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(ABSTRACT) 

An experimental apparatus and test procedure to measure the sorption isotherm 

of moisture in porous building materials was developed and tested for its reliability and 

accuracy. The apparatus shows excellent potential for determining reliable moisture 

storage property data. The data are used in heat and moisture transport models. 

The apparatus consists of a small test chamber, with an external forced-air 

temperature and humidity conditioning system. The conditioning system supplies moist 

air to the test chamber at 20°C dry-bulb temperature over a range of 0.4 to 85 per cent 

relative humidity. The new system circumvents problems associated with the use of 

saturated salt-in-water solutions. Moisture content is determined gravimetrically without 

removing specimens from their conditioned environment. The mass is monitored in situ 

such that external ambient conditions have no effect on the data. The control of test 

chamber relative humidity and dry-bulb temperature is automated. 

Test results consisting of sorption isotherms and scanning curves for sugar pine, 

southern pine, and an exterior grade plywood are presented. The maximum uncertainty 

in moisture content measurement is 0.023 kg/kg-dry mass at 85 per cent RH. Results 

are compared to data from the literature. The study shows a need for a standard test 

method for measuring sorption isotherms. Minimum recommendations for such a 

standard test method are included. A comparison of scanning data to an analytical model 

from the literature show that further investigation of scanning is needed. The present 

method is well suited for such a study.
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INTRODUCTION 

Moisture effects on porous materials have long been a concern in the building 

industry. Recent advances in mathematical modelling of moisture transport phenomena 

in porous building materials have enhanced the ability to predict moisture transfer and 

accumulation in structural components. However, full implementation of these analytical 

tools has been hampered by the lack of reliable moisture property data. The sorption 

isotherm is used to quantify moisture storage capacity. The objective of the present 

research is to develop improved experimental apparatus and test procedures for 

determining moisture sorption characteristics of materials. 

Motivation for the Research 

The motivation for the research has been the lack of reliable moisture property 

data for use in combined heat and moisture transport analytical models. Models which 

attempt to predict combined heat and moisture transport phenomena in porous building 

materials have recently been developed by Pedersen (1990), Kohonen (1990), Thomas 

and Burch (1990), Burch and Thomas (1991), and Kumaran (1990). The accuracy of 

results from these models depends on the availability of accurate and reliable material 

property data. 

The lack of accurate and reliable moisture property data for building materials is 
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a recurring theme among the researchers. Thomas and Burch (1990), in their 

development of a mathematical model for predicting water vapor sorption at interior 

building surfaces, point out that the rigorous validation of such analytical models requires 

precise experimental material property data relating to moisture transfer. Kumaran 

(1990) states that experimental moisture content data need to be reliable to derive 

credible results. Moisture properties of building materials are well defined 

mathematically but especially difficult to determine experimentally. 

The Sorption Isotherm and Moisture Storage Capacity 

The equilibrium moisture content (jy) of a material vs the relative humidity (¢) 

of the ambient air at constant dry-bulb temperature is called the "sorption isotherm." 

Moisture storage capacity (€) is defined as the slope of the sorption isotherm 53 | ) 
T 

and is analogous to specific heat for thermal energy storage. Sorption and moisture 

storage capacity are illustrated in Fig. 1. The greater the moisture storage capacity, the 

more moisture that is adsorbed (added) or desorbed (removed) from the material resulting 

from a change in relative humidity (at constant temperature). 

The equation for sorption in Fig. 1 is an empirical relation for generic softwoods 

based on the Hailwood-Horrobin sorption theory (Simpson, 1971). This equation, a 

function of temperature and relative humidity, is considered to be state of the art. 

Calculations show that the equilibrium moisture content of a material is more closely 

related to relative humidity than absolute vapor pressure over a range of temperatures. 

A complete discussion of the various sorption theories for moisture in porous materials, 

which include the Brunauer-Emmett-Teller (BET), Langmuir, and Dent models, can be 

found in Brunauer (1945), Okoh and Skaar (1980), Luikov (1966), Stamm (1964), and 

Skaar (1988).
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Figure 1. The sorption isotherm with the moisture storage capacity (€) defined as the 
slope of the sorption isotherm. 

Hysteresis effect. The sorption isotherm of porous materials such as wood exhibits a 

pronounced hysteresis effect. This hysteresis effect is shown in Fig. 2. Desorption is 

associated with higher moisture contents than adsorption at the same relative humidities. 

The phenomenon has been attributed to a number of effects including incomplete wetting 

of the capillary walls and the retardation of formation of a meniscus in open pores 

(Luikov, 1966). Additional explanations as to why this hysteresis exists can be found 

in Brunauer (1945), Spalt (1958), Stamm (1964), Skaar (1979), and Skaar (1988). 

Scanning. The adsorption and desorption isotherm curves, which account for hysteresis,
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Figure 2. The hysteresis effect with a scanning curve (AB) that would result from a 
break in the adsorption process. 

are considered to be the limits of moisture content values for a given material. Materials 

exposed to natural climatic conditions tend to have moisture contents located in between 

these boundaries. For example, if the sorption process is halted and the direction of 

moisture transfer reversed, the moisture contents will follow a path between the 

adsorption and desorption isotherm curves. This process is referred to as "scanning" and 

the paths taken between the desorption and adsorption boundaries are called scanning 

curves. In Fig. 2, a scanning curve (AB) that would result from a break in the 

adsorption process (at point A) is shown. These so-called scanning curves are extremely 

useful as they represent the way sorption occurs in nature. However, previous reliable 

scanning data are almost nonexistent.



Sorption Isotherm Measurement 

The measurement of the sorption isotherm is based on measuring the moisture 

content in a material held in a fixed environment under steady-state conditions. The 

requirements are for an accurate method for determining equilibrium moisture content 

and an apparatus for maintaining a conditioned atmosphere with minimal variation in 

relative humidity and dry-bulb temperature. The ability to maintain a wide range of 

relative humidity is desirable. 

Determining moisture content. The most common methods for determining the moisture 

content of porous materials are gravimetric methods in which the mass of the specimen 

is measured directly. To establish moisture content on a dry mass basis, gravimetric 

methods require that the dry weight of the sample be found. Two established drying 

methods in the literature are oven drying and desiccant drying. A standard procedure 

(ASTM, 1992) for the direct moisture content measurement of wood and wood-base 

materials suggests oven drying at 103 + 2°C as the primary drying method for wood. 

Desiccant drying has been used by some researchers in an effort to determine dry mass 

at the isotherm temperature. The method of drying non-wood products has not been 

distinguished in the literature from that of wood-base materials. 

Other non-destructive methods for the determination of moisture content are 

referred to as indirect methods. Slight (1989) has reviewed a number of available 

methods of indirect testing for moisture content in a wide variety of materials. These 

methods include nuclear magnetic resonance and neutron moderation, a number of optical 

techniques utilizing the infrared part of the spectrum, and electrical methods involving 

microwaves and dielectric constants, among others. A major difficulty, as Slight points 

out, is the need for calibration of the instrumentation with respect to some reference 

point for each different material. Indirect methods can be found in limited use in the 

literature (Rollwitz, 1963, Facdoaru, 1974, Bhargava, 1974).



Relative humidity control. The methods available for relative humidity control are 

relatively simple in scope but vary according to the experimental approach taken. The 

control techniques most frequently found in the literature involve the use of saturated 

salt-in-water solutions (and to a lesser extent sulfuric acid and water solutions) to effect 

the desired partial vapor pressure in the test environment. Others, such as Smith (1963), 

have used adiabatic mixing of dry and wet air streams. Still another approach is the 

“two-pressure method" where air at an elevated pressure is first passed through water at 

60°C, then cooled to the desired working temperature to insure saturation, and finally 

expanded isothermally to a lower pressure (Ahlgren, 1972). In this case, the ratio of the 

upstream and downstream air pressures is equal to the ratio of the upstream and 

downstream partial vapor pressures. Since the upstream air is saturated, the relative 

humidity is determined by P 
g=—. 

P, 

Experimental Techniques from the Literature 

No standard procedure for the measurement of sorption isotherms exists. 

Experimental techniques and apparatus from the literature vary accordingly. An overall 

description of the one most commonly used, "the desiccator technique," has been 

presented by Stamm (1964). Variations of this technique have been used by Spalt (1957), 

Kelsey (1957), Tveit (1966), Cunningham and Sprott (1984), Thomas and Burch (1990), 

Carotenuto, et al.(1991), and Richards, et al.(1992), among others. Two additional 

methods presented by Smith (1963) and Ahlgren (1972) illustrate the diversity in 

experimental approaches. The various methods are discussed further in the following 

sections and elsewhere. 

Desiccator technique for measuring sorption. A desiccator technique for measuring



sorption of water by porous solids has been presented by Stamm (1964). In this 

procedure, the test specimen is placed in an open weighing container above an aqueous 

solution of sulfuric acid in a desiccator. The sulfuric acid is of a concentration that 

provides the desired vapor pressure. At appropriate intervals, the test material (adsorbent) 

is covered, removed from the desiccator, and weighed. The adsorbent is returned to the 

desiccator and the process is repeated until the weight of the adsorbent is constant. A 

change of the sulfuric acid concentration is necessary to proceed to the next desired 

relative humidity. 

There are problems with the desiccator method, as indicated by Stamm. One 

shortfall of this method is the necessity to frequently check the concentration of the 

sulfuric acid solution. Stamm suggests that a remedy of this problem would be to use 

saturated salt-in-water solutions instead of sulfuric acid. However, the salt solution must 

be physically changed in order to effect a change in relative humidity. The possibility 

of a change in moisture content in the time between opening the desiccator and covering 

the sample is another concern. A type of closed system in which the test material is 

suspended from a spring balance in a tube through which humidified air is circulated is 

proposed as a remedy. The air can be humidified by passing it through “bubbler tubes” 

containing saturated salt solutions. A closed recirculating system would be preferable 

to blowing fresh air through bubblers and discharging it to ambient after passing over the 

adsorbent since less moisture has to be gained or lost as the system approaches 

equilibrium. 

Variations of the desiccator technique. Variations of the desiccator technique are the 

most common of the methods found in the literature. The differences among the 

experimental procedures have been emphasized here. 

Spalt’s (1957) test procedure began with a saturated specimen and measured 

desorption by decreasing the relative humidity in steps. The study was performed on 

domestic and tropical woods in an evacuated test environment at a temperature of 32°C.



Vapor pressures were maintained with saturated salt solutions. The single test specimen 

was suspended from a helical spring within the closed system. Dry weight was 

determined in situ at the isotherm temperature with a vacuum (10% to 10° mm. of 

mercury). The process was then continued with adsorption to complete the sorption 

isotherm. Kelsey (1957) used a procedure similar to that of Spalt to study the 

temperature dependence of the sorption isotherm. The difference in the two procedures 

is Kelsey’s use of sulfuric acid to control vapor pressure instead of saturated salts. 

Tveit (1966) used forced-air circulation of the chamber environment and an 

isolated gravimetric method designed to allow for simultaneous testing of a number of 

specimens. Saturated salt solutions were used to control relative humidity. However, no 

distinction was made between adsorption and desorption measurements to account for 

hysteresis. 

Thomas and Burch (1990) and Richards, et al.(1992) used a simplified desiccator 

technique in which physically different specimens were subjected to physically different 

environments and the collective sum of all these was used to generate the sorption curve. 

Specimens were placed in sealed jars above eight saturated salt solutions of different 

relative humidities. Desorption was determined by starting with saturated test materials 

and adsorption by beginning with dry ones. The mass was measured by removing the 

specimens from the jars and weighing them on an electronic balance. To account for the 

unavoidable change in moisture content resulting from ambient exposure, Richards 

weighed each test specimen at 15 second intervals for 75 seconds and extrapolated the 

results to zero time to determine the mass. Dry weights were determined by placing the 

specimens above calcium chloride (CaCl,) desiccant, which maintains 1.4 per cent 

relative humidity, until equilibrium was reached. 

