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The effect of water dosage on the properties of wet spray cellulose insulation
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The thermal and mechanical properties of cellulose fibre insulation, installed via the wet spray projection method, were studied. The isotherms of loose fibres were determined using dynamic vapour sorption to study their behaviour with water. Wet spray cellulose samples with varying water dosage were subjected to compression, and thermal conductivity testing. Results showed density, modulus of elasticity, and thermal conductivity all increased with water dosage. These factors are to be considered for when applying wet-spray cellulose fibre insulation to ensure the properties of the material are consistent.

Introduction:

In the building sector, there is an increasing interest in construction materials that incorporate natural fibres, in order to reduce carbon emissions. One such material is cellulose, an insulation material that is made of ground newspaper fibres treated with fire retardant chemicals. A process of applying cellulose, known as the wet spray method, wherein fibres are sprayed into wall cavities with water, shows many benefits compared to the traditional "dry" method. The wet spray method provides a material that is evenly distributed, doesn't sag, and has better resistance to air infiltration. The issue with this process is the control of water dosage. Appliers of cellulose insulation might have trouble controlling the amount of water sprayed during installation. An excess of water might lead to a material that resists sagging but takes longer to dry. As well as this delay, the increase of applied water could affect the thermal and mechanical properties of cellulose insulation, which has yet to be studied.

Cellulose samples were sprayed into square moulds for mechanical and thermal conductivity testing. Samples were dried in ambient conditions and the mass of samples were logged daily. The drying behaviour of cellulose samples with different moisture content was studied. Loose cellulose insulation fibres were characterised with regards to their behaviour with water using dynamic vapour sorption isotherms. Compression tests, adapted from the standard EN 826 were made on 100x100x90mm3 samples. Thermal conductivity measurements, made on 150x150x50mm 3 samples were made at 10° C and 25°C, according to the standard NF EN 12667.

Results and Conclusion

Dynamic vapour sorption isotherms on cellulose insulation show the high affinity of cellulose to moisture, especially in the super hygroscopic region (relative humidity > 95%), the oswin model provides a good approximation of cellulose insulation's interaction with water. The delays caused by drying of cellulose insulation (at constant ambient conditions) were exposed, further supporting the need to control initial water dosage.

Density, compression resistance, modulus of elasticity and thermal conductivity of cellulose insulation all increased with initial moisture content. This is due mainly to compation of the material through increased water pressure and the hardening and strengthening of cellulose fibres as they dry. A linear relation was established between the mechanical and thermal properties and initial moisture content. A baseline of 14.05 kPa modulus of elasticity E and 0.62 kPa, and 1.34 kPa for E, σ5% , σ10% was defined as an approximation of the minimum resistance of the material ( at ambient humidity conditions) to prevent sagging. While the changes in thermal conductivity could be considered insignificant, there is still a loss in thermal efficiency of the material once an excessive amount of water has been used. Proper knowledge on the behaviour of these types of materials can improve its attractiveness for the use in new constructions and renovation projects.
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Introduction:

In the building sector, there is an increasing interest in construction materials that incorporate natural fibres. Not only do these materials have a reduced environmental impact than more traditional materials, they also have good thermal acoustic, and moisture absorbing properties. One such material is cellulose, an insulation material that is made of ground newspaper fibres treated with fire retardant chemicals. Since it uses recycled materials and requires little energy to produce, it has less embodied energy than traditional materials such as mineral wool, and even materials based on cellulosic fibres such as wood fibre insulation [START_REF] Hammond | Inventory of Carbon & Energy Version 2.0 (ICE V2. 0[END_REF].

There are two main methods of applying cellulose fibre insulation: "loose fill" where the fibres are blown into attics or closed wall cavities using specialized equipment, and "wet spray" where water is atomized and sprayed while the fibres are blown into open wall cavities. The water makes the fibres adhere to the cavity, in order to prevent sagging and ensure a homogeneous distribution of the fibres. After spraying, the excess material is removed via an electric wall scrubber to ensure a flat surface. The wet-spray method also provides a better air tightness for a buildings envelope, preventing the loss of heat caused by air infiltration through voids [START_REF] Nahb Research | Air Infiltration of Wood Frame Walls[END_REF].
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An issue with the wet-spray method of applying cellulose insulation is the control of water during spraying. If too little water is applied to the cellulose, the fibres might sag or unstick to the wall. Conversely if too much water is applied, the fibres will have a better cohesion to the wall cavity and to themselves, but the material will require more time to dry before a vapour barrier and/or drywall, depending on ambient conditions. In the work of Salonvaara et al [START_REF] Salonvaara | Impact of Weather on Predicting Drying Characteristics of Spray-Applied Cellulose Insulation[END_REF], the modelled drying of wet spray cellulose varied greatly depending on the month and location it was installed, with cellulose installed in winter months taking several weeks to reach a dry state. Incidentally, in the same study, wet spray cellulose that was intended to be installed at the minimum recommended water dosage of 40%, turned out to be installed at a dosage of 70%. This shows, albeit anecdotally, that professional installers might have difficulty controlling the initial water content of wet spray cellulose insulation.

