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Abstract

The conservation condition of the mummy of
Similaun in the museum are presented and
discussed in this work. Estimation of the
effect of energy sources on the atmospheric
freeze-drying process that can occur at low
temperature conservation condition are also
presented and discussed in this work.
Experimental data of the effect of energy
sources such as inspection windows, view
lights, conservation cell walls and measuring
equipments on the atmospheric freeze drying
process are also discussed and quantified.
Comparison of the experimental data with
the theoretical model results are also
discussed and the comparison shows that the
agreement between experimental data and
theory is good. The numerical solution of the
non linear partial differential equations of
the model proposed would allows model
simulations that could indicate operative
conditions and control strategies that could
provide optimal long term conservation
conditions of the man of Similaun and could
lead to a series of novel conservation
conditions of archaeological find in the
museum.

Introduction

In 1991 the world was electrified by the chance discovery
of an «lcemany» (the Man of Similaun) trapped in a glacier in
the Otztaler Alps on the Austrian-Italian border.The corps
was almost perfectly preserved; preliminary tests showed
that indeed this was the body of a Neolithic hunter who
died some 5300 years ago.

Several research activities on the Ice-man have been

performed (Platzer et al., 1992; Spindler, 1994) and dynamic
multi-dimensional models (Bruttini, | 998) has been used to
study the conservation conditions of the Ice Man in the
conservation cell in the Museum of Bozen, Italy, where the
Man of Similaun is stored. Excellent results has been already
obtained by using multi-dimensional mathematical models to
predict the long time conservation process and make a
reality the possibility to exhibit the mummy to the people
visiting the Museum since May, 1998 (Bruttini, 1998).

The conservation cell is large enough to contain the
mummy resting in a horizontal position on a trolley. The
conservation cell is independently fitted with an efficient
refrigeration plant and set to run at a constant
temperature of minus 6,00 + 0,10°C (Platzer et al., 1992).
This is the annual mean temperature of the glacier at the
Hauslabjoch, where it fluctuates between 0°C in summer
and about minus 10°C in winter.The humidity in the
conservation cell is kept at 98 + 1% by means of the ice
collected on the internal surfaces of the walls.The low
temperature conservation cells is equipped with six
temperature sensors. Two other electronically controlled
sensors also monitor temperature and humidity. One of
them lies directly against the body, the other is fitted to the
chamber’s inside wall. These transmit their readings to a
computerized system which records every second and
prints out data every minute around the clock. A
continuous weighing system for the sample mummy is also
present; this transmits its reading to a computerized
system which also records every second and prints out
data every minute around the clock.The electricity supply
to the refrigeration chambers is backed up by batteries as a
protection against power failure.A computerized alarm
system is also present.

Estimation of the effect of energy sources of the
atmospheric freeze drying process that can occur during
the low temperature archaeological find storage in the
museum are presented and discussed in this work.
Comeparison between experimental data and mathematical
model results are also presented.

Theory

In Figure 1, a drawing of the system is shown.The body of
the experimental mummy lies in a horizontal position on a
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trolley placed in the centre of the conservation cell. All the
six walls of the conservation cell are refrigerated at — 6°C
and water is collected as ice on the internal surfaces of the
close system.The cell is internally lightened by cold lights
from the top and the inspection window allows the view of
the mummy from outside.The shape of the experimental
mummy has complex geometry (the legs and arms are in
the shape of a cylinder; the head is in a shape of a sphere;
the bust is in the shape of an elliptic cylinder) and,
therefore, a simplified geometry for the body is taken
(parallelepiped) as indicated in Figure 2 as first
approximation for the investigation of the conditions inside

al.1994,19952a,1995b,1997); (2) at the interface, the
concentration of water vapour is in equilibrium with the
ice (Liapis et al.1994,1995a,1995b,1997); (3) the ice is
considered to be homogeneous, of uniform thermal
conductivity, density and specific heat, and to contain a
negligible portion of dissolved gas (inerts).

