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(ABSTRACT) 

An experimental apparatus was built and operated for the measurement of 

moisture permeability of building materials. The data are for use in resolution of 

problems associated with moisture buildup in porous building materials. The apparatus 

is capable of maintaining simultaneous humidity and temperature differences across a test 

specimen. In contrast with existing experimental methods, the relative humidity on either 

side of the specimen is controlled without the use of quiescent saturated salt solutions. 

Forced-air convection at the surface of the specimen is used, resulting in uniform spatial 

conditions and faster results. Data are obtained for fiberboard sheathing at various 

temperature and humidity setpoints. 

The apparatus consists of two environmental chambers between which a wood- 

based test specimen is sealed. An external forced-air conditioning system using distilled 

water and molecular sieve desiccant humidifies or dries the chamber air as needed. The 

moisture transfer rate across the specimen is determined gravimetrically: the desiccant 

column is weighed to measure its change in mass as a result of moisture diffusion across 

the specimen. The apparatus is capable of maintaining relative humidities over a range 

of 5 to 65 percent RH, with a temperature difference across the specimen of up to 20°C. 

Furthermore, the apparatus is capable of automated relative humidity and temperature



control to within +0.5 percent RH and +0.5°C of the setpoints, respectively. 

Test results for fiberboard sheathing subjected to a range of humidity and 

temperature conditions are presented. Results are compared with the limited data from 

the literature. Recommendations for improvement of the data measurement methods are 

included.
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moisture diffusivity in porous specimen (m2/s) 
error signal from previous time step 

error signal from current time step 
heat transfer coefficient (W/m~ + °C) 

mass transfer coefficient (m/s) 

thermal conductivity of specimen (W/m: °C) 
derivative gain in relative humidity control program 

integral gain in relative humidity control program 
proportional gain in relative humidity control program 
thickness of test specimen (mm) 
Lewis number 

mass of conditioning tubes (g) 
moisture vapor transfer rate (g/h>-m 

motorized valve step size (steps) 

saturation pressure of water (Pa) 

vapor pressure of water (Pa) 
heat flux through specimen (W/m?) 

water vapor ideal gas constant (kJ/kg + K) 

total moisture transfer resistance (Pa-s-m*/kg,,)) 

time (s) 

temperature (K) 

dry bulb temperature (K) 

dew point temperature (K) 
distance through specimen (m) 

2) 

GREEK SYMBOLS 

moisture content, dry basis (per cent) 
moisture permeability (kg/m-s- Pa) 

relative humidity (per cent} 
water vapor density (kg/m~) 
dry density of specimen (kg/m?) 

SUBSCRIPTS 
lower side of test specimen 
upper side of test specimen 

surface of test specimen 
ambient 

Vill



INTRODUCTION 

The purpose of the research is to measure moisture permeability of building 

materials. An experimental apparatus has been designed, built, and operated for this 

purpose. The resulting apparatus is an alternative to existing test methods and has the 

capability for nonisothermal testing conditions. Test specimens consist of building 

material samples which are positioned between two environmental chambers, each with 

its own externally conditioned humidity and temperature control systems. 

The scope of the research is to build the apparatus and verify its operation with 

the collection of data. 

General Background 

Energy conservation in building construction has long been a concern in the 

construction industry. With the advent of very tightly built and well insulated buildings 

in the post-World War II era, air became less free to move from the interior to the 

exterior and vice-versa. Consequently, air and air-borne moisture diffuse through the 

building materials as a result of temperature and humidity differences between the 

interior and exterior. Therefore, these tightly constructed buildings risk moisture buildup 

in the structural members and walls. This buildup is known to cause growth of unhealthy 

fungus and mold, and can rot the structural members. However, the behavior of water



vapor transfer is not fully understood. Thus, as written by Bomberg, "One of the most 

controversial topics in building science is that of moisture in walls and roofs." 

(Bomberg, 1989). 

The motivation for the study is to resolve problems created by moisture transfer 

and buildup in building materials. Moisture permeability data will be collected in order 

to better understand the environmental limits and moisture tolerances of buildings. A 

significant amount of work has been done in the area of analytical modeling of moisture 

transport. However, there does not exist a reliable body of data with which to compare 

a given transport theory. Moreover, data is primarily taken under isothermal test 

conditions, which does not represent actual building conditions. 