Most research on cellulose insulation focuses on the loose-fill application. The influence of adsorbed humidity on thermal conductivity on loose fill cellulose fibres has been studied. A linear relation between moisture content and thermal conductivity has been established [START_REF] Véjelis | Performance of Loose-Fill Cellulose Insulation[END_REF][START_REF] Larson | Field and laboratory studies of the thermal resistance of moist building insulation systems[END_REF][START_REF] Sandberg | Determination of the effects of moisture content on the thermal transmisivity of cellulose fiber loose-fill Insulation[END_REF]. These studies consider only the influence of humidity contained within the loose fibres, and not how drying of fibres can influence these properties. It has been shown that once paper fibres dry, their strength increases, porosity decreases, and their moisture retention capacity decreases [START_REF] Hubbe | What happens to cellulosic fibres during papermaking and recycling? A review[END_REF]. These changes in the fibre structure during drying can also affect the thermal conductivity of cellulose insulation, which has yet to be studied.

For loose fill applications, methods have been developed to test the settling of loose fibres in attics [START_REF] Bomberg | Comments on Standardization of Density and Thermal Resistance Testing of Cellulose Fibre Insulation for Horizontal Applications[END_REF][START_REF] Svennerstedt | Analytical Models for Settling of Attic Loose-Fill Thermal Insulation[END_REF]. A model to study mechanical behaviour of loose fill fibres in a closed cavity is detailed in the work done by Rasmussen [START_REF] Rasmussen | Modelling Settling of Loose-fill Insulation in Walls, Part II Determination of Coefficients[END_REF][START_REF] Rasmussen | Modelling Settling of Loose-Fill Insulation in Walls. Part I[END_REF]. This model studies the creep behaviour of loose fibres in a closed wall cavity in order to predict the necessary installed density to prevent settling. The model used friction coefficients with the surface the cellulose fibres are installed on oriented strand board (OSB) closed wall cavities. In the case of cellulose insulation installed through the wet spray method, the fibres are rigid once they dry and adhere directly to the wall cavity. The measurements used on loose fill therefore do not apply to the wet spray application and there has yet to be a defined method to quantify the mechanical performance of materials fabricated with this method. The contribution of water on the mechanical behaviour of these fibres needs to be studied in order to determine a baseline mechanical resistance to ensure that the material will remain rigid and not settle.

In the present work, the influence of water dosage on the thermal and mechanical properties of cellulose fibre insulation manufactured through the wet-spray method was studied. The interactions of the fibres with water were first considered with dynamic sorption testing. The drying behaviour of projected cellulose insulation samples was then investigated. A method to test the compression resistance of the cellulose fibres was devised to study the influence of initial moisture content on its mechanical properties. The same was done with thermal conductivity testing via the guarded hot plate method.

Material and methods

2.1

Manufacture and preparation of samples Cellulose fibres of the brand Univercell Comfort were provided by SOPREMA (Bordeaux, France). The raw materials are pre-consumer newsprint paper from several providers from the south of France. In factory, the papers are ground into smaller fragments, which are then turned into loose fibres via a specialized fiberizer. Boric salts are then added as a fire retardant and antifungal agent. The fibres come compacted in a bag in order to optimize transportation costs. Once delivered onsite, the compacted fibres are fed to the blowing machine, which first separates them so they can be blown. A separate pump, connected to the blowing hose, pumps water which is then atomized through nozzles at the same time the fibres are blown into the cavity. In order to vary the initial moisture content of the samples, the pumped spray water pressure varied from 6 to 25 bars. The fibres were blown into wooden moulds of dimensions: 300x300x90mm

3 for mechanical tests.

The moulds were fitted with a removable 2.5mm rigid cardboard base covered with a coat of vinylic glue. Once the insulation sample was dry, it was carefully unmoulded and another 2.5mm cardboard was glued to the other side of the sample. Once the glue dried, the sample was then cut into nine 100x100x90 mm 3 pieces via a circular saw. The use of cardboard served two purposes:

to ensure that the 100x100mm² samples have good contact with the compression plates and that they were cut evenly without loss of the material. Thermal conductivity samples were projected on 150x150x50mm 3 moulds with a removable top for unmoulding. Once dry, samples were carefully separated from the moulds using a trowel. All samples were stored in a climactic chamber at 25°C and 60% relative humidity (RH). To measure the drying of CFI, the mechanical testing samples were weighed daily in order to measure the evaporated water until equilibrium moisture conditions at 60% RH (a mass variation of less than 1% in 24 hours) were reached. The equilibrium moisture content was then determined by taking 3g of fibres from the ambient dried sample and drying them at 100°C for two hours. Using the mass of the samples and the equilibrium moisture content, the initial moisture content as well as the drying of the material at 24 hour intervals was determined.