The method Cunningham and Sprott (1984) chose for maintaining relative 

humidity required saturated salt solutions but in this case, the desiccators were evacuated 

to the desired vapor pressure of water at each relative humidity. The data presented for 

each sorption isotherm was determined from one sample subjected to steps of decreasing



relative humidities, and weighed at each relative humidity to establish equilibrium 

moisture content. The process was continued to 10 per cent relative humidity. Adsorption 

was measured from this point by increasing the relative humidity in steps and weighing 

the specimens as before. 

Carotenuto, et al.(1991) used sulfuric acid solutions to control relative humidity 

in a forced-air experimental setup. Conditioned air was passed over specimens suspended 

from an electronic balance isolated within the test chamber and then exhausted to the 

ambient. Measuring only adsorption, the process was begun with dry specimens and the 

relative humidity was increased in steps. 

Additional methods from the literature. Two additional methods from the literature 

are notable in that the use of saturated salts or sulfuric acid was not necessary to maintain 

desired relative humidities. Smith (1963) developed an apparatus for determining the 

sorption isotherm of foods at temperatures above 50°C. Ahlgren (1972) developed an 

elaborate apparatus and procedure for use with porous building materials. 

Smith used a gravimetric method for determining equilibrium moisture content. 

He controlled relative humidity by means of a proportioned mixing process of saturated 

air with dry air. The source of test environment air was an external supply of desiccant- 

dried compressed air. The saturated air required to maintain the desired relative humidity 

was obtained by passing the original air flow through a series of saturators. The wet and 

dry supply air flows were brought to the desired temperature before mixing. Mixing of 

the two streams occurred in the test chamber. Chamber air was then directed over the 

test specimen and exhausted to the ambient. The test material was suspended from a 

balance with a thin wire passed through the exhaust port of the chamber. Specimen mass 

could then be determined in situ. The work was performed primarily at temperatures 

above 50°C. 

Ahlgren’s two-pressure apparatus was designed to maintain relative humidities 

between 20 per cent and 98 per cent RH at 20°C. It operates on the two-pressure



principle, passing air at an elevated pressure through a heated reservoir of water, cooling 

the air flow to the working temperature to insure saturation, and then lowering the 

pressure of the air stream before it enters the test chamber. The test chamber relative 

humidity is equal to the ratio of the lower air pressure to the higher air pressure. Control 

of relative humidity in the chamber is effected by regulation of the vapor and chamber 

pressures. 

Ahlgren’s procedure was based on the need to measure complete sorption 

isotherms with an apparatus unable to control relative humidities below 20 per cent RH. 

Desorption was measured by beginning with saturated specimens and continuing to 20 

per cent RH in decreasing steps. In order to obtain accurate adsorption measurements 

(from initially dry specimens), the test materials were placed in an evacuated desiccator 

over a silica gel desiccant for an unspecified length of time. The specimens were 

returned to the test chamber to determine adsorption over the same RH range as was 

desorption. Dry weights were determined at the completion of testing by oven drying 

at 105°C. Ahlgren’s study included approximately 70 test specimens from a variety of 

materials. In addition to the sorption isotherm, Ahlgren measured scanning values for a 

few of the materials in his study. The entire process to obtain complete sorption 

isotherms for all test specimens lasted one year. 

Problems in existing methods. In situ mass measurement and accuracy of the relative 

humidity environment are the two main areas where problems occur in the existing 

experimental techniques. In those methods where in situ mass measurement is 

inappropriate, the possibility for changes in moisture content exists as test specimens are 

removed from the chamber to be weighed. A significant humidity gradient can exist in 

the quiescent atmospheres of some of the experimental apparatus not using forced-air 

circulation of the test environment. Some procedures do not include drying the specimen 

completely before beginning the adsorption process which can lead to inconsistencies in 

the data. 
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The accuracy of saturated salt-in-water solutions as a method of relative humidity 

control has been well documented (Fanney, et al.,1991). However, there are 

qualifications associated with their use. Martin (1963) showed that although saturated 

salt-in-water solutions can maintain accurate relative humidities under no-load conditions, 

they are only suitable for use when the specimens adsorb water vapor at a negligibly 

small rate. For an ammonium nitrate solution at 20°C and 65 per cent RH, an adsorption 

rate as low as four mg/h will depress the relative humidity by two per cent. Bomberg 

(1989), suggests that since temperature and air velocity variations in the chamber may 

cause large oscillations in the actual relative humidity level, salt solutions can only be 

considered accurate under equilibrium conditions. 

The use of saturated salt-in-water solutions poses some secondary problems. 

Changing the salt solution to effect a change in relative humidity involves opening the 

test chamber and disrupting the chamber environment, often exposing the test materials 

to ambient conditions. Time also becomes a consideration as Fanney, et al. (1991) 

report that some salt-in-water solutions required as long as 48 hours just to reach 

equilibrium. The unknown effect of salt migration in the test chamber on the moisture 

content of the test materials is a cause for suspicion. In addition, the use of saturated 

salt-in-water solutions makes the relative humidity control process more difficult to 

automate. 

The essential elements of a reliable technique for the measurement of sorption 

isotherms exist but have not been used together in any one experimental method. 

Sorption results in the literature vary as a direct consequence of the inconsistencies in the 

test methods. In addition to this, scanning data are virtually non-existent. A standard 

test method with emphasis on accuracy and reliability of results with the ability to 

measure scanning data is needed. 
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Scope of the Research 

This research has concentrated on the development of an apparatus and 

experimental procedure to determine accurate and reliable moisture content and moisture 

storage capacity data of porous building materials. Data were obtained for three typical 

materials. The data, in the form of sorption isotherms, are useful in existing analytical 

models for the prediction of moisture characteristics of building materials. 

Objectives. Increased accuracy and reliability of sorption data have been the key points 

considered. Since there is no standard on which to base judgement, the variety of 

procedures, apparatus, and test materials in the literature tends to make claims of 

accuracy subjective. By carefully examining and documenting the experimental 

procedures and techniques, and paying close attention to accuracy in the measurements 

of dew-point temperature, dry-bulb temperature, and test specimen mass, reliability of 

the experimental procedure is established. Accuracy is to be based on these results and 

the comparison of data of closely matched test materials from the literature with the 

experimental sorption isotherm data from this study. 

Approach. The procedural development has been to take advantage of existing methods 

where appropriate while developing and implementing new techniques as necessary. In 

addressing the many problems associated with relative humidity control of the test 

chamber environment, an automated control mechanism which circumvents the use of 

saturated salt solutions has been introduced. Recirculation of the test chamber 

environment with an external forced-air system has been added to keep relative humidity 

gradients in the chamber to a minimum. Mass of the test specimens, including dry 

mass, has been measured in situ. Testing is begun with saturated specimens and 

continued through the entire desorption and adsorption processes. In this manner, it is 

possible to obtain a complete sorption isotherm without the test specimens being affected 
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by ambient disturbances. 

The diversity in the methods in the literature demonstrates the need for a standard 

procedure for the measurement of sorption isotherms. Standardization of the testing 

procedure is imperative if the data is to be applied to current heat and moisture transport 

models in a useful way. The results of this study will be recommended as a basis for a 

standard test method suitable for the building industry. 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

The apparatus consists of a small acrylic chamber with an external forced-air, 

temperature and humidity conditioning system. It is equipped with instrumentation to 

monitor air dry bulb and dew-point temperatures and pressure. Test specimens were 

placed within the chamber in open aluminum weighing dishes. The mass of each 

specimen is measured in situ by suspending it from an electronic balance located directly 

above the chamber. A schematic of the apparatus is shown in Fig. 3 and an overall 

photograph in Fig. 4. 

Test Chamber 

The environmental test chamber, shown in Fig. 5 and Fig. 6, was constructed 

from a length of acrylic pipe with a nominal outside diameter of 12 inches and a nominal 

wall thickness of 1/4 inch. Acrylic was selected because it is translucent, 

nonhygroscopic, and has a low thermal conductivity. Translucence is a requirement of 

the gravimetric method used to determine moisture content of each test specimen. Low 

hygroscopicity is significant to the system’s ability to accurately control relative 

humidity. Similarly, low thermal conductivity aids in the control of internal dry bulb 

temperature by reducing heat transfer between the ambient and the chamber. 
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Figure 3. Schematic diagram of apparatus. 

  

Figure 4. Photograph of the apparatus. 
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Accessibility to the specimens is a criterion of the chamber design. Test materials 

are placed in aluminum weighing dishes on an aluminum screen shelf within the 

chamber. The mass of each specimen is determined periodically. A small hole (1/4-in. 

ips) tapped in the center of the top plate is sufficient access for this purpose. The flange 

configuration used to secure the top to the chamber is shown in Figs. 5 and 6. Nitrile 

rubber 1/8 inch thick gasket material is placed between the flange and the top plate. 

Bolts secure the top to the flange with two aluminum rings to evenly distribute the load. 

A solvent cement is used for permanent acrylic to acrylic bonding. The bottom section 

and flange are joined to the pipe in this manner. 

A polymer foam material was chosen for insulation of the chamber. The material 

has a nominal thermal conductivity of 0.036 W/m-°C. 

External Conditioning System 

Environmental conditions within the test chamber are maintained by recirculating 

air from the chamber through an external temperature and humidity conditioning system. 

A schematic diagram of the forced-air conditioning system is labeled in Fig. 3. Chamber 

air leaves the test chamber (1) and passes through the pump (2). A small portion of the 

flow is diverted (3) through the humidity control device where moisture is added or 

removed from the flow as necessary to maintain chamber relative humidity. A back 

pressure valve is situated downstream of (3) to maintain sufficient pressure such that flow 

is effected through the relative humidity control device. The main air flow continues 

past the back pressure valve and enters the concentric tube heat exchanger (5). The mean 

temperature of the flow leaving the heat exchanger is at a temperature approximately 

1.5° C below the desired temperature at the chamber inlet. The two air flows mix just 

downstream of the concentric tube heat exchanger (6). The flow then enters the 

resistance heater (7) to raise the mean temperature of the flow entering the chamber (8) 

as necessary to maintain the desired operating temperature. 
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Figure 6. A side view of the test chamber with test specimens inside. 

17



Forced-air Circulation 

Forced-air circulation is used to facilitate control of test chamber conditions and 

to decrease the overall time required for specimens to reach equilibrium moisture 

content. Movement of the test chamber air ensures a uniform temperature and humidity 

environment and minimizes convective mass transfer at the specimen surface. 

Test chamber air is circulated through the external conditioning system with a 

metal-bellows pump. This type of pump was chosen because it minimizes leakage of test 

chamber air from the system. A thermoplastic connecting tubing, denoted by the 

manufacturer as Impolene™, was selected on the basis of its non-hygroscopicity and its 

ease of use. A Parker Metal Bellows MB-602 pump was used. 

Test Chamber Temperature Control 

Test chamber temperature is maintained by recirculating air through a concentric 

tube heat exchanger in series with a 50 W electrical resistance heater. A counterflow 

configuration is used for the concentric tube heat exchanger with ethylene glycol in a 40 

per cent water solution fed continuously from a constant temperature bath to the heat 

exchanger’s outer tube. The mean air temperature at the exit of the heat exchanger is 

approximately 1.5°C below the test chamber inlet temperature. Precise chamber 

temperature control with the use of the resistance heater is dependent on this difference. 

The resistance heater, powered by a Eurotherm™ model 810 PID temperature controller, 

raises the mean temperature of the air flow entering the chamber as necessary to maintain 

the dry-bulb set point. 

