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MUSEUM DISPLAY CASES AND THE EXCHANGE OF WATER

VAPOUR

Peter Brimblecombe and Brian Ramer

Abstract—Environmental monitoring data, experimental
measurements and computer modelling have been emp-
loyed to investigate the system of local humidity control at
the Sainsbury Centre for Visual Arts. Experiments to
determine the rate of display case leakage suggested diffu-
sion was the main control for gas transport, and water
vapour was transferred with a half-life of 1-75 days. Three
parameters, exchange rate constant, half-life and residence
time, are used to describe gas transfer to and from cases.
Equations are provided for calculating the slope of the
sorption isotherms of various sorbents in order to assess
their effectiveness at desired relative humidities. Computer
modelling demonstrated that the sorbent’s chief function is
to buffer seasonal humidity variations; it was shown that a
well-sealed case damps out the more rapid diurnal fluctua-
tions. Modelling is also used to illustrate the benefit of
minimizing case leakage and increasing the mass of sorbent
to extend hygrometric half-time.

1 Introduction

Recognition of the importance of humidity control
has led to the installation of air-conditioning in
many museums and art galleries. Control of the
water vapour content of the air within buildings also
provides the opportunity of exerting some influence
over the atmospheric pollutants within each gallery.
However, the control of water vapour, a relatively
simple matter compared with the removal of some
harmful trace gases, can be expensive. Simply in
terms of energy consumption, the movement of air
within a museum can be costly. Considerable inter-
est has therefore been shown in the possibilities of
environmental control within well-sealed display
cases. This can be particularly valuable for a
museum unable to install an air-conditioning system
for financial or structural considerations.

We present results of experiments conducted at
the Sainsbury Centre for Visual Arts (University of
East Anglia, Norwich, England) which closely
examined gas exchange between the display case
and the ambient air. Computer modelling has
allowed us to predict the responses of idealized dis-
play cases to a variety of external fluctuations in
humidity. Also considered is recent work on newer
and more functional sorbents. Finding that differing
standards and conventions have been used in the
past, we propose and use a system of symbols,
nomenclature and SI units. Where SI symbols are
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not available we have followed the previous usage
that appears to be clearest and least ambiguous.

Anyone adopting a system of local humidity con-
trol faces three practical concerns. It will be neces-
sary to establish the amount of sorbent which is
required. While no harm would come from the use
of excessive quantities of sorbent, it would be
expensive and require additional effort to precondi-
tion to the required humidity. However, the amount
of sorbent cannot be established without considering
the leakage rate of the cases and the variability of
humidity within the gallery. The answers to both of
these questions can only be determined by monitor-
ing the particular case and gallery concerned.

2 An example of local humidity control

The Sainsbury Centre presents some unique prob-
lems in environmental control. It houses a collection
of antiquities, contemporary works of art and
ethnographic objects given to the University of East
Anglia by Sir Robert and Lady- Sainsbury. The
building, constructed with the aid of an endowment
from the Sainsburys, is a long, open-ended struc-
ture, clad with interchangeable aluminium and glass
panels that enclose the ceiling and walls. Both the
open ends consist of glass panels bonded with
silicone adhesive to form a continuous area of glass.
The centre is an enormous, open-plan, single room,
approximately 26,000 cubic metres in volume, con-
taining exhibition space, a restaurant, a reception
area, a senior common room and an area for the
School of Fine Arts. As the building is not air-
conditioned, it was found necessary to adapt the dis-
play cases in order to provide a localized system of
humidity control.

As the majority of the free-standing display cases
are of a standard size (180cm x 60cm X% 60cm), a
straightforward modular approach to humidity con-
trol is employed. Each display unit consists of a top,
constructed from acrylic sheet, which is secured to a
mild steel plinth (Figure 1). The preconditioned
sorbent, regular density silica gel, is installed within
the case on a specially designed tray that fits snugly
on a metal lip within the plinth. The silica gel is
stored within a muslin bag that has a pressure-
sensitive fastener (Velcro) on the edge to facilitate
handling and regeneration. The baseboard is perfo-
rated and trimmed along its edges to allow air circu-
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lation between the silica gel and the display volume
above. Air exchange between the case interior and
its surroundings is minimized by placing a draught
excluder along the join between the metal plinth and
the acrylic top.
. Inlate 1978, silica gel preconditioned to a relative
humidity of 55% was installed in a standard-size
display case that contained a tribal wood carving
from the Ivory Coast. Following the recommenda-
tion of Thomson [1], 20 kilograms of silica gel were
used per cubic metre of display volume. Conditions
within the display case were monitored with a
thermohygrometer that was read in the early morn-
ing and mid-afternoon, while those of the gallery
were recorded on a thermohygrograph permanently
installed in the main exhibition area. Both sets of
data were coded so that they could be handled on
the computing facilities available at the university.
The results of this monitoring are compared with the
theoretical determinations made in subsequent sec-
tions. Figure 6b compares two years’ measurements
inside the case and in the gallery.
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Figure 1 Cross-section of Sainsbury Centre standard-size
display case adapted to accommodate silica gel.