2.2

Dynamic vapour sorption Sorption isotherms were made by dynamic vapour sorption apparatus DVS Advantage from Surface Measurement Systems Ltd (London, United Kingdom). Loose fibre samples were placed into an aluminium sample holder connected to a microbalance. The samples were then subjected to a series of relative humidity variations from 5% to 95%, with 10% intervals, at a constant temperature of 25°C. The variations in mass due to moisture adsorption and subsequent desorption were then plotted against relative humidity. 

2.3

Mechanical testing Compression tests, adapted from the standard EN 826, on the cut 100mm x 100mm x 90mm samples were made by means of an H5KT universal testing machine from Tinius Olsen (Surrey, England) equipped with either 100N or 500N sensors, depending on the material's resistance. Steel 100 x 100 mm² compression plates ensured direct contact with the samples. Compression was done at a speed of 10 mm/min. A pre-charge of 1 N was applied to ensure direct contact with the sample. Due to the fact that the material is highly compressible, no fracture or rupture was detected so instead the measured stress at 5% and 10% strain was logged for each sample. Compression tests stopped once 20% strain was reached. Since each sample had slight variations in dimensions of the order of ± 2mm, they were measured in order to accurately calculate their respective stress and strain.

2.4

Thermal conductivity measurements Thermal conductivity measurements were done according to the standard NF EN 12667. Samples of 150x150x50mm 3 were placed in a λ-Meter EP500e guarded hot plate apparatus from Lambda-Messtechnik (Dresden, Germany). Foam insulation was used around the samples to ensure the contact plates measured only the 150 x 150 mm² surface of samples. The contact plates applied a pressure of 50 Pa to ensure direct contact with the samples without compacting them. Measurements were made at 10 and 25° C average temperature with a temperature difference of 10°C between plates. Steady state was assumed to be reached when the value of thermal conductivity varied less than 1% in 60 minutes.

Results and discussion

Dynamic vapour sorption

Results from dynamic vapour sorption of cellulose fibres are shown in Figure 3. The isotherms show little hysterisis, less than 2% difference between sorption and desorption isotherms. One can see that in the hygroscopic range moisture sorption reaches around a maximum of 20% mass so the range of minimum water dosage of 40%-60% means that water within the cellulose after spraying is contained within the pores. It is possible however, to estimate the moisture sorption in the whole range using mathematical approximations. Many models exist such as Brunauer-

Fig. 2 compression testing setup

Emmett-Teller (BET) or Guggenhein, Anderson, de-Boer (GAB) models, but for porous solids such as cellulose it is recommended to use the Oswin model: [START_REF] Karoglou | Water Sorption Isotherms of Some Building Materials[END_REF] (1

)
Where Xe is the calculated moisture content, aw the relative humidity, T is the ambient temperature, and b0, b1, b2 are coefficients dependent on the material. These coefficients were determined by minimizing the standard deviation between the calculated values and the average between the measured sorption and desorption values. The Oswin model shows good relation with the values determined experimentally. The moisture content at saturation can be estimated when RH values approach 100%. At a RH of 99.999% the Oswin model gives a value of 279% moisture content, showing that, past the hygroscopic range, cellulose can absorb high quantities of water via capillary conduction.

Drying of cellulose insulation samples

The drying curves of projected 300x300x90mm 3 samples stored in 25°C at 60% RH with varying water pressure are shown in Figure 4. Evidently, an increase in water dosage increases the time for the material to reach an equilibrium dry state. In practice, installers of cellulose fibre insulation consider that when the material reaches around 20% moisture content, it is considered dry enough to allow the installation of a vapour barrier and drywall. For example, a water dosage of 70% can increase the time to reach 20% moisture to 58 hours versus the 19 hours needed when the minimum recommended dosage of 40% is applied, over three times the standard waiting time. It is worth noting that this applies only to 90mm thick insulation at the constant conditions of 25°C at 60% RH. In reality, the drying rates vary depending on thickness and ambient conditions. The thicker the specimen, the colder and more humid drying conditions are, the longer the drying times, which sometimes cause unacceptable delays in a construction project. 
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3.3