Moisture permeability data is unreliable due to the fact that there exist many 

different moisture transport theories. Moisture diffusivity, permeability, and permeance 

all have separate definitions and in some cases depend upon the sorption isotherms and 

moisture concentrations of the material studied. Moisture diffusivity is defined in terms 

of a moisture concentration gradient within the material. Moisture permeability is 

defined in terms of a vapor pressure gradient. 

Literature Survey 

A thorough literature review on the subject of moisture transport properties has 

been recently conducted by Crimm (1991). The present survey will concentrate on 

recent literature and material not covered by Crimm. The literature of interest includes



that on existing test methods for moisture permeability. Prior to 1991, most tests were 

conducted under isothermal conditions and with the use of quiescent saturated salt 

solutions. Since that time, no known literature has been published which describes 

experiments that eliminate both isothermal conditions and salt solutions. 

Test Methods 

A standard for testing moisture permeability of porous materials is given by the 

American Society of Testing and Materials (ASTM, 1988). The test is conducted under 

isothermal conditions with the use of saturated salt solutions to control relative humidity, 

and is usually referred to as the "cup" method. An example of the cup method is shown 

in Figure 1.1. The test chamber (1) contains a test dish (2) and test specimen (3). The 

specimen is sealed into the mouth of the test dish (or "cup") with wax. Relative 

humidities are controlled on the cup side of the specimen with a desiccant or saturated 

salt solution (4) placed in the cup. Another salt solution or desiccant is placed in the 

chamber (5) in order to control the surrounding relative humidity. Much data has been 

collected using a cup or modified cup procedure, and in many cases has been in fair 

agreement with previously collected data (Fanney et al., 1991, Burch et al., 1992). 

However, as early as the mid-1980s, the cup method has become regarded as notoriously 

variable in its results. A series of tests conducted in 1985 show a wide range of 

permeability values obtained in different laboratories under identical conditions (Toas, 

1989). The main problems with the cup method are the use of saturated salt solutions 

and isothermal conditions. Furthermore, another well-known problem with the standard



as, 
c (1) Test Chamber 

  

      

  

< | __ SS 
(3) Specimen 
  

  

     

  

(2) Test Dish 
      

  

  

  

    

. (4) Saturated Salt Solution 

or Desiccant 
(S) Saturated Salt Solution 

or Desiccant 

Figure 1.1 - ASTM Test Apparatus



cup method is that of the sealing procedure for a measurement, which requires 

meticulous care. 

Due to a growing dissatisfaction with the ASTM standard test method, other test 

methods have been developed independently in an effort to broaden the available amount 

of moisture transport data. Many of these are transient experiments; that is, data is taken 

from the beginning of the experiment with knowledge of the initial conditions of the 

specimen. The apparatus developed for the present research employs a steady-state 

methodology, where data is taken only after the specimen reaches equilibrium with its 

surroundings and the moisture permeability data remains constant. This method is 

preferred because, although both methods involve taking the derivative of experimental 

data, the transient technique involves data that is typically much noisier. It is believed 

that the steady-state method will give the most accurate results for moisture transport 

properties. Thus, several of these methods have evolved. 

In the early 1980's, experiments were beginning to be developed in an effort to 

obtain data for non-isothermal conditions. Siau and Babiak (1983) built an apparatus 

which subjects a circular disk of wood to simultaneous humidity and temperature 

differences. The experiment involved moisture transport in the radial direction of the 

wood specimen. Also, saturated salts were eliminated with the use of a cup of distilled 

water at a controlled temperature. Several assumptions were made regarding dew point 

and dry bulb temperatures. Temperature and humidity setpoints were limited and control 

was less than excellent. Although the results in some cases agreed with previously



collected data, most did not. The data collected was that of water vapor transfer rate, 

which is conventionally modeled by the following: 

ane OY. (1.1) 
0 

Equation (1.1) is a form of Fick’s law. Data collection, however, was not the main 

objective of Siau and Babiak’s research. It was found that if a wood specimen is 

subjected to a temperature difference, but no vapor pressure gradient, moisture transfer 

is observed. Thus, the main conclusion of Siau and Babiak’s research was that Equation 

(1.1) is not strictly valid under nonisothermal conditions. 