3 The display case and gas exchange

The exponential nature of the exchange of gases in
display cases with the surrounding air has been dis-
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cussed by Thomson [1]. His paper also gives a non-
technical account of exponential exchange, so the
discussion here will be less descriptive. The rate of
exchange R is driven by the difference in the con-
centration of a particular gas between the interior of
the case C; and the exterior room environment C,,
such that:

R=k(C. - C) (1)
where k is the exchange rate constant, or leakage
rate of the case. It will be a constant for any specific
gas for a given display case. Positive values in the
equation will indicate transfer into the case and
negative values loss from the case. The constant, X,
takes the units of reciprocal time, so when the con-
centrations are multiplied by time we get an
exchange rate constant with units reflecting the rate
of concentration change. Equation 1 has the well-
known first-order form typical of processes such as
radioactive decay. The analogy may be clearly seen
in Figure 2 which shows the loss of added carbon
dioxide from a case during an experiment in the
Sainsbury Centre. This experiment is analogous to;
the situation where the relative humidity of the case
interior gradually approaches the relative humidity
of the room. The curve is fairly smooth because
there is little diurnal fluctuation in the exterior car-
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Figure 2 The loss of added carbon dioxide from a
Sainsbury Centre standard-size display case showing how
the carbon dioxide gradually approaches the ambient value
330 ppm (dotted line). Over each half-life (1.,) the carbon
dioxide concentration comes half as near again to the
ambient value.
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bon dioxide concentration. Thus we can express the
loss of carbon dioxide in terms of a half-life. The
half-lives that successively halve the difference bet-
ween the interior and exterior concentrations are
clearly marked in Figure 2.

Integration of a first-order rate equation enables
one to show that the half-life t,, is related to the
exchange rate constant by the equation:

0-693 (2)

Iy,

The carbon dioxide in the case will continue to
leak out and will approach but never reach the
external value. The mean residence time of carbon
dioxide molecules within the case is a more useful
parameter than the number of air changes per day,
because a complete air change would take an infinite
time. This concept of residence time is one that is
familiar to many branches of environmental science
and is 1deally adapted to the discussion of display
case environments. The residence time 7 is related to
k and t,, by:

k =

0-693 (3)

The values 7 and t,, will have the dimensions of time
and be expressed in days and k will have dimensions
of reciprocal time (i.e. per day).

4 Determining the exchange rate constant

The residence time or half-life of a gas will depend
on the type of gas within the case, temperature and
the leakage rate of the case. The only way to deter-
mine this is through experiment. We decided to
determine the half-life for loss of carbon dioxide
from the standard-size case and the invasion of
oxygen into the case interior. We chose these two
gases because they were already present in the air
and would present no hazard to the object within the
case, which was made of non-porous smooth metal
that would not be affected by gas absorption. Access
" to the case was gained through one of the holes that
is normally occupied by a security screw. First nit-
rogen was passed into the case to drive out oxygen
and then a small amount of carbon dioxide was bled
in. The screw-hole was plugged with a rubber sep-
tum, which would allow sampling with a syringe.
The concentration of the gases in the syringe sam-
ples was analyzed by gas-liquid chromatography.
Integration of equation (1) yields an equation of the
form for the loss of a gas:
(G =) =G —C)==k 4)
This means that graphs of the logarithm of excess
concentration (C;' — C,) are linear with slope k
when plotted against time. C;’ is the initial concen-
tration within the case and C;" the concentration
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Figure 3 Loss of carbon dioxide and invasion of oxygen
into a Sainsbury Centre standard-size display case.

