Moisture detection in walls trough measurement of temperature.
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Abstract
Quantitative evaluation of the evaporation flux from the wall surfaces can be found on the possibility of measuring the variation of temperature which depends in a sensitive way on evaporation rate. Surfaces temperature where evaporation is taking place is in fact directly correlated to the evaporation rate, because of the large evaporation heat value of water. We could obtain this rate by the equilibrium temperature, which occurs when the different kinds of heat exchanges become constant. On the other side from "dynamic" measurements of temperature since evaporation begans is also possible to know the water content in the surface layer. In the Archaeometry laboratory of "Istituto di Fisica generale applicata" (Milan) we performed some experiments on several plaster samples mostly used by tradition. They were put in a climatic room where environment parameters (temperature, relative humidity, air flux and light) could be controlled. The cooling caused by the evaporation has been investigated both under steady and unsteady conditions.

1. Introduction
The presence of water inside the walls can be considered one of the most important reasons of degradation in historical buildings. The effects of dampness are often visible, i.e. damaged decorations, lost of adhesivity of a paint film from the wetting substrate, black stains, disintegration of the superficial layer of the material, insulation of superficial chips from the substrate, biological infestation,  and so on [1].

The extent of decay in a building material is related to its permeability and above all the change of state of the water content. When the water evaporates these salts dissolved into the water crystallise in the natural pores of the wall. The area of crystallisation becomes larger due to the addition of salts coming from inside the wall. This causes the breakdown of the superficial layers into chips, which can cause an eventual complete breakdown of the wall surface. This process of decay is well known, but the nature of the problem is still hard to analyse completely and thus control. Also, the continual change and dynamism of environmental factors contribute to the difficulty of analysis. 

The water content within the wall is usually the considered parameter when attempting an analysis of decay. In spite of this, the most interesting parameter to be known (but surprisingly never taken into account) is the evaporative flux, in fact it is the one which is most directly related to decay. The possibility of its precise quantification represents the real bet for an analysis of wall degradation, above all if the plaster is of historical importance, and painted (in fresco, enamel, oil,...). Environmental factors affecting analysis include temperature and relative humidity of the of the air, lightning, wind speed,..., and they should be indicated to complete the situation outlook of on field measures. 

Of course in works of art any loss of material is to be avoided, so non destructive tests (NDT) become fundamental, in this way a precise telemetric method such as termography has to be preferred. For some years termography has a main place among NDT applied on works of art and monumental buildings. Even if the measurements usually performed to individuate moisture are qualitative, they show the exact position of the coldest areas, where evaporation presumably exists. This helps greatly in determining the most damaged zones [4].  For what is related to a quantitative approach, non destructive methods for quantitative evaluation of the evaporative phenomenon can be based on the possibility of measuring with good precision the variation of temperature that depends in a sensitive way on water content and evaporation rate. 

Temperature of surfaces where evaporation is taking place falls of several degrees and the cooling can be directly correlated to the evaporation rate, in fact the evaporative loss is considerably high (about 100-300 W/m2) because of the high value of the heat of vaporisation [2]. This is the main direction of our research in the last two years [2,6,7,8]: values of temperature and evaporation rate of a surface where evaporation takes place can be obtained by solving the energy balance equation. They show a good agreement with experimental values obtained by weighing.

From the same measurements it should also be possible to obtain a good evaluation of water content in the superficial layer considering the evaporation as a transient process and measuring the variation of temperature (in time) that it causes. Heat capacity of the wall is in fact heavily affected by the water content [3,5]. This kind of research, which would complete the data given by flux evaluation, presents nowadays a problem of applicability on field, but has been successful in laboratory tests. 

An advantage of our method is the premature diagnosis of the zones more exposed to degradation, which are identifiable thanks to the presence of high evaporative fluxes. Those zones, if not yet clearly marked by connected pathologies, will be manifested with certainty by a correct interpretation of termographic analyses. The illustrated method can moreover be valid used also for the monitoring and the test of the restoration on buildings.

2. The evaporative flux in the energetic exchanges balance of the wall.
The superficial temperature of the wall is affected by the thermal exchanges (convective and radiative) with the surrounding environment. From previous studies [6] we have demonstrated that the traspirative flux remains constant if environmental conditions and the water supply from inside the wall remain constant. 