More recently, Schwartz et al. (1989) performed experiments measuring the 

moisture transmission and accumulation in foam materials. Some data was taken at non- 

isothermal conditions in experiments involving a hot plate and a cold plate on opposite 

sides of the test specimen, as shown in Figure 1.2. A desiccant was placed between the 

cold plate and the specimen, and a pool of water separated the specimen from the hot 

plate (the water was not in contact with the test specimen). This test does not allow for 

the measurement of the bulk properties of the air. This experiment shows little flexibility 

in its range of operation but is an example of the non-isothermal experiments that have 

been conducted. 

Douglas (1991) developed an apparatus which improves upon the ASTM standard 

test. The apparatus developed has the ability to operate at non isothermal conditions and 

with a wide range of setpoints. Moreover, the experiment yields results which compare
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favorably to existing data. The overall perspective of the experiment is shown in Figure 

1.3. The apparatus consists of two pots which have temperature control systems, but use 

saturated salt solutions to maintain relative humidity. Depending on the solution used, 

many different humidity setpoints can be maintained. The use of saturated salt solutions 

is a major drawback of Douglas’ apparatus. The salt in its vapor phase tends to migrate 

to the surface of the specimen, and is suspected of affecting data. 

The quiescent atmosphere which normally accompanies the use of saturated salt 

solutions gives a stagnant convective coefficient at the surface of the test specimen, and 

therefore a large surface moisture transfer resistance. Furthermore, when dew point 

hygrometers are used to measure the dew point, as they are in the present research, the 

salt tends to disrupt operation by fouling the condensation mirror. Since the dew point 

hygrometer is one of the most accurate instruments existing for the measurement of dew 

point temperature and therefore relative humidity, the use of saturated salt solutions is 

a problem. 

Crimm (1991) developed an apparatus which can operate in non-isothermal test 

conditions and does not employ saturated salt solutions. The experiment features forced- 

air convection on either side of the specimen and addition or subtraction of moisture 

through conditioning tubes. The schematic for this apparatus is shown in Figure 1.4. 

The present research is in fact the second generation of Crimm’s work, and contains 

improvements in design and operation. Crimm’s apparatus was built and tested as a 

design only and was not used for the collection of data.
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Peters (1992) developed an apparatus for the measurement of sorption isotherms 

of moisture in porous building materials. The apparatus controls relative humidity 

without the use of saturated salt solutions. Although the experiment was not for use. in 

determining moisture permeability of building materials, chamber environmental control 

methods were used which are applicable to the present apparatus. The apparatus featured 

moisture conditioning tubes based on prototypes developed by Crimm, and a control 

program which maintains relative humidity through the use of stepper motors. 

Objectives of the Research 

In summary, the state-of-art techniques for moisture transport property 

measurement are scattered among different projects. Most research done in this area is 

an attempt to create a newer and better apparatus, but all research is lacking in at least 

one or several key areas. The use of saturated salts, isothermal temperature conditions, 

and transient data measurements are considered detrimental to the accuracy and flexibility 

of past research. Thus, the primary objective of the research is to build an experimental 

apparatus which improves upon existing moisture permeability measurement techniques. 

The secondary objective is to collect data to verify the operation of the apparatus and add 

to the existing body of moisture transport data available. 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

An experimental apparatus was constructed to measure moisture permeability of 

building materials. The main objective for the apparatus is to measure the moisture 

permeability with both humidity and temperature differences across the material 

specimen. Heat losses and gains from the environment must be minimized in order to 

maximize the highest operating relative humidity possible. Moreover, both sides of the 

specimen should be at the same static pressure. 

The experimental apparatus consists of a wood-based specimen sealed between 

two environmental test chambers, each with forced air circulation. Each chamber is 

equipped with its own temperature and humidity control systems. Air flow is diverted 

through tubes of distilled water to increase the chamber relative humidity. Likewise, 

flow can be diverted through a tube of desiccant material in order to lower the relative 

humidity. The interior of each chamber is maintained at the desired conditions, thereby 

inducing a measurable moisture vapor flux through the specimen. The mass flux is 

measured when the experiment reaches steady state. The mass of moisture which passes 

through the specimen is determined by weighing the humidity conditioning tubes, which 

give the overall change in moisture in an environmental chamber. An overall schematic 

for one chamber of the experimental apparatus is shown in Figure 2.1. Since the setup 

for both chambers is identical, the schematic for only one is given in the figure. 