The resistance heater is situated immediately downstream of the concentric tube 

heat exchanger and contains a cartridge-type heating element. Chamber temperature is 

monitored continuously by the temperature controller with a type T (copper-constantan) 

thermocouple. Voltage is supplied to the heating element as necessary to maintain the 
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set operating temperature. Stated accuracy of the controller is within + 0.1° C of the set 

point. 

The constant temperature bath is a Forma Scientific model 2425 circulator and 

bath containing a 40 per cent ethylene glycol-water solution. Manufacturer supplied 

specifications of the bath indicate a range of -29°C to +70°C with a temperature 

selectivity in 0.1°C increments. The stated control sensitivity is +0.02°C. 

Temperature measurement. The dry-bulb temperature of the air at the exit of the test 

chamber is monitored with a type T copper-constantan 24 AWG standard thermocouple. 

Thermocouple voltages are measured with a Hewlett-Packard 3497A data acquisition unit 

used as a digital voltmeter. The HP 3497A measures DC voltages from luV to 120V 

with a sensitivity of luV. Software written in GW-BASIC controls the data acquisition 

unit operation through a Hewlett-Packard HP-IB interface card in an IBM-PC computer. 

The software incorporates an equation from NBS Monograph 125 (Powell, et al., 1974) 

in a Newton-Raphson iterative routine to convert the thermocouple voltages to 

temperatures. A linear calibration of the thermocouple performed at 0°C and 29°C with 

NIST traceable mercury thermometers resulted in a calibration curve which was added 

to the data acquisition software. The ambient temperature voltage compensation 

capability of the HP 3497A was also used. Test chamber temperatures were recorded 

every 60 seconds for the duration of the test run. 

Test Chamber Pressure 

Pressure in the test chamber is measured with respect to atmospheric pressure 

with a mercury manometer. Chamber measurements are made by way of a fitting 

attached temporarily to the tapped hole in the chamber top plate. The manometer is 

connected to the fitting and the displacement of the mercury in the manometer to the 

nearest 0.05 inch is noted with the system in operation. Atmospheric pressure is 

19



determined from a barometer located in the laboratory in the immediate vicinity of the 

test chamber. Temperature corrections are applied to the barometric reading as 

necessary. The pressure in atmospheres is calculated from 

Pim * AP, 

atm 

Chamber pressure is measured at least once for every set point. 

Test Chamber Relative Humidity Control 

Desired relative humidities are maintained by diverting a small percentage of the 

air flow through either a column of distilled water or a column of desiccant and returning 

it to the main flow, adding water vapor or removing it from the system as necessary. 

The water column is denoted a "bubble tube" in a design by Stamm (1964) and its 

present design is a modification of a prototype by Crimm (1992). Moisture removal or 

addition is essential for controlling the chamber conditions as a result of the exchange 

of moisture between the air and the test specimens and incidental leakage to the 

atmosphere. Metering valves located immediately upstream of the two columns regulate 

the flow rates to control the amount of moisture in the system. Check valves are placed 

in line after each column to prevent the unintended addition or removal of moisture to 

or from the system on the back side of the device. 

Test chamber relative humidity control is totally automated. The metering valves 

are coupled to stepper motors, effecting precise computer control of the valve position. 

The stepper motors, with a resolution of 200 steps per revolution (1.8 degrees per step), 

are driven by a Computer Continuum LAB 40 system. Software written in GW-BASIC 

sends direction and step commands to the motors from an IBM-PC computer through a 

LAB 40-PC (Computer Continuum) host adaptor interface card and a LAB 40-5 
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(Computer Continuum) four axis stepper driver. Corrective measures based on periodic 

relative humidity measurements are transmitted to the metering valves as necessary. An 

overall schematic of the apparatus depicting the control mechanism is shown in Fig. 7. 

Bubble tube and desiccator. The bubble tube, seen together with the desiccator in Fig. 

8, is made of acrylic with a brass fitting tapped in the side and another one in the top. 

Distilled water fills approximately 0.15 m of the tube. Air flow enters the column from 

the top and is directed through a 1/8 inch nominal diameter brass tube to the bottom of 

the distilled water. The air bubbles through the water and exits the column from its side 

at a point well above the water level. The dew-point of the air leaving the bubble tube 

is nearly saturated. 

The desiccator is made of the same acrylic material as the bubble tube. Acrylic 

was selected for its translucence, so that the desiccant can be monitored by means of a 

color changing indicator. Brass fittings are located at the top and bottom of the tube to 

allow for the air to flow vertically upwards through the desiccant in the column. 

A molecular sieve desiccant was used, chosen for its inert characteristics, its 

selectivity in adsorbing water molecules and its moisture storage capacity at low adjacent 

relative humidity. Cobalt impregnated molecular sieves are mixed in with the desiccant 

as an indicator such that the activity of the desiccant can be monitored by a change in its 

color. The molecular sieve can be removed from the acrylic tube and rejuvenated by 

heating at 175° C for approximately two to three hours. 

The desiccant is a 4 A pore molecular sieve with a 4-8 mesh size (marketed by 

Davison Chemical) which will selectively adsorb molecules with an effective pore size 

of less than 4 A and exclude those larger. Water has a critical diameter of approximately 

2.6 A. Molecular sieves are crystalline metal aluminosilicates with a three dimensional 

interconnecting network structure of silica and alumina tetrahedra. They are very 

effective in low pressure air drying applications because they are not affected by the 

large heat release which hinders the performance of other desiccants. 
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Determination of test chamber relative humidity. Relative humidity was calculated 

from vapor pressures corresponding to measured dew-point and dry-bulb temperatures 

at the exit of the chamber where 

yy = Pel Fee) 

P,(T 4) 
x 100% .   

Vapor pressures were calculated from correlations by Goff and Gratch (1946). 

Dew-point temperature measurement. To determine the dew-point temperature of the 

test chamber air, the air flow is sampled at the exit of the chamber with an optical dew- 

point sensor through a 1/4" impolene tube in parallel with the main flow. A small 

capacity pump and valve located immediately downstream of the dew-point hygrometer 

sensor is used to maintain a steady flow rate through the sensor. The sample air flow is 

returned to the main flow line just upstream of the main system pump. 

Two different optical dew-point hygrometers, both manufactured by General 

Eastern Instruments, were used here. A Hygro-M1 optical dew-point monitor and D-2X 

sensor combination provides accurate dew-point measurements to within +0.1°C but is 

limited to dew-point temperatures above -25° C. For dew-point temperatures below 

-25°C, a 1200 APS hygrometer and series 1311 four-stage sensor with an uncertainty of 

+0.2°C was used. An ice bath calibration determined that the dew-point hygrometers 

performed within their stated uncertainties. The output of the hygrometer is an analog 

voltage proportional to the dew-point temperature. The HP 3497A measures this voltage 

and converts it to a temperature in the data acquisition software. Voltage measurements 

are made every 1.33 seconds. The average of the previous 45 measurements is computed 

every 60 seconds and then used in the relative humidity calculation. The dew-point 

temperature sampling system and the data acquisition hardware are shown in Figs. 9 and 

10. 
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Figure 10. Data acquisition hardware. 
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Automation of Relative Humidity Control 

A flow chart of the relative humidity control operation sequence is shown in Fig. 

11. A set of initial parameters including the RH set point and metering valve positions 

is entered and stored in the control software . Once every 60 seconds, an updated test 

chamber relative humidity calculation is compared with the RH set-point to determine if 

any error is present. The amount of any required adjustment for either metering valve 

is calculated and the appropriate stepper motor is activated. The control algorithm is 

explained in detail below. 

Relative humidity control algorithm. An "incremental" control algorithm described by 

Stoecker and Stoecker (1988) establishes the amount of valve adjustment necessary to 

control relative humidity in the test chamber. Incremental control eliminates excessive 

overshoot when large changes are made in the set point. (Control error resulting from 

this condition is referred to as "integral windup error.") The control output is derived 

from the difference in successive values of a proportional-integral (PI) position algorithm. 

The resulting equation is 

AU,,, = Up, - Uy 

K,[E(k+1) -E(k) + K,E(kK)] 

k+l 

where 

AU,., = Incremental controller output at the (k+1)" interval 
k+l 

E(k+1) = Controller error at the (k+1)" interval 

This value is rounded to the closest integer and represents the number of steps a metering 

valve is to open or close where each step is equal to 1/200th of a turn of the valve. 
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Figure 11. Flow chart of relative humidity control routine. 
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The remainder of the control routine is a set of conditionals and subroutines which 

chooses the appropriate valve to manipulate and sends the commands to the stepper 

motors to make the physical adjustment. The program operates in such a way as to 

prevent the two valves from being open simultaneously. A complete listing of the 

control algorithm is found in Appendix A. 

Determination of Equilibrium Moisture Content 

Equilibrium moisture content is determined by a direct gravimetric method. The 

weighing procedure is performed in situ without removing specimens from the test 

chamber, minimizing the disruption of the test chamber environment. The equilibrium 

moisture content is based on the dry mass of each specimen and is calculated from 

_ M-M, 
YM 
  

d 

Dry masses of the test specimens are determined in situ with the apparatus. 

Mass measurements. Test specimen masses are measured by suspending individual 

Specimens from an electronic balance on a platform above the test chamber. The balance 

platform and its position with respect to the test chamber are seen in Fig. 12a. An 

Opening in the center of the platform allows for hand access to a hangar at the bottom 

of the balance and to a single removable plug on the top of the test chamber. A rigid 

thin wire hook is inserted by way of the (1/4-in. ips) hole tapped in the top plate of the 

chamber. It is used to connect each specimen container to the balance as shown in Fig. 

12b. Manipulating the thin wire hook by hand, the specimens are retrieved individually 

from their positions in the test chamber, suspended from the balance to measure mass, 

and then returned to their original locations. In order to minimize any variation in the 
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mass measurements, the main system pump is temporarily halted during the procedure. 

Vibrations affecting the balance as well as any flow induced movement of the suspended 

specimens is limited. The entire procedure takes less than 10 minutes during which 

interval changes occurring in the test chamber environment dry-bulb temperature and 

relative humidity are small. 

A Mettler PM400 precision balance with a readability of 0.001 g, reproducibility 

of 0.001 g, and a linearity of + 0.002 g is used for the measurements. Assuming a 

minimum net specimen dry mass of 3.0 g, measurements accurate to within +0.001 g 

result in an uncertainty of less than 0.001 (kg/kg-dry mass) in equilibrium moisture 

content. This measurement uncertainty corresponds to a maximum error of three per 

cent at low equilibrium moisture contents. 

Test specimen mass measurements are made every 12 hours until there is no 

measurable change in mass of all test specimens in the chamber. Equilibrium was 

determined by either two successive identical mass measurements or a random fluctuation 

in successive measurements. This criterion was shown to be reasonable based on the 

results of successive measurements 12 hours apart, 36 to 48 hours after no change in test 

specimen mass was first noted. The time required to reach an equilibrium state at each 

set point was approximately 100 hours for desorption and 85 hours for adsorption. 

Determination of dry mass. Dry masses of the test specimens are obtained by operating 

the system with the automated relative humidity control disabled and the desiccator air 

flow valve manually opened. In this manner, a relative humidity of less than 0.5 per cent 

RH is maintained within the test chamber. Potential sources of error are minimized by 

basing equilibrium moisture contents on dry mass at the isotherm temperature. Mass 

measurements are carried out in the same manner as previously discussed. However, the 

criterion for equilibrium is extended to require a random fluctuation in measured mass, 

assuring that equilibrium has been reached. 