within the case at time ¢. A similar logarithmic form
may be displayed for the invasion of a gas. In Figure
3, the loss of carbon dioxide and the invasion of
oxygen show satisfying linear relationships. The
slopes yield exchange rate constants of:

carbon dioxide 0-25 per day

oxygen 0-30 per day

Note that transfer of oxygen occurs more quickly
than that of carbon dioxide. Padfield [2] has pointed
out that convection and diffusion are both likely to
be involved in the transfer of gases between the
interior of the case and the museum environment.
The diffusion process would seem to be the most
likely to control gas exchange to and from well-
sealed display cases. If a process is diffusive then one
expects that the rate of transfer of gas will be related
to its molecular weight, the heavier gases being
transferred more slowly. By Graham’s Law of diffu- .
sion, the relationship between exchange rate con-
stant k and molecular weight MW of two gases is

given:
k, _ (MW, )"
k, MW,

Allowing 1 to represent the oxygen and 2 the carbon
dioxide, which have molecular weights of 32 and 44
respectively, the equation would suggest that the
exchange rate constant for carbon dioxide should be
about 0-853 times that for oxygen. The experimen-
tal results agree with this (although statistical
analysis gives a confidence level between 50% and
85%), suggesting that diffusion is indeed the prim-

(5)
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Table 1 Exchange rate constants, half-lives and residence times for the standard-size case for a number of gases estimated
from the experimental values for oxygen and carbon dioxide by Graham’s Law

Gas Exchange rate Half-life in days Residence time in days
Oxygen (experimental) 0-30 2:3 33
Carbon dioxide (expenmental) 0-25 2:8 4.0
Water vapour 040 1:75 2:5
Ozone 0-24 2-85 4.1
Sulphur dioxide 0-21 33 4-8

ary control on gas exchange between the case
Interior and its surroundings.

This relationship enables us to calculate the
exchange rate constants for a number of gases.
Additionally the half-lives and residence times may
also be calculated from equations (2) and (3). The
values estimated for a number of gases are given in
Table 1. The pollutant gases ozone and sulphur
dioxide diffuse into cases more slowly than water
vapour.

In summary, the terms exchange rate constant,
residence time and half-life are descriptions of the
rate at which a gas may exchange with a case. In
colloquial discussions half-life is probably the most
readily understood, while in mathematical manipu-
lations the exchange rate constant is probably most
convenient. Mean residence time is a valid concept,
but is often confused with the notion of the time
taken for an air change, which has no physical
meaning.

5 Hygrometric response of museum display cases

Thomson [1] has shown that the presence of a sor-
bent effectively lengthens the half-time for exchange
of water vapour between the museum environment
and the interior of the case. This time for water
vapour is termed the ‘hygrometric half-time’ t,, (w),
which can be related to the half-life of the case by
the formula (assuming RH change small enough for
@ to be almost constant):

o + Ba
e () = %ﬂ) (6)

and a similar formula will give the new residence
time. The inverse will give the new exchange rate
constant:

kp,

k(w) = p, + Ba (7)
where p, represents the saturated moisture content
of the air (gm~2), B the dry weight of sorbent
(gm~2), and a the specific moisture reservoir (to
adopt the terminology of Thomson [1]). ['his 1s
effectively the slope of the curve of the equilibrium
moisture content of the sorbent plotted as a function
of relative humidity, i.e. the sorption isotherm.
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While Thomson [1] does recognize its simple dimen-
sionless form, the specific moisture reservoir M has
generally been considered to have the units grams of
water absorbed or desorbed per kilogram of sorbent
per 1% change in relative humidity. We will avoid
these unnecessary units and use « to represent the
dimensionless specific moisture content following
the symbolism of Stolow [3]. There is a factor of 10
difference between the two representations such
that &« = M/10.

The specific moisture reservoir is typically deter-
mined from the weight change that occurs to the
sorbent when the relative humidity is changed by
10%. This is then converted to M by division by 10.
However, this manipulation makes the assumption
that M is constant (i.e. linear) over the entire 10%
humidity span, which is often not the case. The value
of & we adopt here is the slope at a given point on
the sorption isotherm (i.e. the first differential),
which is a more accurate representation of the abil-
ity of the sorbent to buffer the relative humidity at
the desired value. There are numerous techniques
for determining the slope at a given point. Here we
suggest a simple method that uses the fact that the
points on the sorption isotherm are usually available
at equally spaced intervals, but will give the value of
« only at the single central point on the curve. The
following example illustrates the method of obtain-
ing e from equally spaced equilibrium moisture con-
tent data in Table 2.

Tablfe 2 Calculation of o at 50% relative humidity using
equilibrium moisture content data determined by Weintraub

[4]

Relative Equilibrium Symbol
humidity moistire

content
0-30 0-205 E -
0-40 0-250 E_,
0-50 0-285 E
0-60 0-305 E,
0-70 0-320 E

'

The data are equally spaced and dimensionless. The
relative humidity is expressed as a ratio rather than a
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percentage (the conversion is simply a division by
100) as is the equilibrium moisture content (i.e. g/g
units). The symbols in Table 2 will be used to iden-
tify the relative humidities referred to in the equa-
tions below. The method calculates the value of & at
the relative humidity of the central measurement
(E,). This point is entirely movable and there is
nothing fundamental about the interval between the
relative humidities at which the equilibrium mois-
ture contents are determined. They could equally
well be spaced at 5% intervals. This spacing is given
the symbol h and it must be expressed in the dimen-
sionless units (i.e. 10% is 0-1). The value a« may be
determined by using either two or four E values, as
in equations (8) and (9) respectively. The calcula-
tion involving four points will be a little more reli-
able, but obviously requires more effort.