The measure of the wall surface temperature concurs to obtain a precise and quantitative indication of the evaporative rate when an opportune model is defined for the energetic balance on a wall surface in dependence of air temperature (convection: h(Tair-T), radiation in: +env , and out: -T4 ), the speed of the wind and the environmental relative humidity (which influence the amount of evaporative flux ev).

Under normal conditions of moisture content (physiological moisture), the energy loss from the evaporative process is insignificant compared with the total energy transferred over the surface of the wall. Furthermore, when determining the superficial temperature of the wall the variation of temperature due to heat conduction from the inner wall is neglectable if compared to the one caused by the evaporative phenomenon, at least in the time characteristic of the thermographic scan of the wall (some minutes for the dynamic case). This effect is amplified in the ancient wall because of its thickness and the use of solid brick.

Regarding the energy associated with the mass transfer within the wall (water and salts) it is less significant then the energy lost by evaporation. In fact the amount of heat carried by a certain quantity of water from a point to another of the wall is approximately two orders of magnitude less then the energy required to evaporate this same quantity of water. 

We studied the wall surface in the environmental conditions which can increase the transpiration process. At the same time we controlled and reduced the environmental variables that determine other important kinds of energetic exchanges. The aim was to obtain a clear and unequivocal dependence between the measured temperature and the evaporative rate. In general the energy balance of the wall surface can be expressed by 
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where:   = absorption coefficient of the wall surface, in the visible-near IR (380-1100 nm) and in the thermal IR (8000-14000 nm);  andenv = mean emissivity of the sample in its exitance range and  environmental efficacy emissivity; P =direct radiation from sun or lamp ; Ta= = environment temperature; Tint = inner temperature of the wall;  = Stefan-Boltzmann  constant (5,57 x 10-8W/m2K4) ; h= convective exchange coefficient ;k* conductive coefficient; = water heat vaporisation ; (mev= evaporative flux (kg/m2s).

If we consider as substantially constant the first two terms (radiation), a forced evaporation causes a thermal imbalance Q, which can be observed as a decrease of some degree of temperature. This is essentially compensated by the increase of convection and conduction. If the heat loss caused by the evaporation is constant the cooling effect of the wall can be calculated: the variations of temperature of the wall surface change the intensity of the exchange process by radiation and convection. Particularly the radiation of the surface, which is usually the main way of cooling, decreases and the heat absorption by convection increases. In the aforesaid of strong evaporation the energy loss causes a decrease of temperature dT in a time dt upon all the evaporating surface according to the inverse proportion to its mass on superficial unit (superficial density of mass m) and to its specific heat. So the solution of the relative differential equation can give a relation between the temperature evolution of a cooling surface and its values of mc (mass for specific heat).


[image: image2.wmf]mev

ev

a

a

a

T

T

k

T

T

h

T

T

dt

dT

mc

f

l

s

ae

es

-

-

+

-

+

+

-

=

)

(

)

(

int

*

4

4


(2)

This equation can be integrated [6] by dividing the terms in time from those in temperature as follow.
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Seen the impossibility to write the direct dependence of temperature versus time, the data of temperature collected by the termocamera can be fitted with the inverted relation:
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Where the expression of F(T) , solution of the above integral, is reported in [6].

In laboratory, we got the verification of the law (4) that dynamically describes the phenomenon of the evaporation starting from conditions of not evaporation obtained trough high values of RH (>95%).  Figures 1 and 2 show the cooling of two plaster samples due to free evaporation in a dry atmosphere (RH=30%): continue lines represent the fit of the experimental data obtained with the function F(T) in eq. (4). The best fit of the data assigns the value of mc of  the investigated sample. 
2.1 Evaporative flux computation.
The evaporative flux is not directly given from the equation (4), its value is therefore determined - knowing all the other variables - for "infinite" times: when all the kinds of energetic exchanges reach the equilibrium. This happens when the temperature assumes the equilibrium value T, which is, in practice, the temperature - when it is constant or when it reachs a constant value - of the wall (or sample) surface read on the termocamera. The  expression of the flux assumes therefore the form:
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Here, the terms due to the radiative exchanges can be estimated with good precision considering zones without evaporation, but in the same conditions of radiation, and knowing the medium absorbivity  (equal to emissivity ) of the surface material in the IR lenghts of the termographic system used. The value of convective coefficient h is very difficult to determine, and it needs the knowledge of some data about the wall geometry, the wind speed,... . The conductive term is reasonably very small (1%) compared with the others, and may be neglected.