The current standard for drying test specimens is ASTM standard D 4442-92 
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which recommends oven drying of test specimens at 105°C. This method can possibly 

lead to error in dry mass measurement and subsequent equilibrium moisture content 

values. Softwood lumber products such as sugar pine and southern pine are generally 

not exposed to temperatures of this level as they are kiln-dried at temperatures below 

85°C (Rasmussen,1961). Pines contain pinene and other volatiles which are outgassed 

from the wood at even slightly elevated temperatures. According to Stamm (1964), when 

drying cellulose based products (i.e., wood) at elevated temperatures there is always the 

chance that some "water of constitution" will be lost and irrecoverable. 

The potential for error with oven drying can be quantified based on findings by 

Richards, et al. (1992). A two per cent difference in the oven-dried dry mass from the 

ambient dried value can be reasonably assumed. Given a certain sample of southern pine 

with a measured dry mass of 5.5 g at the isotherm temperature, the computed 

equilibrium moisture content of this sample at 75 per cent RH (with a measured mass of 

6.5 g) would be 0.182 kg/kg. The oven dried specimen with a two per cent difference 

in dry mass results in a moisture content of 0.206 kg/kg at the same RH. In this case, 

the error from oven drying is significant, resulting in a 13.3 per cent difference in 

reported equilibrium moisture contents. 

Test Procedure 

The test procedure was developed with significant emphasis on uniformity and 

stability of test chamber conditions throughout the experiment. By determining all 

moisture contents, including the dry mass, in situ, chamber conditions are preserved. 

The complete sorption isotherm is obtained with measurements minimally affected by 

external ambient disturbances. In order to implement this procedure, the sorption 

isotherm is determined beginning first with desorption from a saturated state, measuring 

dry mass, and completing it with the adsorption curve measured up to the first set point 

in the desorption process. The result is a map of the entire sorption isotherm, including 
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the hysteresis effect. 

Test specimen preparation. To speed up the sorption process, test specimen materials 

are cut into thin slices approximately 0.0005 m thick with a microtome. A uniform cross 

section is maintained insuring that the specimen is truly representative of the material in 

the proper proportions. According to Richards, et al. (1992), reducing the specimen 

particle size significantly lessens the time required to reach equilibrium with no 

discernable difference in measurable equilibrium moisture content. The smallest practical 

specimen particle size is determined by the forced air flow in the test chamber. Particles 

on the order of sawdust were considered to be impractical as they could easily be blown 

about leading to errors in the results. 

Initial saturation of specimens. Test specimens are initially saturated with distilled 

water at the start of the process. The materials are submerged in distilled water in 

vacuum jars and held in place with a weight. A small capacity vacuum pump is 

connected to the jar and a vacuum (sufficient to remove the trapped air from the 

specimen) is pulled on the jar for approximately 12 hours until there are no further signs 

of air escaping from the specimen. At room temperature, the partial pressures are such 

that the water in the desiccator will not boil. The vacuum on the jar is released and the 

specimen is left submerged in the distilled water another 12 hours. The vacancies created 

by the evacuated air in the specimens are assumed filled with water. The test materials 

are assumed to be completely saturated at that point. 

Saturation of the test specimens serves two purposes. The first is to ensure that 

the sorption isotherm is begun from an extreme equilibrium condition (the other choice 

being dry). The second is to wet the samples enough to be sliced on a microtome to 

thicknesses of the desired order. The microtome performs best when the material is first 

thoroughly wetted. 
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Specimen containers. The specimens, once sliced, are placed in small aluminum 

weighing dishes. A short piece of aluminum wire is attached across the diameter of each 

dish to serve as a handle. Total weight of the container and handle is approximately 1.8 

grams. Each container can hold anywhere from four to seven grams (dry weight) of test 

material which helps to minimize measurement error. Each container is marked for 

identification purposes and weighed to the nearest milligram. Aluminum weighing dishes 

were chosen for their low mass and their ability to withstand elevated temperatures in the 

event oven drying of specimens should become desirable. The containers are placed in 

the chamber as shown in Fig. 13. 

Sorption isotherm determination. Sorption isotherm measurement is begun by taking 

the saturated test specimens to equilibrium at the extreme upper set point of the system. 

Mass measurements are made periodically as described previously until equilibrium is 

attained. The relative humidity settings are then adjusted to the next fixed set point and 

the measurement process is repeated. The set points were chosen uniformly to give an 

adequate representation of the sorption isotherm. The set points are 85, 75, 65, 50, 35, 

25, 15, and 7.5 per cent RH. Dry mass is measured at the end of the desorption process 

after equilibrium has been reached at the last set point (7.5 per cent RH). The 

adsorption curve is determined at the same set points in reverse order once dry mass has 

been established to complete the sorption isotherm. 

Scanning curves. Scanning curves, which represent natural sorption processes, are 

mapped after the sorption isotherm has been determined. The desorption and adsorption 

curves represent the boundary conditions for scanning. The preliminary requirement for 

determining a scanning curve is that the initial equilibrium moisture content be known. 

Mapping both desorption from an equilibrium moisture content not on the desorption 

curve and adsorption from an equilibrium moisture content not on the adsorption curve 

results in scanning to varying degrees. 
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Figure 13. Test specimens in the test chamber. 
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A desorption scanning curve has been determined to illustrate the procedure. 

Beginning from the last point of equilibrium in the adsorption curve (84 per cent RH), 

the equilibrium moisture content is determined at a series of decreasing RH set points 

until the values coincide with the desorption curve. The intermediate set points used here 

were 75, 65, 55, and 50 per cent RH. The test procedure is similar to that of the 

sorption isotherm. 
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RESULTS AND DISCUSSION 

Two types of results, sorption isotherms and scanning curves, have been 

presented. The operational performance of the system, specifically, the control of test 

chamber relative humidity and dry-bulb temperature conditions, has been evaluated to 

establish the reliability of the test method. A comparison of the sorption isotherms with 

experimental data and an empirical correlation from the literature has been presented to 

determine the accuracy of the present results. The results of the comparison emphasize 

the need for a standard test method for measuring sorption isotherms. Minimum 

requirements for such an industry standard are discussed. Scanning data has been 

presented and compared with a model by Pedersen (1990). The results indicate a need 

for further experimental investigation of the scanning process. 

System Operational Performance 

The apparatus controlled relative humidities within the test chamber over an 

operating range from 0.4 to 85 per cent RH. The upper extreme of the range was 

determined by the point at which condensation begins to form in the system. Test 

chamber dry-bulb temperature was maintained at 20.8°C within +0.1°C for all set 

points. Relative humidity and dry-bulb temperature measurements were recorded at one 

minute intervals for the duration of the experiment. Mean values and standard deviations 
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of the data for each set point are presented in Table 1. A graphical representation of the 

controlled conditions at one set point (50 per cent RH) is shown in Figs. 14 and 15. 

The limiting factor in reaching equilibrium at each set point was the nature of the 

test materials and not the apparatus. Steady test chamber conditions were attained within 

30 minutes of a change in relative humidity set point. However, the time required to 

reach equilibrium moisture content typically was of the order of 85 hours for adsorption 

and 100 hours for desorption. 

Test chamber relative humidity and dry-bulb temperatures. The results in Table 1. 

show mean values of relative humidity well within +0.1 per cent RH at all set points. 

Low standard deviations for the majority of relative humidity settings depict the 

operational control capabilities of the apparatus. During mass measurements, with the 

control mechanism temporarily halted and the access port to the chamber opened, the test 

chamber relative humidity and dry-bulb temperature remained within +0.75 per cent RH 

and +0.4°C of set point conditions. 

Comparatively high standard deviations at the 15, 7.5, and 84 per cent RH set 

points were attributed to difficulties with the dew-point hygrometer. Random intervals 

of oscillation in measured dew-point temperature were observed during testing at these 

points. The problems at 15 and 7.5 per cent RH were determined to be isolated cases of 

particulate matter deposited on the mirror surface of the optical sensor. At 84 per cent 

RH, a filter temporarily installed in the sampling line was identified as the cause of the 

dew-point measurement oscillations. The problems were corrected in each case before 

completion of that particular test run. 

Applying the higher standard deviations to the uncertainty analysis showed a 

greater than anticipated uncertainty for the lower relative humidities. The estimated 

measurement uncertainties were based on data supplied by the manufacturers. Actual 

uncertainties would be difficult to predict since the problems encountered in measurement 

were random in nature and not applicable to conditions at every set point. 
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Table 1. Chamber conditions at each set point with set points listed in the order 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    
  

attained. 

RELATIVE HUMIDITY DRY BULB TEMPERATURE 

Set Point Mean Standard Mean Standard 
% % Deviation °C Deviation 

85.0 84.964 0.264 20.805 0.107 

75.0 75.031 0.169 20.816 0.098 

65.0 65.045 0.307 20.761 0.099 

50.0 49.993 0.380 20.765 0.137 

35.0 34.988 0.412 20.815 0.091 

25.0 24.977 0.108 20.867 0.127 

15.0 14.991 0.485 20.851 0.113 

7.5 7.478 0.550 20.828 0.114 

0.4 0.375 0.040 20.865 0.125 

7.5 7.495 0.178 20.792 0.038 

15.0 14.971 0.226 20.771 0.055 

25.0 24.989 0.152 20.823 0.124 

35.0 34.995 0.166 20.836 0.108 

50.0 49.995 0.147 20.860 0.100 

65.0 64.993 0.139 20.801 0.085 

75.0 74.995 0.169 20.831 0.066 

84.0 84.075 0.683 20.812 0.063               
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Figure 14. Chamber relative humidity vs time for the duration of one set point (50 per 

cent RH) 
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Figure 15. Chamber dry-bulb temperature vs time for the duration of one set point (50 

per cent RH) 
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Test chamber mean dry-bulb temperatures were well within the estimated 

uncertainty of +0.1°C as can be seen in Table 1. The maximum standard deviation was 

less than +0.14°C for the duration of the test. This level of temperature control adds 

to the credibility of the experimental sorption data. According to Stamm (1964), a lack 

of proper temperature control tends to narrow the band of the hysteresis loop. 

Maximum test chamber relative humidity. The maximum controlled test chamber 

relative humidity for the apparatus is 85 per cent. Relative humidity range limitations 

were evaluated in part by calculating partial vapor pressures and comparing them with 

saturation pressures at a number of critical points in the system to determine whether or 

not condensation would occur. Partial pressures were based on measured dew-point 

temperatures and total pressures (water vapor and dry air static pressures). Assuming 

an ideal gas relationship, it can be shown that 

P, 

where the partial vapor pressure upstream is proportional to the downstream partial vapor 

pressure by the ratio of the upstream total pressure to the downstream total pressure. 

Maximum dew-point temperature in the system, which, in effect, establishes the 

maximum possible test chamber relative humidity, is limited by the minimum heat 

exchanger wall temperature. Surface temperatures of the heat exchanger wall are colder 

than any other surface the moist air contacts, making it the most likely place for 

condensation to form. Condensation in the system is intolerable as it leads to temperature 

and relative humidity control problems as well as potential inaccuracies in moisture 

content determination. An evaluation of the system revealed that the point at which 

condensation has the greatest potential to form is at the air outlet of the concentric tube 

heat exchanger. 
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System response to a change in relative humidity set point. An advantage to this 

apparatus over other methods is the ability to rapidly change set points without exposing 

the test specimens to ambient disturbances. An example of the transient response of the 

chamber relative humidity to a sudden change in the relative humidity set point is shown 

in Fig. 16. Although the time required to reach steady chamber conditions when 

changing from one set point to another is typically on the order of 15 minutes (as 

shown), the period is somewhat longer at the low RH extreme of the operating range. 

For the case presented in Fig. 16, the system stabilized in less than 10 minutes following 

a change from 75 to 65 per cent RH. 
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Figure 16. System response to a change in the relative humidity set point. 