E -E_
¢ =———21 (8)
(Boy—E) +S(E._‘, = By)
e - (9)

Working through the calculations above gives & val-
ues of 0-275 and 0-2708 as solutions to equations
(8) and (9), respectively. These values should be
compared with the best estimates made under the
linear assumption. Thus we might estimate the value
at 50% relative humidity from (E, — E_,)/0-10 or
(E, — E,)/0-10 as is often done. Such calculations
yield a values of 0-35 and 0-2 respectively, both
evidently valid at 50% relative humidity.

The differential method (equations (8) and (9))
has been used to determine the « values for the
various sorbents discussed by Weintraub over a wide
range of relative humidities (see Table 3). There are
variations in batches of individual sorbents but the
method does gives an indication of how a varies with
relative humidity for the various sorbents.

It is quite evident that the effectiveness of sor-
bents varies remarkably with relative humidity. It is
possible to rank them at various operational
humidities in terms of their alpha values in descend-
ing order:

30% (e.g. recommended for RD, Type III,

certain metals, according
to nature and condition
of object [5])

(e.g. recommended for such

B Type, ID 59

50% Type I1II, RD,

items as leather garments B Type,

and basketry in Nikka pellet,
ethnographic collections, ID 59
polychrome sculptures, etc.,

according to nature and

condition of object [5])

60% (e.g. recommended for Type III,
Japanese works of art, B Type,
according to nature and Nikka pellet,
condition of object [6]) ID 59, RD

6 Modelling humidity changes within cases

Unless we state otherwise we take the value of & to
be 0-3, which seems fairly typical of regular density
silica gels over the humidity range of interest (about
50%). The calculations of the changes in display
case humidity as a function of time have been per-
formed by numerical integration of equation (1). It
would have been easy to solve the differential equa-
tion analytically in the simpler calculations; how-
ever, the knowledge that many of the situations
within galleries would not be amenable to analytical
solutions meant that we developed a numerical
method at an early stage. We wrote a simple pro-
gram which used the fourth order Runge-Kutta®
method and ran it in BASIC on a microcomputer.

The effect of regular density silica gel on the
hygrometric half-time of a case is shown in Figure 4.
Here we have assumed that a small African tribal
wood-carving is displayed within a standard Sains-
bury Centre case at an initial relative humidity of
55%. The response of the case to continuous expos-
ure to a dry gallery with a relative humidity of 35%
is given for various weights of silica gel expressed as

*Descriptions of this technique for solving differential equations
may be found in many textbooks of numerical methods or differen-
tial equations. Here we used McCracken, D.D., and Dorn, W. 5.,
Numerical Methods and Fortran Programming, Wiley, New York,
1965.

Table 3 Values of « for various sorbents, using the equilibrium moisture content data determined by Weintraub [4]

Sorbent Values at various relative humidities

20% 30% 40% 50% 60% 70%
Regular density (RD) silica gel 0-69 0-55 0-40 0-27 017 0-12
Nikka pellet 0-18 0-23 0-27
Intermediate density (ID 59) silica gel 0-09 0-1 0-13 0-14 0-20 0-38
Type B silica gel 0-14 0-15 017 0-21 0-38 2-03
Art Sorb (Type I1I silica gel)* 0-47 0-40 0-48 0-71 1-00 1-80

*A recently developed silica gel currently in the experimental stage.
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Figure 4 Computer model of the loss of water vapour from
a Sainsbury Centre standard-size display case (1, = 1-75
day) with varying amounts of regular density silica gel (a =
0-3) expressed in kg m~*. Case interior initially 55% RH,
ambient air constant ar 35% RH.

kilograms per cubic metre of case volume. The
dramatic increase in the stability of the case envi-
ronment with increasing quantities of silica gel is
evident from the Figure. This illustration is hardly
typical of all situations, but may represent a tempor-
ary exhibition of an object under adverse, albeit
constant, ambient conditions. It is important to pro-
ceed to the effect of a more variable external humid-
ity, because such constant humidities are hardly typ-
ical. Diurnal and seasonal fluctuations will probably
modulate the exponential changes observed within
the case.