The continuity equation for the water vapour in the
conservation cell, the water vapour mass flux components
and the boundary conditions for the mass balance
equations can be found in the reference (Bruttini, 1998)
The energy balance for the air in the cell is as follows:
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Fig. 1 - Low temperature conservation cell (-6°C) with controlled humidity.
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Fig. 2 - Diagram of the conservation cell and ice body.
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where o= kair/bair and q, is the net flux of radiant transfer
between the gas at temperature T, and: i) the surface area
of the ice on the walls of the conservation cell, i) the
surface area of the ice on the body inside the conservation
cell, iii) the surface area of inspection window and cold
lights inside the conservation cell at temperature T;.. a1,
Ticepody and Ty, respectively.

The energy balance of the ice of the body as well as the ice
on the walls of the conservation cell can be written as
follows:

~ 2 2 2
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where ocice=kice/piceCice.The energy balance at the moving
interface between the air and the ice in the conservation
cell (ice on the six walls of the cell) is as follows (here
given for the surface X;=H | (t,y,z)):
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where hy is the combined radiation plus convection heat
transfer coefficient and T¢g|| is the temperature of the air
in the enclosure used in the computation of hy¢
(Geankoplis,C.J.1993).

Ny Ny, Ny, are the water vapour man flux components
in the X,y and z direction respectively.

The water vapour mass flux components can be obtained
from reference (Bruttini, 1998).

The terms in Equations (3) is evaluated at the air-ice
interface of the walls.The energy balance at the moving
interface between the air and the ice body in the middle of
the conservation cell is as follows (here given for the
surface Y3 = Hj, (tx,2)):
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where F,, and F; are the view factors between the ice body
and the inspection window and the cold light, respectively.
Tcell is the temperature of the air in the enclosure used in
the computation of. The interface Y3 could be moving with
time; the velocity vectorV of the interface is completely
specified by a material balance at the moving interface
which defines its velocity as in Equation (8) of reference
(Bruttini, 1998).The components of the velocity vectorV
are the same defined by the Equations (9-11) of reference
(Bruttini, 1998) with the right hand side evaluated at y =Y.
The energy balance at the other five moving interfaces of
the ice body are as indicated in Equation (4) with the

equation terms evaluated at the surfaces X,,X3,Y,, Z, and
Z;.The energy balance on the six walls of the conservation
cell (i.e., on the surfaces Xy, X,,Y(,Y.,Zy and Z, is as
follows:

Fig. 3 - The Iceman
inside the conservation
cell at the
Temperature of -
6.03°C and Humidity
99.42%.
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Fig. 4 - Calculated and experimental mummy weight versus time during
the experimental study.

(5) Qe = Ny (Tcm - dell)

where h,,, is the overall heat transfer of the cell wall while
T, and T, are the cooling medium and wall temperature
respectively.

The initial and boundary conditions are well specified in
Equation (14-22) of reference (Bruttini, 1998).

Estimates of the time constant for the heat transfer from
the walls and for mass transfer from the walls are
estimated to be smaller than the heat transfer from the
frozen layer of the body. Thus the heat transfer from the
walls and mass transfer from the walls can be considered
to be quasi steady state relative to the heat transfer from
the frozen layer of the body

Results and discussion

The first result of the conservation condition indicated in
reference (Bruttini, |998) made so far possible the
conservation of the lceman and his exposure in the
museum since May 1998 with an average of 300.000 visiting
people every year.The scope of the archaeological museum
of Southtyrol was to further improve the conservation
condition of the lceman with research activities devoted to
minimize the effect of energy sources like the inspection
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window and illumination lights inside the cold (-6,00 *+
0,1°C) and humid (98 £1%) conservation cell acting as
driving forces on the potential atmospheric freeze drying
process that could occur on the Iceman.

The effect of energy sources on the atmospheric freeze
drying process that can occur at low temperature
conservation condition has been studied by using
experimental mummy.The experimental mummy used has
similar dimension and weight as well as similar amount of
free and bound water content and has been conserved in
the same condition with respect to the temperature and
humidity inside the experimental cell of the museum
(Bruttini, 1998).