12



   

    

  

    

etal bellows 
DUMP 

Dessican 
col    

   

  

   

  

   
Ws 

Constant 
temp, 
bath 

Elect. htr 

| Test chamber 

Test mat! 

Figure 2.1 - Overall Schematic 

13



Description of Apparatus 

Figure 2.2 shows the entire experimental setup, with the data acquisition system 

and control computer at the right. The metal bellows pump on the lower shelf circulates 

air through the chambers, which are in the center of the table. A heat exchanger, used 

for temperature control in the chambers, can be seen at the front of the table. The top 

shelf holds the dew point hygrometers, which sense the dew point temperature of the air 

in the chambers and output a voltage which is read by the data acquisition system. Also 

TM temperature controller, which powers an on the top shelf at right is the Eurotherm 

electrical resistance heater to maintain the temperature setpoints. Figure 2.3 is a close-up 

view of the test chambers, with the test material in place. Distilled water tubes and 

desiccant tubes can be seen on either side of the chambers. 

Test Specimen 

The test specimen is mounted in an acrylic ring and sealed in place by wax. 

Figure 2.4 is an illustration of the test specimen and mounting ring. Two main 

objectives must be accomplished when mounting the specimen. First, flanking leakage 

must be eliminated. Second, an allowance must be made for the expansion and 

contraction of the specimen due to moisture absorption and release. 

The sample consists of a circular specimen 431.8 mm (17 inches) in diameter. 

Thus, the specimen is of smaller diameter than that of the environmental chambers. In 

order to suspend the specimen between the chambers, the circular mounting ring is 

14



  
Figure 2.2 - Experimental Setup 
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fabricated from a sheet of acrylic of 12.7 mm (1/2 inch) nominal thickness. This ring 

has an inner diameter of 431.8 mm (17 inches) and an outer diameter of 508.0 mm (20 

inches). A ring of this thickness is used to mount test specimens of up to 12.7 mm (1/2 

inch) thickness. Figure 2.4 shows a mounted sample which is of identical thickness to 

the mounting ring. For specimens of a greater thickness, a thicker ring would be used. 

The wood sample fits snugly inside the acrylic ring, and the outer diameter of the ring 

is identical to that of the chamber flanges. The sample is permanently affixed to the ring 

by the application of wax to the junction of the wood and ring. The acrylic sample 

holder is tapered along its inner diameter to allow for the wax seal. The wax is 

impermeable to water and thereby prevents flanking moisture leakage. The wax used is 

a 60/40 mixture of microcrystalline and paraffin wax. This mixture allows for the wood 

Specimen to contract and expand with changes in moisture content and temperature 

without causing a cracking or separation of the wax, thereby meeting the stated 

objectives. ) 

Environmental Chambers 

Figure 2.3 shows the environmental chambers. Each chamber is fabricated from 

a length of acrylic tubing of 457.2 mm (18 inch) nominal outside diameter and a nominal 

thickness of 6.35 mm (1/4 inch). The tubing length, or chamber height, is 101.6 mm 

(4 inches). The outer end of each chamber is sealed with a 9.525 mm (3/8 inch) sheet 

of acrylic, while the other remains open. A 12.7 mm (1/2 inch) thick flange 50.8 mm 

(2 inches) wide is attached around the open end of each chamber. This flange is fastened 

18



to the chamber both with an adhesive and with 16 number 8 screws spaced evenly around 

the perimeter of the chamber and sealed with an impermeable sealant. The screws serve 

to prevent separation between the chamber and the flange. This lack of separation. is 

critical, since leaks in the system cannot be tolerated. 

Apparatus Assembly 

Figure 2.5 shows a cross-section of the environmental chambers and specimen 

assembly. The sample and ring holder fit in place between the two environmental 

chambers. The flanges and ring holder are drilled with 16 equally spaced holes aligned 

for a through-bolt to hold the unit together, and rubber gaskets are placed between the 

sample holder and either chamber. In addition, two backing rings cut from a sheet of 