The most rapid regular fluctuation in relative
humidity is the diurnal one. In our computer model
this has been simulated with a sinusoidal fluctuation
with a period of 24 hours. The mean relative humid-
ity of the Sainsbury Centre standard case has been
taken to be the same as that of the mean for the
outside air, i.e. 55%. As can be seen in Figure 5,
even with no silica gel (curve i), and hence no
humidity -buffering, the diurnal fluctuations are
effectively damped out. It would require a rather
leaky case, with a half-time much less than a day, for
these to be significant. With as little as 200 grams of
silica gel to each cubic metre of case volume (curve
ii), diurnal fluctuations are virtually eliminated.
Starting off with a rather drier case (25% relative
humidity) and no silica gel results in an expected rise
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Figure 5 Modelled relative humidity changes within a
Sainsbury Centre standard-size display case (t,, = 175
day) exposed to large diurnal fluctuations in ambient rela-
tive humidity (35-75%) as shown by dots. (i) No sorbent,
case interior initially at 55% RH. (ii) No sorbent, case

JAnterior initially at 25% RH. (iii) 200g m > regular density

silica gel (e = 0-3), case interior initially 55% RH.

in relative humidity towards that of the museum
environment, slightly modulated by the wavy diur-
nal fluctuations (curve ii). The addition of silica gel
would damp out these diurnal fluctuations and
inhibit the return to high humidity conditions within
the case (as shown previously in Figure 4).

The fact that these rapid fluctuations, which occur
at least daily, are virtually eliminated by even the
smallest quantity of sorbent enables us to focus
attention on the longer-term variations. Thomson
[1] has published a number of theoretical curves for
the annual variation of the relative humidity of cases
with various hygrometric half-times. The relative
humidities for the galleries he chose to examine are
compared with the Sainsbury Centre in Table 4. The
centre possesses a dry atmosphere in much the same
way as the other galleries, but has a depressed
annual variation. 2

The humidity data recorded for the years 1979
and 1980 in the centre were used to determine aver-
age monthly values of ambient relative humidity.

Table 4 Relative humidities in a number of museum galleries

Location Maximum Minimum Mean
Washington 67 19 41
Ottawa 66 10 33
London 67 30 46

" ‘Sainsbury Centre (1979) 52 30 : 44
Sainsbury Centre (1980) 62 36 48
184
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Figure 6a  Modelled relative humidity changes within a Sainsbury Centre standard-size display case (t,, = 1-75 day)
containing varying amounts of regular density silica gel exposed to annual ambient RH fluctuations typical of the Centre
(open circles), with case interior initially at 55% RH. (i) 2kg m = RD silica gel (a = 0-3); (ii) 10kg m~> RD silica gel (e =

0-3); (iii) 40kg m=* RD silica gel (e = 0-3).

Figure 6b  Measured relative humidity changes within Sainsbury Centre (standard-size) case No. 32 containing 20kg m™*
regular density silica gel exposed to measured monthly RH fluctuations in the Centre (open circles), with case interior

initially at 54% RH.

RH
06

L 1 1 1 1

0 1 2 years
Figure 7 Modelled relative humidity changes within a
Sainsbury Cenire standard-size display case (1, = 1735
day) containing varying amounts of regular density silica gel
exposed to annual ambient RH fluctuations typical of the
Centre (open circles), with case interior initially at 25 % RH.
(i) 2kg m = RD silica gel (e = 0-3); (ii) 20kg m~* RD silica
gel (a = 0-3).

These have been used to calculate the response of
cases containing various quantities of silica gel to the
external fluctuations over a number of years and are
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displayed in Figure 6a. The model was initiated at
55% relative humidity so that the calculated values
could be compared with those measured within case
32 (Figure 6b). There are extremely small short-
term fluctuations within the case and a slight
decrease in relative humidity over a longer time.

A further set of calculations was carried out, start-
ing with an initial relative humidity of 25%. The
much greater difference between the relative humid-
ity desired within the case and that of the ambient
air makes it necessary to have much larger quantities
of silica gel present to reduce humidity variation
(Figure 7). -

The computer modelling above deals with ‘the
cases typical of the Sainsbury Centre, which have a
half-life for water vapour (in the absence of sorbent)
of 1-75 days. What would happen if leakier or
better-sealed cases were used? Figure 8a compares
cases with (-25-day and 10-day unbuffered half-
lives to the standard case, and shows the predicted
changes when 20 kilograms of silica gel per cubic
metre of case volume are used to buffer humidity
variation over a long period. As can be seen, the
case leakage is very important. Re-examination of
equation (7) will show why. There are two ways of
lengthening the hygrometric half-time, because we
can write:
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