by changes of atmospheric
pressure and temperature. This flow is almost
entirely through cracks and holes and not
through solid materials. Air low by convec-
tion may occur when the RH, and therefore
the density of the inside air, differs from that
outside.

DIFFUSION

The rate at which onc substance diffuses
through another is given by Fick’s law, which
states that the rate of transfer of material
through a plane is proportional to the concen-
tration gradient perpendicular to that plane:

dm d¢

dr dx
where m is the quantity of material passing
through the plane, d¢/dx the concentration
gradicent, and A the arca of the plane. D is the
diffusion cocflicient. The minus sign indicates
that the transfer of material is in the direction
of the region of lower concentration,

When the concentration gradient is con-
stant the equation becomes:

dm (c;— co)
a AD ]

where ¢, is the concentration inside the case,
¢o_the concentration outside and / the depth
of the hole, crack or material through which
the substance diffuscs.

The diffusion coefficient of water vapour
through air is about 0-24 cm?/scc. This is
about twice the cocfficient of the other gases

VOLUME 11 NUMBER I FEBRUARY 1966
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Fi. 6. Histograms of the daily average concentrations of SO, and smoke outside the Victoria & Albert Museum

(heavy linc) and in a well-ventilated passageway within the museum. The close similarity of the daily smoke con-

centrations shows that exchange of air is rapid. Nevertheless the SO, concentration inside is much lower than outside,
presumably because of absorption and reaction on walls and furniture.

found in air. The coefficient for diffusion
through wood is about 1:2x 107* cm? /scc for
watcr vapour and 075X 10™* em? [sec for CO,
[r1]. This mecans that onc square metre of
wood allows as much air to diffuse as 3 cm?
of hole through it and lcaks water vapour as
fast as a 5 cm? hole.

The diffusion of pollutants such as sulphur
dioxide through wood is complicated by
absorption and rcaction with the wood.

The ratc of diffusion of water vapour

STUDIES IN CONSERVATION

through wood becomes important  when
static methods of RH control arc uscd.
Consider a cubic show-case of glass with a
wooden base of 1 m? arca and thickness 2 cm.
The air inside at 60% RH contains 10°5 g
of water. An cqual volume of outside air at
45% RH and 20°C contains 7-5 g. Then:
- —6
% =10*X I'2X 10'4(—19—5»—A)§—1—Q— g /sec

2

= about onc gram per week.
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This is a small fraction of the water lost by
other routes in the cases tested which, if
they were of similar dimensions, would have
lost about 20 g. But in a carcfully made case
or frame the wooden parts might contribute
significantly to leakage of water vapour.
The wood should therefore be coated on
the outside with aluminium paint or some
other material of low permeability.

Diffusion into, rather than through, wood is
sometimes important. Some wood intended
for joinery is dricd to equilibrium at less than
50% RH. This wood may be used to make
show-cases or fittings within cases. Moisturc-
sensitive objects may be damaged if they are
putinto these cases before the wood has reached
equilibrium with the museum environment.

Another interesting situation arises when
heating fails in winter so that a sudden rise in
RH occurs inside a show-casc [12]. Suppose
that the RH in a casc has suddenly risen to
100% while the surroundings arc at 50%,.
To prevent damage to the contents show-cases
are sometimes provided with a small ventila-
tion hole to allow the damp air to diffusc
out. If the hole is small and the diffusion rate
slow the concentration of water vapour
within the case will remain uniform through-
out its whole volume.

At time ¢ the concentration of water vapour
within the case will be: (¢—m/V) where ¢
is the initial concentration and m the weight
of water which has escaped.

de __ xdm

d VvVt
From Fick’s law: de = DAdc

dt  Vox

dc  DA(c,—¢)

d Vx

dc DAdt

}jc; R

Integrate: In{c—¢o) = — BV% +B

When t = o, ¢ = 2¢y 50 B = In ¢,

DAt
+n ¢,
X

Thercfore: In(c—¢,) = — T

This te-arranges to:

__]V)Aflﬂl
¢ = CU<I+U "”)

This confirms, as onc would intuitively
expect, that the change of RH with time is
exponential. As the RH difference becomes
smaller the rate of change diminishes.

The quantity (Vx/DA) has the dimension of
time and can casily be shown to be the time
that would be taken for the concentration to
drop from ¢, to ¢, at the initial rate. It is also
the time at which ¢ = 1:37 ¢, and at about
this moment therefore a satisfactorily moder-
ate RH is re-established.

If: x =2-5cm, A=10cm? IV = 10%cm?,
D =025 cm?/scc, the time constant is
10%scc = twelve days.

A 35 cm diameter hole is apparently in-
sufficicnt to safcguard a case of 1 m?® capacity.
In practice there is always some absorbent
material in the case and other causes of ex-
change and so the RH falls much more
rapidly (Fig. 7).

The calculation of the size of hole nceded
to give a time constant of, say, two hours is
very much complicated by the non-uniformity
of the concentration at this high rate of diffu-
sion.

It will become apparent later that a hole is
not the best way to prevent a catastrophic
change in RH.

AIR FLOW CAUSED BY PRESSURE AND
TEMPERATURE CHANGES

Air is pumped in and out of a show-case by
thermal expansion and contraction. Changes
of atmospheric pressure also pump air be-
tween a case and its surroundings.

The rclation between pressure, volume and
temperature of a gas is defined by the gas
equation, which for the present purposc is
best written (PV/T) = constant, where T is
the absolute tempcrature, which is the tem-
perature in °C plus 273.

VOLUME II NUMBER I FEBRUARY 1966
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Fi6. 7. The change in RH inside a show-casc after the air within had been raised to 100%, RH. Thc casc was almost

cubic, of 0:25 m® with a hole 15 cm diameter through the base. (O) signifies that the hole was open; (S) shut. In

A, B and C the RH was raised by blowing in steam to give theoretically saturated air. In D a bowl of water was

left in the case for two days and then covered with oil without disturbing the air in the case. The heavy line is the
RH outside the casc.

A: RH 50 cm above the floor of the case covered by 1 kg of cellulosic material.

B: RH 15 cm above floor.
C: RH 50 cm above floor of cmpty case.

D: RH 50 em above floor of empty case. The different curves of C and D are due to residual absorbent material
which increases the slope of C and diminishes the slope of D from the correct value.

As the temperature rises from T to T+ AT
a volume of air (WAT/T) is forced out of
the case. The change in the concentration of
water vapour is ¢;(AT/T). When the temper-
ature falls the concentration increases again
because of the entry of outside air. The con-
centration after one cycle is thercfore: ¢ =
G— CI(AT/ T)+ [O(AT/ T)-

The main cause of thermal displacement of
air in a large muscum is the daily risc and fall
of temperature (Fig. 4). When the concentra-
tion difference of water vapour between inside
and outside is constant the daily loss is given
by: V{e—¢o)(AT/T). When the concentration

STUDIES IN CONSERVATION

gradient falls as the exchange proceeds it is
casy to show that after n days:

AT\
c= c0+(c1—co)<1——T—>

where AT is the average daily variation.

This is a discontinuous function of time but
it is, like diffusion, logarithmic in character:
the rate of loss of water vapour decreases as
it escapcs.

In the inner galleries of the Victoria and
Albert Museum, which is an unusually heavily
built structure, the average daily risc and fall of
temperaturcisabout 2°C. One volumcofair will













