9.525 mm (3/8 inch) aluminum are added on both chamber flanges in order to provide 

a more uniform seal as well as a rigid support upon which to stand the unit. This entire 

structure is bolted together and supported with 4 threaded rods of sufficient length to 

hold the chamber above the experimental table. Thus, the wood specimen is held in 

place horizontally. In Figure 2.5, it is seen that the test specimen is thinner than the 

mounting ring, unlike the test specimen of Figure 2.4. This is to demonstrate that a 

mounting ring can accommodate any specimen of equal or lesser thickness than itself and 

accomplish its objective: hold the specimen in place while eliminating flanking moisture 

leakage. 
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Instrumentation 

The method of relative humidity measurement is based on dew-point temperature 

measurement. The air leaving each chamber is immediately sampled by a dew point 

hygrometer, which is used for the measurement of dew point temperature in the 

chambers. This device is an optical condensation hygrometer which works on the chilled 

mirror principle. The air flow passes over a metallic mirror surface. This mirror is 

cooled until it reaches a temperature at which condensation forms. Thus, the dew layer 

is optically detected and the dew point temperature is known. This measurement 

procedure is automated by instrumentation furnished by the hygrometer manufacturer. 

The dew point sensors used for the two chambers are a General Eastern 1200 APS and 

a General Eastern Hygro M1. 

The data acquisition system used is a Hewlett Packard 3852A data acquisition and 

control unit. The main tasks of this unit are to measure temperature using type T 

thermocouples and to read an analogue voltage from each dew point hygrometer. The 

voltage from each hygrometer is linearly related to the dew point temperature and is used 

to calculate the relative humidity of the air in the chamber. Also, the control unit has 

a general purpose switch board in the data acquisition unit which is used to open and 

close solenoid valves. The data acquisition system is controlled by a control program 

written in GW-BASIC!M and run on an IBM compatible personal computer. 

The flow through moisture conditioning tubes is controlled by motorized metering 

valves, which in turn are controlled by a stepper motor driver connected to the computer. 

21



The stepper motors which control the valves have a maximum resolution of 400 steps 

per revolution, or 0.9 degrees per step. Thus, the flow through the tubes can be 

controlled precisely. The stepper motors are 5 volt DC motors (Superior Electric). A 

total of four motors (two bubble tubes and two desiccant tubes) are controlled with a 

Computer Continuum Lab 40 four-axis stepper-motor driver and an accompanying Lab 

40 PC host adaptor card. Also, flow through the desiccators can be completely shut off 

through the use of solenoid valves controlled by the computer. 

The temperature controller is a Eurotherm!M model 810 PID analogue 

temperature controller, and is constantly monitoring the chamber temperature by means 

of a type T thermocouple. The measured temperature is compared to the set point 

temperature and an adjustment can be made through the use of an in-line electrical 

resistance heater. The operation of the temperature controller is automated by equipment 

furnished by the Eurotherm manufacturer, and employs proportional, integral, and 

derivative (PID) control. 

The relative humidity of each chamber is controlled through the use of moisture 

conditioning tubes: one tube containing distilled water and one tube containing a 

desiccant for each environmental chambers. The moisture flux through the test specimen 

is measured by determining the change in weight of the moisture conditioning tubes. The 

balance used for this measurement is a Mettler PM400 precision balance with a 

resolution of 0.001 g, reproducibility of 0.001 g, and a linearity of + 0.002 g. 
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Pumps 

The objective of the forced air circulation in the chambers is to minimize moisture 

transfer resistance which would be associated with a stagnant or low-velocity convective 

coefficient at the surface of the test specimen. Another objective is to provide a flow 

rate which is sufficient to ensure uniform temperature and relative humidity conditions 

within the environmental chambers. The pump used is a metal bellows type pump 

(Parker Metal Bellows MB-602), which was chosen to keep leakage to a minimum. The 

pump is equipped with two separate sides which pump air independently of each other. 

Therefore, one pump is necessary to circulate air in the two chambers. 

Chamber Air Circulation 

An important objective for the apparatus is that of uniform temperature and 

humidity conditions throughout each chamber. In order to induce the mixing required 

to meet this objective and take advantage of the pump’s high pumping capacity, each 

chamber contains two small jets. The jets are made of 6.35 mm (1/4 inch) copper tubing 

with a 2.0828 mm (0.082 inch) diameter nozzle attached. The main flow of the air 

enters the chambers through these jets, thereby creating increased swirling flow, excellent 

mixing, and therefore uniform conditions in the chambers. Figure 2.6 is an illustration 

of the jets and a chamber. All other tubing used throughout the apparatus is either 12.7 

mm (1/2 inch) or 6.35 mm (1/4 inch) Impolene!M plastic tubing, which consists of a 

mixture of polypropylene and polyethylene. This tubing is recommended by the dew- 

point hygrometer manufacturer for the sampling system and thus is used for the entire 
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tubing system. Its advantages are its low moisture absorption and relatively low thermal 

conductivity. 