Changes in density. As is shown in Figure 5, the final density of the material depends on the installed moisture content. The values shown are slightly higher than those found by Salonvaara et. al. [START_REF] Salonvaara | Impact of Weather on Predicting Drying Characteristics of Spray-Applied Cellulose Insulation[END_REF]. At the minimum moisture content of around 40%, density varies from 50 to 57 kg/m3. The results show a linear increase of density with initial moisture content up to 77 kg/m3. The increase in density has two likely causes: the increased pressure from the pulverised water, which causes compaction of the material as it is projected, and the strengthening and hardening of fibres as they dry. This further emphasises the need to control of water dosage since as the density increases, more of the material is used to insulate the same volume, which subsequently increases costs of installing the insulation. As it has been shown with other natural building materials [START_REF] Madurwar | Application of agro-waste for sustainable construction materials: A review[END_REF][START_REF] Nguyen | Effect of compaction on mechanical and thermal properties of hemp concrete[END_REF][START_REF] Elfordy | Mechanical and thermal properties of lime and hemp concrete ('hempcrete') manufactured by a projection process[END_REF] these variations in density can also cause changes in the thermal and mechanical properties of the material, as will be shown in the following sections. 

Compression tests

Stress-strain curves of cellulose insulation with samples with different moisture dosages are shown in Figure 6. The lightweight material shows a quasi-linear elastic behaviour with no rupture at strains up to 20%. As was expected, the material shows an increase in its mechanical resistance with increasing moisture content.

Figures 7 and8 show the relation between water content calculated elasticity modulus E, and the calculated stress at 5% and 10% strain (σ5% σ10%) respectively. While all the values show a good linear relation with moisture content, the best indicator seems to be the stress measured at 10% strain σ10%. This could be due to the fact that as the material is compacted, the heterogeneous voids it are filled, giving a more linear and constant reading of the applied stress at higher deformation. In order to define a « minimum resistance » of wet spray cellulose insulation to ensure that the material will not sag or tear once projected, the measured values of the modulus of elasticity E and compressive stresses σ5% σ10% at around 40% moisture content are averaged. This gives an average of 14.05 kPa, 0.62 kPa, and 1.34 kPa for E, σ5% , σ10% respectively. These values could potentially be used as a reference point if, for example, a raw material (recycled newsprint) of different quality is used, or if the amount and/or type of additives are changed. 

3.5

Thermal conductivity testing Figure 9 shows the variation of dry thermal conductivity at with installed water dosage average temperatures of 10°C and 25°C (λ10 and λ25). As with mechanical properties, the value of dry thermal conductivity also increased with installed water content, although in this case there the difference is much smaller, making the results more prone to inconsistency. Thermal conductivity values varied from 37 to 43 mW/m.K, for measurements made at 10°C and around 40 to 46 The high scatter could be due to the heterogeneity of the samples, or to loss of heat through voids between the contact plate and the sample. Since the material is highly compressible it was difficult to ensure perfect contact between the plates and the samples without compressing the samples, which would increase its density and thermal conductivity. While this increase in values of λ with applied moisture content is slight, it is still unfavourable to a wall's thermal performance. It is in the cellulose installers' best interest to use the lowest feasible water dosage in order to ensure optimum insulation capacity of the material.

Conclusions

As the results have shown, the increase of water not only delays construction after installation, but also increases the density and thermal conductivity wet sprayed cellulose insulation. The increase in density and drying time with increased water dosage remain important factors to consider when applying cellulose insulation. A method to determine the mechanical behaviour of wet sprayed cellulose was devised. The compression tests give an indication of how the installed moisture content strengthens the material in order to prevent sagging or tearing of the material. A baseline of 14.05 kPa modulus of elasticity E and 0.62 kPa, and 1.34 kPa for E, σ5% , σ10% was defined as an approximation of the minimum resistance of the material ( at ambient humidity conditions) to prevent sagging. While the changes in thermal conductivity could be considered insignificant, there is still a loss in thermal efficiency of the material once an excessive amount of water has been used. In a practical sense, it would be pertinent to have a quality control system which the wet spray water dosage was measured in a test sample before applying to an entire wall. This will ensure that the minimal dosage (40%) of water is employed in order to reduce drying times, minimize density and thermal conductivity, while maintaining a rigid material that will not settle or tear. Wet spray technology not only applies to cellulose fibres, but new methods of spraying hemp and flax fibres are being implemented for the installation novel eco-friendly building materials, and it is important to ensure that they are installed in the most efficient manner. It is through proper knowledge and testing of these innovative and eco-friendly materials, which will make them more prevalent in the building sector, thus helping reduce carbon emissions of new constructions and renovation projects.
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 1 Fig. 1: 300x300x90mm 3 sprayed samples (left) and cut 100x100x90mm 3 sample for compression testing (right)
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 3 Fig. 3: Sorption and desorption isotherms, with Oswin model approximation
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 45 Fig. 4: Drying of cellulose samples, with varying water pressure
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 6 Fig. 6: Stress-strain curves of projected cellulose insulation samples with varying moisture content
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 78 Fig. 7: Influence of installed moisture content on modulus of elasticity E, with linear regression line
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 9 Fig. 9: Influence of installed moisture content on thermal conductivity values λ10 and λ25, with linear regression lines
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