Test chamber pressure. The pressure in the chamber was measured to within +1.25 

mm Hg at every set point with a mercury manometer. Test chamber pressures were 
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consistently measured to be between -2.5 and -3.75 mm Hg gage pressure. This gage 

pressure corresponded to an internal test chamber pressure of between 0.935 and 0.937 

atm at a local atmospheric pressure of approximately 715 mm of mercury. The readings 

were consistent for all of the set points. 

Sorption Isotherm Test Results 

Sorption isotherms for each of the three materials are presented. The sorption 

isotherms, as well as comparisons of the sorption isotherms with experimental data and 

empirical relations from the literature, are shown in Figs. 17 through 22. Complete 

sorption isotherms were determined for each individual test specimen. The data for the 

two test specimens of each material are plotted together to demonstrate the uniformity 

in the data. The maximum uncertainty in measured equilibrium moisture content is 

calculated to be 0.0123 kg/kg-dry mass at 85 per cent RH. Equilibrium moisture 

contents for all test specimens at every set point can be found in Appendix C together 

with curve fits to the Hailwood-Horrobin sorption model as presented by Okoh and Skaar 

(1980). 

Test specimen materials. The species examined in this study were sugar pine (365 

kg/m?-dry density), southern pine (565 kg/m?-dry density), and exterior-grade plywood 

(509 kg/m*-dry density). The test materials were generously provided by the National 

Institute of Standards and Technology (NIST). These test specimens were the same 

specimens used by Richards, et al. (1992) in sorption isotherm tests performed at the 

NIST. 

Softwoods were chosen as a first test case for the apparatus because of the amount 

of existing data available for comparison. In addition to the data from Richards, et al., 

data from Ahlgren (1972), Cunningham and Sprott (1984), Tveit (1966), and Carotenuto 

(1991) were evaluated as to their suitability for comparison. Data from Cunningham and 
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Figure 17. Sorption isotherm of sugar pine at 20.8° C. 
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Figure 18. Sorption isotherm of sugar pine at 20.8°C compared with data from 
Richards, et al.(1992) and the generic softwood equation by W.T. Simpson (1971). 
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Figure 19. Sorption isotherm of southern pine at 20.8° C. 
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Figure 21. Sorption isotherm of exterior grade plywood at 20.8° C. 
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Figure 22. Sorption isotherm of exterior grade plywood at 20.8°C compared with data 
from Ahlgren (1972), Richards, et al.(1992), and the generic softwood equation by W.T. 
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Sprott, Tveit, and Carotenuto were deemed to be not suitable because of the differences 

in species of woods investigated. Two of the materials in Ahlgren’s study were found to 

be similar in type and density to southern pine and exterior-grade plywood. The 

generalized empirical relation for wood reported by W.T. Simpson (1971) was also used 

aS a comparison. However, Simpson’s equation is a generic sorption model for 

softwoods which does not differentiate between adsorption and desorption and therefore 

serves as a general comparison only. 

Discussion of sorption results. The experimental data from this study provide a good 

basis on which to compare results from the literature. The procedure has been thoroughly 

documented and there is a negligibly small sample variability. The hysteresis effect at 

low relative humidities, which has been ignored in some studies in the literature, has 

been accounted for in the present study by measuring specimen dry mass in situ. The 

good results can be attributed in part to a measurement procedure which results in 

negligible disruption of the test environment. Accurate control of test chamber conditions 

adds to the credibility of the results. 

Examining the general trend of results, there is good agreement with Simpson’s 

generic expression for softwoods. Simpson’s curve falls where one would expect, 

between the adsorption and desorption curves for southern pine and exterior-grade 

plywood. For sugar pine, the curve is slightly higher than the present data but that can 

be attributed to the low density of the wood and the generality of the equation. 

Experimental results for southern pine and plywood tend to be in agreement with 

Ahlgren’s data but significantly higher than the experimental data of Richards, et al. 

Since the test specimens from Richards were the same as those used in the present study, 

differences in experimental procedures must account for any disagreement in the data. 

The approximately 4°C difference in isotherm temperatures is negligible. According to 

an interpolation of data from Kelsey (1957), differences in isotherm temperatures of less 

than +5°C would not be expected to have a noticeable effect on the results. Ahlgren’s 
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data, in comparison, agrees more with the present results but has less steep a slope over 

the same range of relative humidities. There is not sufficient documentation available 

to account for the variations in species and procedures which could explain this 

difference in results. 

Two elements of Richards’ test procedure are consistent with lower reported 

equilibrium moisture contents. Dry weights were determined at the isotherm temperature 

but at a relative humidity of approximately 1.4 per cent RH (with a CaCl, desiccant). 

Drying at a higher relative humidity would result in higher dry weights and lower 

reported equilibrium moisture contents. The step size in relative humidity taken from 

the initial equilibrium conditions of the test specimens to the desired relative humidity 

is another potential source of disagreement. The step size affects the amount of swelling 

pressure present in the material which, according to Skaar (1988), has a noticeable effect 

on equilibrium moisture content. Instead of using one specimen to determine an entire 

sorption curve, Richards placed a number of similar test specimens from the same source 

simultaneously in different test jars, each conditioned to a desired relative humidity. 

This sped up the experimental process but created a variety of step sizes in relative 

humidity. Skaar (1992) comments that data such as that seen in Fig. 22 may be 

indicative of this wide range of step sizes. 

The comparison of results shows the need for a standard test method for sorption 

isotherm measurement. Although the differences in the results can be quantified, the 

variability among the experimental procedures makes an accurate assessment difficult. 

Differing methods of moisture content measurement and varying levels of test 

environment uniformity are two potential sources of inconsistencies in the data. A 

standard procedure would alleviate at least some of the difficulties encountered. The test 

method presented in this study provides a basis for such a standard. 
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Scanning Curve Test Results 

Scanning curves for the three materials are shown in Figs. 23 through 25. These 

curves represent the results of desorption following a break in adsorption at 84 per cent 

RH. The mapping of moisture content is continued to where the data asymptotically 

approaches the desorption curve of the sorption isotherm. 

experimental data from the literature limits a comparison of the results to existing 

theoretical models. According to Skaar (1992), the experimental scanning data of this 

study is what one would expect to see, beginning with a relatively steep slope and 
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Figure 23. Scanning curve of sugar pine from 84 per cent to 50 per cent RH at 20.8°C. 
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Figure 24. Scanning curve of southern pine from 84 per cent to 50 per cent RH at 
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Comparison of scanning results. Comparisons of the scanning data to a mathematical 

model by Pedersen (1990) are shown in Figs. 26 through 28. Pedersen’s approximation 

calculates the slope of the scanning curve from 

dy 
0.1 (vy -7. —2 + (y -Y4) dé 

dy, a, \2 
(y ~7,) dé 
  

S
|
>
 

(
2
 

(Va-Ya)” 

taking the slope of the scanning curve to be 1/10 of the adsorption curve slope at the 

initial point. The physical basis for Pedersen’s use of this value in the equation was not 

given in his paper. By modifying this equation such that the initial slope is 0.75 instead 

of 0.1, the resulting curves are in close agreement with the experimental data. 
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Figure 26. Comparison of sugar pine scanning data with Pedersen’s (1990) model. 
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Figure 27. Comparison of southern pine scanning data with Pedersen’s (1990) model. 

  

    

    

0.24 

0.224 Exterior Grade Plywood 

0.24 SCANNING CURVE COMPARISON 

0.18 - 

0.16- + Experimental Scanning Data 

0.14 

0.127 Pedersen's Approximation 

0.17 

Pedersen’s Curve Adjusted To Fit Data   
  

EQ
UI

LI
BR

IU
M 

MO
IS

TU
RE

 
CO

NT
EN

T 
(k

g/
kg

-d
ry

 
ma

ss
) 

  T T T 

0.35 0.4 0.45 05 0.55 0.6 065 0.7 0.75 0.8 0.85 

RELATIVE HUMIDITY FRACTION (¢) 

Figure 28. Comparison of exterior grade plywood scanning data with Pedersen’s (1990) 
model. 

51



Discussion of scanning results. The need for further experimental scanning data is 

evident from the results. Pedersen recognized the lack of exact experimental knowledge 

of the curves in the development of his model. Pedersen’s assumption for an initial slope 

of the scanning curve differs significantly from the present data. 

The test method presented in this study is well suited for a thorough investigation 

of scanning. The procedure, the same as that for the sorption isotherm, has been shown 

to be a reliable source of data. The versatility of the apparatus allows for scanning data 

to be determined under a variety of initial conditions. Experimental data of this nature 

is virtually non-existent in the literature. 

The direction of future research should be to investigate the scanning process 

thoroughly and to apply the results to analytical models such as those of Pedersen, 

Thomas and Burch, and Kohonen. Since scanning is representative of the way sorption 

occurs in nature, the ability of these models to accurately predict moisture transport 

phenomena is expected to improve significantly once moisture properties as determined 

from scanning curves are included. 

Recommended Minimum Requirements for a Standard Test Method 

The present study shows the need for a standard test method for the measurement 

of the sorption isotherm. The suggested minimum requirements for such a standard, as 

applied to the present research, are presented . 

Uniformity of test chamber environment. Preservation of a uniform and stable test 

chamber environment is required to minimize test sample variability and maintain 

accuracy. The use of forced-air circulation is recommended to keep relative humidity 

and dry-bulb temperature gradients within the chamber at a minimum. In situ mass 

measurements limit ambient disturbances and minimize the potential for changes in test 

specimen moisture content. 
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Continuity of measurement. It is desirable to determine the complete sorption isotherm 

in a continuous process. To accomplish this, specimens are initially saturated before 

being taken through the entire desorption curve. Test specimens should be dried 

completely (in situ) before determining the adsorption curve. The steps taken in relative 

humidity set points should be the same for both the adsorption and desorption processes. 

Determination of dry mass at the isotherm temperature. Dry weights should be 

determined by desiccant drying at the isotherm temperature. The use of a 4A pore size 

molecular sieve desiccant is recommended. Although the differences between desiccant 

and oven drying have not been rigorously investigated, the less uncertain approach is to 

dry the specimens at the isotherm temperature. 

Test chamber relative humidity control. An automated mixing process as presented 

in this study is recommended as the method of choice for relative humidity control. It 

is well suited for automation and its implementation is facilitated with the recirculation 

of test chamber air. The use of saturated salt-in-water solutions should be avoided as 

their use leads to disruption of the test environment as well as complicating an automated 

control process. Test chamber relative humidity should be determined with absolute 

measurements of dew-point and dry-bulb temperatures. The use of a dew-point 

hygrometer is recommended for such measurements because of its accuracy. Dew-point 

hygrometers are not recommended by their manufacturers in the presence of saturated 

salt solutions. 

Documentation of sorption isotherms. In documenting the results of sorption isotherm 

measurement, the test material must be completely identified. The species, with dry 

densities and manufacturer trade names as appropriate, should be reported. The isotherm 

temperature and its variation with time should be noted. Tabulated results of moisture 

contents at each set point should be included. Any aspects of the procedure which vary 
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from the recommended standard should be noted as well. 

Results Summary 

The scope of the research has been to develop an apparatus and experimental 

procedure for measuring sorption isotherms of porous building materials. The objective 

is to provide accurate and reliable moisture content and moisture storage capacity data. 

Increased accuracy and reliability of data have been the key considerations. Careful 

examination and documentation of the experimental procedures and techniques, as well 

as an evaluation of the system performance, have demonstrated the reliability of the new 

apparatus. Attempts to compare the sorption isotherm results to data from the literature 

shows the need for a standard test method. The accuracy and usefulness of the 

experimental results are subjective without such a standard. The recommended minimum 

requirements for a standard test method have been provided. 