The result obtained are indicated in Figure 4. In the time
period before the experimental study (indicated as before in
Fig. 4) the average weight loss of the experimental mummy
was |50 g/month constant for the last three months before
the start of the experimental study.

The thickness of the ice walls of few millimetres before the
experimental study has been increased up to |5 mm in all
the six walls of the conservation cell, for all the experimental
study presents in this work.The ice wall thickness has been
built as an igloo form with purified and de-ionized water in
all the six walls of the conservation cell. This new
conservation condition led to an increasing of the total
humidity inside the conservation cell (99,42% * O,15) as
expected by the prediction on the dynamic behaviour of the
mass transfer mechanism presented in the multi-dimensional
model in reference (Bruttini, |998) and led to an increasing
in the air cell temperature stability (-6.030 + 0,02°C).
Estimates of the time constant of the heat transfer from the
walls and for mass transfer from the walls are estimated to
be smaller that the heat transfer from the frozen layer of the
body.Thus the heat transfer from the walls and mass transfer
from the walls can be considered to be quasi steady state
relative to the heat transfer from the frozen layer of the
body.

The first step of the experimental study indicated in Figure 4
is represented by a period for stabilization of the new
conservation system.The last part of this period where still
the inspection window is heat insulated and close and the
illumination lights are off is represented by the steady
condition of the system where still a small amount of water
is loss (4 g/month) because of the term h, (T o — Tice) Of
equation (4) that can not be avoided because of the
necessity conservation condition.

In the second step of the experimental study only the
illumination lights where switched on with no effect on the
weight loss that remain at 4 g/month.The term

Fioe (Tih - (T#,) of equation (4) representing the radiation
heat transfer from the illumination lights to the ice body
can be, therefore, neglected without having significant
effects in the computation of equation (4).

In the third step the illumination lights where switched
again off with no effect as for the aim of the research
activities of the museum devoted to reduce any thermal
and radiation effects of the illumination lights.

In the fourth step only the inspection window of the close
conservation cell was open to the external light and view.

In this step the total weight loss increased and is now at 6
g/month.The term Fyoe (T} - (T#.) can not be neglected
as for model prediction and simulation.The value of the
view factor Fjy, has the same order of magnitude as the
view factor indicated in reference (Gan 2004a,2004b). The
term Fyoe (T} - (TZ.) representing the radiation heat
transfer from the inspection window and the ice body is
therefore very important but can not anymore be
improved for the necessity of a good and safe view of the
Iceman by the visiting people of the museum.The side
effect of the inspection window is included in the
computation of the combined radiation plus convection
heat transfer coefficient h,

In the last step the inspection window has been again close
and heat insulated and the system returned to the original
weight loss of 4 g/month as before the opening of the
inspection window reaching again the original steady
condition inside the system.

Conclusion

This is a model that could be applied for the low
temperature conservation of the Iceman in the cell of the
museum.The experimental data so far obtained during the
experimental period are shown in Figure 4 where the
influence and limitation of the energy sources at low
temperature storage condition able to avoid long term
atmospheric freeze drying process of the Iceman has been
analyzed.The consistence of the multi-dimensional
mathematical model with the experimental data so far
obtained appears to be compatible and good.The model
could indicate operative conditions and control strategies
that could provide optimal long term conservation
conditions of the man of Similaun.

The bound water it is a very important part of the lceman
since it is one of the components of the original living
organism and it is bounded to the proteins and other
original organic molecules. It must therefore be preserved.

Notation

C,, heat capacity of gas at the free surface  k/kgeK

CPiC heat capacity of ice kj/kgeK

H,; ft,j,k) function of free surface n=1,... 41, k=x.y,z; ik
Ky air thermal conductivity WimeK

kice ice thermal conductivity WimeK

i

(T) functional expression of the thermody-
namic equilibrium between the water
vapour and the ice at the temperature,T,

of the moving sublimation interface, T(pyw= 7 (T)), N/m2

AH,  heat of sublimation of ice k/kg
air  density of air in the experimental cell  kg/m3
ice ice density kg/m3
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