In the studied cases constituted from plaster samples of small dimensions (10 cm2) or from bricks the temperature reaches T in times of the order of 102-103 sec. 
3. Materials and methods.
The samples of plaster under test, were composed of a mixture of sand, lime putty, brick powder and marble powder. They have homogeneous characteristics  of weigh, volume and transpirating surface. Some plaster samples (10 cm3), of varying composition, were dampened, and placed in airtight containers for 48 hours. The relative humidity was maintained at more then 95%  with use of salt solution. For the continuation of experiments we used a climatic chamber (fitotrone) that allow to range environmental variables: temperature (10-40 C), relative humidity  (20-98%), air speed (0.1-5m/s) and lighting (0-50000 lux). The environmental conditions chosen for every experiment were  0 lux, air speed 0.1 m/s (which would minimise the convection’s effects), air temperature of 25 C, and relative humidity kept constant at 50 or 30%. The samples was subsequently isolated on the bottom and lateral side with an waterproof membrane and have been placed in a climatic room on a balance (precision 10-4 gr) which noticed of the weight drop in continuos. Data were collected on PC every 2 minutes for periods of two days. In order to estimate the conditions of radiation inside the room we added beside the damp samples, some dry plaster samples of equal dimensions and emissivity.  Changes in air temperature caused significant variations in the convective exchange. The dried samples had no evaporation, therefore they allowed the calibration of the convection and evaporative exchanges present within the studied model. The  thermographic scanning was recorded every 15 sec for period of almost 20 min by means of a thermovision camera AVIO TVS 2100. The balance verified the effective transpiration rates during the experiments. 

4. Results
The values of the directly measured evaporative flux for some different kinds of plaster and brick are reported in table, they show a good agreement with those calculated through the eq. (5) from the measure of the equilibrium temperature.

Samples 

(Composition)

g.c.: lime white, s.t.: white sand, p.m.: white marble powder, c.p.: brick crushed. 
RH 
( 

[10-5 Kg/m2s]
by weighing 


( 

[10-5 Kg/m2s]

from di eq. (5) 

C (1g.c.+1s.t.+2p.m.)
30%
4.73
4.29

F (1g.c+3p.m.)
30%
4.66
4.62

G (1g.c.+1s.t.+1p.m.+1c.p.)
30%
5.38
4.73

H (1g.c.+3c.p..)
30%
4.64
4.60

Brick
30%
8.55
8.69

Brick 
50%
2.64
2.33

The method in the evaluation of the water content introduces the limits given to the necessity to measure the evolution of the temperature since the beginning of the evaporation and to have to known the the density and specific heat of the material under inspection. However the water content value found by this method shows the same accuracy with those obtained through destructive methods of measure (drilling). The choice of the plasters (frescoes) was operated since from the restorers experience they appear to be ones on which the destructive tests are impossible and that manifests pathologies more evidently due to the evaporation of the moisture presence.

5. Conclusions
The method here presented is valid in the identification and quantification of different evaporation rates through temperature measurements, considered as equilibrium temperature among all different kinds of energetic exchanges that happen in presence of evaporative phenomena. From the experiences carried on the field [7-8] we inferred that the best environmental conditions for the measure are the climatic conditions that force the evaporation: therefore low environmental RH, also artificially obtained in indoor measurements, and the absence of any kind of heating of the building.

Furthermore, the topic of the study is to change the point of view on facing moisture diagnostic and conservative problems in buildings. We adfirm that, independently from the knowledge of the water content of the wall, it is possible to value the damage due to dampness only by means of superficial measures of evaporation flux.

The present study did not examine in detail the causes that generate different rates of the evaporative flux. The main advantage of this study is the early diagnosis of the particular areas at risk of decay. Even if the damage is not already visible for the connected pathologies, it is possible to determine where the damage will occur if the thermo-hygrometrical conditions persist. The illustrated method can moreover be valid used also for the control and the test of the restoration works on buildings.
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Figure 1. Cooling of a plaster sample (C.) in RH= 50%. continue lines obtained with the function F(T) in eq. (4) represents the fit of the experimental data. The best fit  of the data assign the value of mc   of  the investigated sample.
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Figure 2. Cooling of a plaster sample (H.) in RH= 50%. Continue line obtained with the function F(T) in eq. (4) represents the fit of the experimental data The best fit of the data assign the value of mc of  the investigated sample.
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