Future research considerations. A number of potential areas for future research with 

the apparatus have become evident as a result of the present study. The need for an in- 

depth investigation of the scanning process has already been discussed. Two other areas 

are the determination of sorption isotherms of other materials, including both wood-base 

and other building products, and an examination of the effect of temperature on sorption 

isotherms. 
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CONCLUSIONS 

The description of an apparatus and experimental procedure for measuring 

sorption isotherms for moisture in porous building materials has been presented. The 

apparatus consists of a small environmental chamber with an external forced-air, 

temperature and humidity conditioning system. Test specimen mass, including dry mass, 

is determined in situ. The control of test chamber relative humidity and temperature is 

automated. 

The reliability of the test method has been established by an examination of the 

test system operational performance. The operating relative humidity range of the 

apparatus is from 0.4 to 85 per cent RH. Dry-bulb temperatures were maintained at 

20.8°C with operating limits of +0.1°C. 

Sorption isotherms were measured using duplicate samples for three materials: 

sugar pine, southern pine, and an exterior grade fir plywood. Scanning curves starting 

from the adsorption curve at 84 per cent RH were also measured for the three materials. 

Results of the scanning data compared with an analytical model from the literature 

indicate a need for further investigation of scanning processes. The experimental 

apparatus and test procedure are well suited for such a study. 

An examination of sorption isotherm data, in the form of empirical results and 

correlations from the literature, illustrate the need for a standard test method. The 

procedure presented here is a valid basis for such a standard. The minimum requirements 

for a standard include uniformity of test chamber environment, continuity of moisture 

content measurement, determination of dry mass at the test temperature, and accurate test 

chamber relative humidity control. 
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APPENDIX A 

Derivation of the Incremental] Control Algorithm 

An incremental control algorithm proposed by Stoecker and Stoecker (1988) is 

used in the control of relative humidity in the test chamber. The control output is based 

on the difference in computed values of a proportional-integral (PI) position algorithm. 

Following Stoecker’s derivation, the proportional-integral form of the position algorithm 

iS 

t 

U(t) = K, |E() + K, | E(t)dt 

    

where 

U(® = Controller Output 

E(t) = Error 

K, = Proportional gain 

A ul Integral gain 

Backward-referenced rectangular integration is used to derive the previous equation in 

discrete form. 

    

Here the &+1/ subscript refers to values at the present sampling interval and the & 

subscript refers to values at the previous sampling interval. According to Stoecker, the 
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implementation of an absolute position algorithm can lead to integral windup error. A 

recommended alternative is the incremental PI control algorithm derived by taking the 

difference of the (k+1)th and the kth controller positions where 

AU,,, = U 
k+1 k+l U, 

K,[E(k+1) - EQ) + KEW] 

and 

AU,,, = Incremental controller output at the (k+1)™ interval 

E(k+1) = Controller error at the (k+1)" interval 

The incremental output is what determines the number of steps taken to control 

relative humidity error in the test chamber. A listing of the control algorithm follows. 

Computer Software Listing 

The following BASIC routine is configured to operate in a Hewlett-Packard HP-IB 

interface environment. The HP-IB I/O library setup portion of the code has been omitted 

here. Commands and statements specific to the HP-IB interface have been so noted. 

CONSTANTS 

1000 REM constants for thermocouple temperature as a function voltage for 
-270° to 400° C. These are used as a first guess in a Newton-Raphson 
iteration of an equation from "NBS Monograph 125". 

1005 AC1=.02383709# 
1010 AC2=-.0000029878839# 
1020 Ac3=-.0000000007194581# 
1030 AC4=-1.0041943D-13 
1040 AH1=.025661297# 
1050 AH2=-.00000061954869# 
1060 AH3=2.2181644D-11 
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1070 AH4=-3.55009D-16 
1075 REM constants for "NBS monograph 125" eqn. for a type-T thermocouple 

1080 BC1=38.74077384# 
1090 BC2=.044123932482# 
1100 BC3=.00011405238498# 
1110 BC4=.000019974406568# 
1120 BC5=9.0445401187D-07 
1130 BC6=2.2766018504D-08 
1140 BC7=3.624740938D-10 
1150 BC8=3.8648924201D-12 
1160 BC9=2.8298678519D-14 
1170 BC10=1.4281383349D-16 
1180 BC11=4.8833254364D-19 
1190 BC12=1.0803474683D-21 
1200 BC13=1.3949291026D-24 
1210 BC14=7.9795893156D-28 
1220 BH1=38.74077384# 
1230 BH2=.033190198092# 
1240 BH3=.00020714183645# 
1250 BH4=-.0000021945834823# 
1260 BH5=1.103190055D-08 
1270 BH6=-3.0927581898D-11 
1280 BH7=4.5653337165D-14 
1290 BH8=-2.761687804D-17 

RELATIVE HUMIDITY CONTROL INITIAL PARAMETERS 
KOK RH KI IK KH HK KKK KK KIRK KKK KKK KKK KKK KK IKK KKK EEK KKK EKER KKK EK KKK KARE 

KEKEKKKEKKKKKKEKEKKE KEKE KKKEKREKEKEKR KERR KEKE KEKE KKERKEEKKEKEKKEKKERKKKEKKKEKKKKRKKKKEKRKKEKK 

1299 REM set initial conditions for RH control; this is outside control 
loop; RHSP is the Relative Humidity set point which needs to be adjusted 
prior to each run; the default for initial valve positions is closed (0); 
1300 ERROLD=0 ‘initial error to begin RH control algorithm 
1301 POSDES%=0 ‘initial desiccator valve position 
1302 POSOLDBT%=0 ‘initial bubble tube valve position 
1303 RHSP=50! "Relative humidity set point 
1304 BTMAX%=100 "Max & Min valve positions 
1305 BTMIN%=0 ’ ditto 
1306 DESMAX%=200 ' ditto 
1307 DESMIN%=0 ' ditto 

1310 DEL%=0 ' Set delay for stepper driver routine 

1400 REM dew-point data acquisition parameters 
1410 IMAX = 50 
1450 DIM DEWPOINT(150) 
1505 REM setting the thermocouple and temperature arrays 

1506 DIM T(13) 
1508 DIM A(13) 
1510 REM dimensioning the controller command array 
1511 DIM INF$(13) 
KREEKKKEKRKKEKEKRRKEKRKEKEKREEKKKEKRREKEKRER RR KEKEKREKRKERREKKERKRKEKEKKKEKEKEREKEKRKEKKKEKKEKKEEK 

KRRKAKKKKEKREKREKEKEKKKEKRKEKRK KEKE KER KEKE KKEKRKKEKEKEKEKEKKEKEKKKEKRREKRKKRERKKRKKKKRKKEERE 

DATA ACQUISITION LOOP 
FEHR KK HH IK KK I IK KK KKK IKK KKK KKK KIRK RR KIRKE ERK KEK IKK KEIR KEKE KEK RK KEK 

KEKE IKKE KEKE KRKKKK KE KKKKEKKKEKEKEKEKKKEKKRKEEKKRKEKKEKKEEKEKKRKEKEEKKEKKEREKRKKKRKAKRKREE 

Specific to the HP-IB interface 
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1520 REM clearing the device interface; data acquisition loop starts 
here 
1521 CALL IOCLEAR(DEV) 
1525 GOSUB 1999 
1999 REM subroutine to read in the voltages 
2001 REM defining the HP device for calling purposes 
2002 DEV=709 
2003 REM string to send to close reference junction 
2004 INFOS="AC19" 
2005 REM length of command being sent (AC19) 
2006 LENGTH=4 
2007 REM send command to the controller 
2008 CALL IOOUTPUTS (DEV, INFOS, LENGTH) 

2009 REM read in the voltage and store it in variable R 
2010 CALL IOENTER (DEV,R) 
2011 REM defining the call statements to read the temperatures: ACOO-close 
channel 00; VT4-causes the voltmeter to pause; VSl-store readings in ASCII 
format; VN1-take one voltage reading; VT3-trigger and take the number of 
readings 
2012 INFS$(1)="ACOOVT4VS1IVN1IVT3" 

2013 INF$(2)="ACO1VT4VS1VN1VT3" 
2014 INF$(3)="ACO2VT4VS1VN1VT3" 
2015 INFS$(4)="ACO3VT4VS1VNIVT3" 

2016 INFS(5)="ACO4VT4VS1VN1VT3" 

2017 INFS$(6)="ACOS5VT4VS1VN1VT3" 
2018 INFS$(7)="AC40VT4VS1VN1VT3" 
2019 INFS(8)="AC41VT4VS1VN1VT3" 

2020 INFS(9)="AC42VT4VS1VN1VT3”" 

RREKKEKEKEKKKEKRKEKKEKKEKRKKEKEKEKKKEKREKRKKEKKREKEKEKKRKEKREKEKRKEEEKEEKKEKEKKKEKKKEKRKK KE 

Calculation of the dew-point temperature 
2023 DEWPT=0 
2025 REM read in the voltages for the dew-point junction, and store in 
array DEWPOINT(I). VS prepares the controller to store the reading into 
the variable. 
2026 FOR I=1 TO IMAX 
2028 LENGTH=16 
2030 STRINS=INFS(8) 
2032 CALL IOOUTPUTS (DEV,STRINS, LENGTH) 
2034 INFOS="VS" 
2036 LENGTH=2 

2038 CALL IOOUTPUTS (DEV, INFOS, LENGTH) 
2040 CALL IOENTER (DEV,DEWPOINT (I) ) 
2042 CALL IOCLEAR (DEV) 

2044 DEWPT=DEWPT+DEWPOINT (I) 

2046 NEXT I 

2048 A(8)=DEWPT/IMAX ' This is the dewpoint temperature 

KREKKKKEREKIKEKEKEKKREKEKEKKEKKEK EKER KKK KERR EKER KE RK EKEKEKKRKEKKKEKEKEKEKEKEKKKKKKKKKKEK 

Thermocouple voltages and reference temperature 
2049 REM read in the voltages for each thermocouple junction, and store in 

array A(I). VS prepares the controller to store the reading into the 
variable. 

2050 FOR I=1 TO 7 

2052 LENGTH=16 

2054 STRINS=INFS(I) 

2056 CALL IOOUTPUTS (DEV,STRINS, LENGTH) 

2058 INFOS="VS" 
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2060 LENGTH=2 
2062 CALL IOOUTPUTS (DEV, INFOS, LENGTH) 
2064 CALL IOENTER (DEV,A(I)) 
2066 CALL IOCLEAR (DEV) 
2070 NEXT I 

2072 REM calculate the reference temperature 

2075 TR = R * 10 
2083 REM Call the appropriate subroutine to calculate the reference 
T-couple voltage depending on the temperature **** 
2085 IF TR<O THEN GOSUB 3000 

2095 IF TR>O THEN GOSUB 3100 
2100 IF TR=0 THEN VREF=0 

2110 REM for each reading add the reference voltage to the read voltage 

and then call the appropriate subroutine depending on the sign of V 
2150 FOR I = 1 TO 6 

2160 V = VREF+((A(I)*1000)*1000) 
2170 IF V<O THEN GOSUB 4000 
2180 IF vV>O THEN GOSUB 5000 
2190 IF V=0 THEN T(1I)=0 
2200 NEXT I 
BREE KKEKKEKKEEKKEKKERKEKRKREKK KEKE KKK IKEKEKKEKKKEKKKEKEKEKEKEEKEKEEKKEKEKKEKEERKEEER 

KKEKEKEKKEKKEKKE KEKE KKK RK KEKE KR KEK KEKE K REE KEKE KKEK KEK KEKREEKERKREKEKEKEKEKREKKEKE 

RH & CHAMBER TEMPERATURE 
HHI KKK IKK IKI KK KKK KK KKK KKK KKK KK IKE K KK IK ERK KK IKKE EKEKKEKKKEKKKKKK KKK KE KEK 

RREEKRKKKEKREKKEKEEKAKKEKK EKER EKER KK KREK EKER KE KEKKEKK EKA KKEKEKRKKEKEKKEEEKKEKKKKRKKKKKEKE 

2205 REM RH calculation and calibration curve for temperature from 
tcouples 

2206 FOR I = 1 TO 6 
This is the calibration of thermocouple T(6) -chamber temperature 

2207 T(I)=T(I)*(1.0052#)+.1# 
2208 NEXT I 
2215 DPT = -—40# + (A(8)*20#)' Dewpoint temperature 

Calculation of vapor pressures 
2235 T=DPT 
2237 GOSUB 5200 

2238 PSATDP=PSAT 

2240 T=T(6) 
2242 GOSUB 5200 

2243 PSATAT=PSAT 
2245 RH = 100#*PSATDP/PSATAT' Relative Humidity 

Save data ina file 
2249 REM open the data file for append. Print the temperatures to the 
file and to the screen 
2250 OPEN "REP1.DAT" FOR APPEND AS #1 
2251 OPEN "REP2.DAT" FOR APPEND AS #2 

2252 OPEN “REP3.DAT" FOR APPEND AS #3 

2253 OPEN "“REP4.DAT" FOR APPEND AS #4 

2270 PRINT #1, TIMES, DATES 
2275 PRINT #1, T(1);T(2);T(3)77T(4)7T(5) 7T(6) 
2276 PRINT #1, RH;DPT 
2280 PRINT 1T(1);T(2);T(3);T(4);T(5);T(6) 
2281 PRINT RH;DPT 
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2282 PRINT #2, RH 
2283 PRINT #3, T(6) 
2284 PRINT #4, DPT 
2285 CLOSE #1 
2286 CLOSE #2 
2287 CLOSE #3 
2288 CLOSE #4 
2290 PS=INKEYS: IF P$="S" THEN PRINT POSDES%;POSOLDBT%: GOTO 2800' halts 
program 
KAEKEKKEKEKEKR EKER EEK KEKE KKK KEKE KK KKK KK KEKE KK KK KEK KKK KKKEKKEKEKEKKEKKEKRKEEKREKKKKKKEKEE 

RREKEKEKKEKKEKEKKEEKERE KEKE ERE KEKRAEKKEKEKEKEKEKKRERKE KKK EKER EKEKREKEKEKRKRKKEKKKEKRKKKEEK 

RELATIVE HUMIDITY CONTROL ALGORITHM AND SUBROUTINES 
KRKREKEKKEKKKEKEKKKEKKEKKKEKKEKKKKEKRKEREKEKKRKKKEKEKREKERKEKEKKKEKKKKKKEKEKEKRKEKE 

KREKKKEKKEKKEKEKEKKKKKEEKEKEKRKRKKKREKRKKEKEKEKK KEK KEK KEE KEKKEKKEEKKEKKEKKEKEKEKEEKKEKE 

2300 REM Relative Humidity control routines 
2304 REM * integral (KI) & proportional (KP) constants for the control 

algorithm 
2305 KI=.65 
2306 KP=2.5 
2350 REM ******* ERRNEW is the absolute error in RH 
2351 ERRNEW=RHSP-RH 

2360 IF ABS(ERRNEW) > (1.5) THEN KP=2!: KI=.65 

2401 REM *this is the control criteria; RH should be controlled to +/- .2% 

(RH) 
2402 IF ABS(ERRNEW) < (.2) THEN RETURN 1521 

2403 REM the following conditionals are set up to ensure that both valves 

will not be open at the same time. FLAG identifies the direction of valve 
motion (open/close): (0/1); 
2404 IF (ERRNEW < 0) AND (POSOLDBT%> BTMIN%) THEN FLAG%=1: GOTO 2420 

2406 IF (ERRNEW < 0) AND (POSOLDBT%= BTMIN%) THEN FLAG%=0: GOTO 2500 

2408 IF (ERRNEW > 0) AND (POSDES%> DESMIN%) THEN FLAG%=1: GOTO 2500 
2410 IF (ERRNEW > 0) AND (POSDES%= DESMIN%) THEN FLAG%=0: GOTO 2420 

KRHERKKEKKEKKEKRKEKREKRKEKEKKEKRKEKE KERR KEKE KEK KEKKEKEEKREKKEKEKKKEKEKKEKKKEKKKKEKKKKKKK KK KKK 

Bubble tube control 
2419 REM bubble tube step routine 
2420 DELTA=ABS (KP* (ERRNEW-ERROLD+ (KI*ERROLD) ) ) ’ control algorithm 

2422 ERROLD=ERRNEW 

2425 STEPS%=CINT (DELTA) 
2426 IF STEPS%=0 THEN RETURN 1521 
2427 IF FLAG%=1 THEN POSNEWBT%=POSOLDBT%- STEPS% "new valve position 

2430 IF FLAG%=0 THEN POSNEWBT%=POSOLDBT%+ STEPS% ' ditto 

2435 IF (POSNEWBT%>BTMAXS ) THEN STEPS%=BTMAX%~POSOLDBT$ : POSNEWBT%= 

BTMAX% 

2437 IF(POSNEWBT%<BIMIN%)THEN STEPS%=BTMIN%+POSOLDBT%: POSNEWBT%=BTMIN% 

2445 POSOLDBT%=POSNEWBT% 

Send commands to stepper motor subroutine 
2447 REM direction (FLAG) and # of steps (STEPS) are sent to stepper motor 
drive subroutine; FLAG=1 will close the BT valve x steps; FLAG=0 opens it 
x steps 
2448 MOTS="C" "selects bubble tube motor 

2449 PRINT MOTS; FLAGS ; STEPS% ; POSOLDBT% 

2450 GOSUB 5500 
2451 RETURN 1521 
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KREKRKKKEKEKKKKEKKEKKEK KEK KKK KKREKKREKEK KERR KEKE KEKKKKEKKEEKKKEKKEKKKKKEKRKEKRKKEKEKESK 

Desiccator control 
2500 REM desiccator step routine 
2503 DELTA=ABS (KP* (ERRNEW-ERROLD+(KI*ERROLD))) ‘control algorithm 
2504 ERROLD=ERRNEW 

2505 STEPS%=CINT (DELTA) 
2506 IF STEPS%=0 THEN RETURN 1521 

2507 IF FLAG%=1 THEN POSNWDES%=POSDES%- STEPS% ‘calculate new valve 
position 
2509 IF FLAG%=0 THEN POSNWDES%=POSDES%+ STEPS% ' ditto 
2515 IF (POSNWDES%>DESMAX%) THEN STEPS%t=DESMAX%-POSDES$%: POSNWDES%= 

DESMAX% 
2520 IF (POSNWDES%<DESMIN%) THEN STEPS%t=DESMIN%-POSDES%: POSNWDES%= 

DESMIN% 
2530 POSDES%=POSNWDES% 

2532 REM direction (FLAG) and # of steps (STEPS) are sent to stepper motor 

drive subroutine; FLAG=1 will close the DES valve x steps; FLAG=0 opens it 
x steps 
2533 MOTS="D" ‘selects desiccator motor 

2534 PRINT MOTS; FLAGS ;STEPS$% ; POSDES% 
2535 GOSUB 5500 

2536 RETURN 1521 
2800 CLOSE 

2805 END 
KREEKKKEKKEKEKEKEKKKERKEKKREKEKEKEKEKE KEK KER KEKE KRKEKRKKEK EKER KEKRKRKEKKEKKEKEKRKEKKRKKKEKRKKEKEK 

KHAEKEEKKEKEKEKKHIKEKREKKEKEKKEKKEKRKE KEKE KKK KKE KEKE KKKEKKEKKEKKEKEKKKKKEKRKKKEKKKEKKREKKE 

TEMPERATURE SUBROUTINES 
FRI IKI KKK KR IK KI KK RIKKI KIKI KKK IRI KK KIKI KIRKE KKK KK IKE K KKK KIRKE 
KEKKEKKKKK KEK IKKE KKK ERK KKK KER KEE KK KKK KEK KEKE KKK ERKERKKEKEKEKRKKRKEKEK KEKE 

2999 REM reference voltage subroutines from NBS Monograph 125 
3000 VREF = (BC1*TR)+ (BC2*(TR*TR) )+(BC3*(TR*TR*TR))+ (BC4*(TR*4))+ 

(BC5S* (TR*5) )+ (BC6*(TR*6) ) +(BC7* (TR*7) )+(BC8* (TR*8) )+ (BC9*(TR*9) )+ 
(BC10* (TR*10) )+ (BC11* (TR*11) )+(BC12* (TR*12))+ (BC13* (TR*13) )+ 
(BC14*(TR“%*14) ) 

3020 RETURN 
3100 VREF =(BH1*TR)+(BH2*(TR*TR) )+(BH3*(TR*TR*TR))+  (BH4*(TR*4))+ 

(BH5*(TR*5))+ (BH6*(TR*6) )+(BH7* (TR*7) )+(BH8* (TR*8) ) 
3120 RETURN 

3999 REM temperature calculations from NBS Monograph 125 equation (2 
routines) using a Newton-Raphson iteration 
4000 TO = (AC1*V)+(AC2* (V*V) )+(AC3* (V*¥V*V) )+(AC4* (V*V*VEV) ) 
4005 T1=TO 
4010 Vl= BC1*T1+BC2*T1*2+ BC3*T1*3+BC4*T1*4+BC5*T1*5+ BC6*T1*6+BC7*T1*7 

+BC8*T1°8 
4011 V1=V1+BC9*T1*9+BC10*T1*10+BC11*T1*11+BC12*T1*12+BC13*T1*13+BC14*T1*14 
4015 DV1= BC1+2*BC2*T1+3*BC3*T1*2+ 4*BC4*T1°3+5*BC5S*T1*4+ 6*BC6*T1*5+ 

7*BC7*T1*6 
4016 DV1= DV1+8*BC8*T1*7+9*BC9*T1*8+10*BC10*T1*9+11*BC11*T1*10+ 

12*BC12*T1*11 
4017 DV1= DV1+13*BC13*T1*12+14*BC14*T1°13 
4020 Cl1l=v1-v 
4025 T2=T1-(C1/DV1) 
4030 V2= BC1*T2+BC2*T2*2+ BC3*T2*3+BC4*T2*4+ BCS*T2*5+BC6*T2*°6+ BCT*T2*7+ 

BC8*T2*8 
4031 V2=V2+BC9*T2*9+BC10*T2*10+BC11*T2*11+BC12*T2*12+BC13*T2*13+BC14*T2*14 
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4035 DV2= BC1+2*BC2*T2+ 3*BC3*T2*2+4*BC4*T2*3+ 5S*BC5*T2*4+ 6*BCE6*T2*5+ 
7*BC7*T2*6 

4036 DV2= DV2+8*BC8*T2*7+  9*BC9*T2*8+10*BC10*T2*°9+  11*BC11*T2*10+ 
12*BC12*T2*11 

4037 DV2= DV2+13*BC13*T2*12+14*BC14*T2°13 
4040 C2=Vv2-v 
4045 DEL = C2/V 
4050 IF ABS(DEL) <=.000001 THEN 4075 
4060 T1=T2 
4070 GOTO 4010 
4075 T(I) = T2 
4100 RETURN 
5000 TO = (AH1*V)+(AH2* (V*V) )+(AH3* (V*V*V) )+(AH4* (V*V*VEV) ) 
5005 T1=TO 
5010 V1= BH1*T1+BH2*T1*2+ BH3*T1*3+BH4*T1%4+ BH5*T1*5+BH6*T1*6+ BH7*T1*7+ 

BH8*T1*°8 
5015 DV1= BH1+2*BH2*T1+3*BH3*T1*2+ 4*BH4*T1*3+ 5*BH5*T1°4+ 6*BH6*T1*5+ 

7*BH7*T1°6 
5016 DV1= DV1+8*BH8*T1*7 
5020 Cl=v1-v 
5025 T2=T1-(C1/Dv1) 
5030 V2= BH1*T2+BH2*T2*°2+ BH3*T2*3+BH4*T2*4+BH5*T2*5+ BH6*T2*6+BH7*T2*7+ 

BH8*T2°8 
5035 DV2= BH1+2*BH2*T2+3*BH3*T2*2+ 4*BH4*T2*3+5*BH5*T2*4+ 6*BH6*T2*5+ 

7*BH7*T2*6 
5036 DV2= DV2+8*BH8*T2*7 
5040 C2= v2-v 
5045 DEL = C2/V 
5050 IF ABS(DEL) <=.000001 THEN 5075 
5060 T1=T2 
5070 GOTO 5010 
5075 T(1I)=T2 
5100 RETURN 
KRKEKEKKKEKKK KK KKK KKK KEK KKK KEKE KKK KK KER K KKK KEK KK KEKKRKKKEKKEKKKK KKK EKE 

RHRKKEKKEKEKKEKKKEKKK KEKE KKK KKK KEK KKK KEKE KKK EEK REKEKKKEKKKEKKKKKEKKKKKEK 

VAPOR PRESSURE CALCULATION 
KREKKEKEKKKKEKEKEEKEKKREKRKKRKEKKKEKKKKEKRKEKRKKEKRKEKKKKEK KER KKKEKKREKEKKKKKEKEKKEKKEKE 

KEKEKEKKEKKEKKKEKEKKRKKEKKREKRKEKRKEEKEKREKKR KEKE EKER EKER KKKEKKEKKRKKKEKKKRKKEKKKKKEKKEKEKRKEKE 

5200 REM calculation of vapor pressure from Goff and Gratch(1946) 

5210 IF (T <= 0) THEN GOTO 5250 
5215 X=373.16/(T+273.16) 
5220 PWLOG=5.02808#*LOG(X)/LOG(10#)- (.00000013816#* 

(10#* (11.334#* (1#-(1#/X)))-1#)) 
5221 PWLOG1=PWLOG-7 .90298#* (X-1#)+.0081328#* (10#* (-3.49149#* (X-1#) )-1#) 
5222 PWLOG2=PWLOG1+LOG(101324.6#) /LOG(10#) 
5225 PSAT=10#*PWLOG2 

5230 RETURN 
5250 X=273.16#/(T+273.16#) 
5255PILOG=-9 .09718#* (X-1#) -3.56654#*LOG(X) /LOG(10#)+.876793#* (1#-(1#/X) ) 
5257 PILOG1=PILOG+LOG(610.71#) /LOG(10#) 
5260 PSAT=10#*PILOG1 

5265 RETURN 
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STEPPER MOTOR DRIVER ROUTINE 
KKK KK KK KKK KKK IKK KI KKK KK KKK KKK EK KKK KKK KEK KKK KKK KEK RK KR KKK KR 
REKKKKKKEKEKKKKEKEKREKKKE KEK KKK KKK KEKE KKEKEKEKRKEKEKKEKKEKEKEKKKKREKKRKKKKKKKKKKKKKRKRKKKEKSK 

5500 REM here follows the stepper driver routine for both valves 
5510 PA=736: PB=740: PC=744:CO=748 ' I/O port address initialization 
5515 OUT CcO,192 ‘ configure lab 40 ports 
5520 OUT PC,5 ' select board 5 

5525 MODEAB=2%*4 : MODECD=2°*6 * full step mode 
5530 IF MOTS="A" THEN DISABLE=2+4+8 * 14+2+4+8 =motor a,b,c,d 

5535 IF MOTS="B" THEN DISABLE=1+4+8 
5537 IF MOTS="D" THEN DISABLE=1+2+4 

5540 IF MOTS="C" THEN DISABLE=1+2+8 
5545 PORTB=MODEAB+DISABLE+MODECD 
5550 OUT PB, PORTB 
5555 IF MOTS<>"C" THEN GOTO 5600 
5559 REM loop for motor "C", bubble tube 

5560 FOR I=1 TO STEPS% 
5562 FOR J=1 TO DEL% 
5563 PRINT " " 
5564 NEXT J 
5565 IF FLAG%=1 THEN OUT PA,68 ' 2°6 +2*°2 - forward motor c 

5570 IF FLAG%=0 THEN OUT PA,4 ' 2°2 - backward motor c 
5575 IF FLAG%=1 THEN OUT PA,64 " 2°6 ~ go forward motor c 

5580 IF FLAG%=0 THEN OUT PA,O ' 0 - go backward motor c 

5585 NEXT I 

5587 DISABLE = 1+2+4+8 

5588 PORTB=MODEAB+DISABLE+MODECD 

5589 OUT PB, PORTB 

5590 RETURN 

5600 REM loop for motor "D", desiccator 
5605 FOR I=1 TO STEPS$% 

5607 FOR J=1 TO DEL% 

5608 PRINT " " 

5609 NEXT J 

5610 IF FLAG%=1 THEN OUT PA,136 ' 

5615 IF FLAG%=0 THEN OUT PA,8 ' 

5620 IF FLAG%=1 THEN OUT PA,128 ' 

5625 IF FLAG%=0 THEN OUT PA,O ' 

5630 NEXT I 

5633 DISABLE = 1+2+4+8 

5634 PORTB=MODEAB+DISABLE+MODECD 

5635 OUT PB,PORTB 

5640 RETURN 
ROKK KKK KKK KK KK IKK KKK RK KK RE KKK KKK KKK KERIKERI KER ERE KKK EKER KER K 
KEKKKKKKEKKEKKEKEKKKKEK KEKE KRKEK KEKE KEKE KEKKRKKKEKKRKEKEKEKERKEKEKKEKKKKEKKKKKKKKKRKKK 

AJ +2*°3 - forward motor d 

“3 - backward motor d 

“7 - go forward motor d 

2 
2 
2 
0 - go backward motor d 
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APPENDIX B 

Uncertainty Analysis 

The uncertainty in the experimental determination of the sorption isotherm has 

been evaluated. Results are based on the equation for the equilibrium moisture content 

of wood as presented by Simpson (1971). Uncertainty as a result of mass measurements 

is less than 0.5 per cent in equilibrium moisture content and assumed to be negligible. 

Simpson’s generalized equation for the sorption isotherm of wood is 

_ 18] aad |. 26 
a,|/(l+aa¢é) (1 -a¢) 
  

where constants a,, a, and a, are evaluated at the isotherm temperature T (in °C) by 

4.737 + 0.04774T - 5.012x10*T? 

0.7059 + 1.697X10°T - 5.53x10°T? 

= 223.4 + 0.694T + .01853T? 

ay 

a, 

a, 

and ¢ is the humidity fraction calculated from 

_ P, (Ta) 

P, (Ta) 
  

The measured values involved in these equations are the dry-bulb and dew-point 

69



temperatures. The estimated maximum uncertainty in measurement is +0.2°C in dry- 

bulb temperature and dew-point temperature. These values are applied to the above 

equations by substituting 

—j
 | AT 

dp — dp 
+ T 

IP, oat 

= AT, +T db db db, 

and taking AT,, and AT,, to be of opposite signs to establish an upper and lower bound. 

The RMS uncertainty in equilibrium moisture content was calculated based on these 

results. 

The results are shown in Figs. 29 and 30. 
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Figure 29. Bounds on equilibrium moisture content. 
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Figure 30. Root mean square uncertainty in equilibrium moisture content. 
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APPENDIX C 

The equation for the Hailwood-Horrobin sorption model as presented by Okoh and 

Skaar (1980) is 

ag 

® = Giapd 7 ae) 
  

The constants a,, a), and a, for both the adsorption and desorption curves of each of the 

three materials are given in Table 2. 

Table 2. Constants to fit data to the Hailwood-Horrobin sorption model. 

  

  

  

  

                  

Southern Pine Sugar Pine Exterior Plywood 

adsorp. desorp. adsorp. desorp. adsorp. desorp. 

a, | 0.485258 | 0.566043 | 0.374348 | 0.479961 | 0.478723 | 0.588258 

a, | 7.177369 | 6.096084 | 6.955023 | 6.173640 | 7.625897 | 6.953803 

a; | 0.828140 | 0.786642 | 0.827571 | 0.774836 | 0.827327 | 0.793916 
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The data in the following tables represent the numerical results of equilibrium 

moisture contents for all test specimens. Separate tables for desorption, adsorption, and 

scanning (adsorption to desorption) are provided. 

Table 3. Desorption equilibrium moisture content data for all test specimens. 

  

  

  

  

  

  

  

  

  

  

  

DESORPTION 
EQUILIBRIUM MOISTURE CONTENT (Kg/Kg dry mass) 

RH SOUTHERN PINE SUGAR PINE EXTERIOR GRADE 
PLYWOOD 

(%) | spec. #1 | spec. #2 | spec. #1 | spec. #2 | spec. #1 | spec. #2 

85 0.233 0.237 0.193 0.190 0.225 0.223 

75 0.185 0.185 0.153 0.152 0.174 0.174 

65 0.153 0.153 0.127 0.126 0.144 0.144 

50 0.115 0.115 0.096 0.095 0.109 0.109 

35 0.087 0.087 0.073 0.073 0.084 0.084 

25 0.069 0.069 0.058 0.058 0.066 0.066 

15 0.051 0.051 0.043 0.043 0.049 0.049 

7.5 0.031 0.031 0.026 0.026 0.031 0.031                   
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Table 4. Adsorption equilibrium moisture content data for all test specimens. 

  

  

  

  

  

  

  

  

  

  

                

ADSORPTION 
EQUILIBRIUM MOISTURE CONTENT (Kg/Kg dry mass) 

RH SOUTHERN PINE SUGAR PINE EXTERIOR GRADE 
PLYWOOD 

(%) | spec. #1 | spec. #2 | spec. #1 | spec. #2 | spec. #1 | spec. #2 

7.5 0.025 0.025 0.020 0.020 0.024 0.024 

15 0.040 0.040 0.031 0.031 0.038 0.038 

25 0.054 0.054 0.043 0.042 0.051 0.052 

35 0.068 0.068 0.054 0.054 0.065 0.065 

50 0.093 0.093 0.074 0.073 0.087 0.088 

65 0.121 0.122 0.096 0.096 0.114 0.114 

75 0.147 0.147 0.116 0.116 0.136 0.137 

84 0.191 0.193 0.151 0.153 0.183 0.178 
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Table 5. Scanning curve equilibrium moisture content data for all test specimens. 

  

  

  

  

  

  

  

                  

SCANNING CURVE (ADSORPTION TO DESORPTION) 
EQUILIBRIUM MOISTURE CONTENTS (Kg/Kg dry mass) 

RH SOUTHERN PINE SUGAR PINE EXTERIOR GRADE 
PLYWOOD 

(%) spec. #1 | spec. #2 | spec. #1 | spec. #2 | spec. #1 | spec. #2 

84 0.191 0.193 0.151 0.153 0.183 0.178 

75 0.167 0.168 0.134 0.134 0.159 0.157 

65 0.145 0.145 0.118 0.118 0.138 0.137 

55 0.125 0.125 0.103 0.103 0.119 0.119 

50 0.116 0.116 0.096 0.096 0.111 0.110 
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