Leak Testing 

An important consideration is that of leak removal from the test chambers. The 

test procedure depends upon a measurement of the change in mass of the conditioning 

tubes over a certain time period. If the chambers leak, ambient moisture may leak into 

or out of the system, depending upon ambient relative humidity conditions. If moisture 

is introduced into the chamber with the low relative humidity due to leaks, an excess 

mass change would be measured, which would invalidate test results. 

In testing for leaks, the first step was to apply a static pressure to the system. 

Then, the apparatus was tested for leaks in several ways. The simplest was the use of 

soap bubbles on fittings around the apparatus. Another method is that of Freon injection. 

A small amount of Freon is injected into the system, and circulates through the 

apparatus. Then, a Freon leak detector is used to determine if Freon, and therefore air, 

is leaking from the system. The detector emits an alarm if it senses Freon in the air. 

Leak tests are conducted with a sheet of acrylic in place of a porous specimen to isolate 

the two chambers. Chambers are thus separated and tested individually. 

Temperature Control 

Since the option of a temperature difference across the test material is desired, 

each chamber is equipped with its own temperature control system. The temperature 

control system is shown in Figure 2.7. The control system is separate but identical for 
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both environmental chambers. The temperature control of each chamber is primarily 

controlled by the Eurotherm!M temperature controller. Just before the circulating air 

enters the chamber, it passes through a counterflow concentric pipe heat exchanger. The 

cooling fluid is an ethylene glycol-water mixture taken from the constant temperature 

bath. Thus, the temperature of the air is cooled to approximately 5°C below the desired 

chamber temperature, and the temperature of the water is set such that this temperature 

difference is achieved. After the air leaves the heat exchanger, it is heated by an 

electrical resistance heater powevered by the Eurotherm! M to give precise control of the 

chamber setpoint. The temperature is controlled to within the allowable error band by 

the Eurotherm! feedback control system. 

It is important to minimize heat loss or gain from the environment. The 

maximum relative humidity is limited by the coldest surface temperature in the apparatus, 

which will typically be found in the heat exchangers. In order to maintain temperature 

setpoints, the temperature of the recirculating air must be lowered if chambers are 

experiencing heat gain from the environment. Therefore, heat gain will lower the 

maximum operating relative humidity, because if a surface temperature drops below the 

dew point temperature, condensation occurs. Condensation traps moisture in the system 

which invalidates mass flux measurements. To minimize heat exchange with the 

ambient, the chambers are wrapped with plastic Tygon!M tubing containing circulating 

water. This water is from the constant temperature bath and is at the same temperature 

as the cooling fluid of the heat exchangers. Thus, the water absorbs the majority of the 
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heat transfer from or to the ambient, and heat transfer between the chambers and 

environment is lessened. In addition, the chambers and tubes are well insulated with a 

foam insulation material. The stated accuracy of the overall temperature control system 

is + 0.5 degrees Celsius. 

Relative Humidity Control 

The overall schematic for the relative humidity control system is shown in Figure 

2.8. The control systems for the two chambers are separate yet identical. 

Conditioning Tubes 

The relative humidity in the chambers is controlled by adding and removing 

moisture through the use of conditioning tubes (bubble and desiccant tubes), which are 

shown in Figure 2.9. The bubble tube consists of a column of distilled water, and the 

desiccant tube consists of column of a drying agent. The acrylic tubes have an outside 

diameter of 38.1 mm (1.5 inches) and an inside diameter of 25.4 mm (1 inch). The 

length of tubing between the metal endcaps, however, is turned to a reduced outside 

diameter of 30.16 mm (1.1875 inches) in order to reduce the weight of the tubes. It is 

desired that the tubes be as light as possible to remain within the capacity of the 

Mettler!™ balance (400 g). Both bubble and desiccant tubes are made from the same 

materials and are identical, but the bubble tube is fitted with 1.5875 mm (0.0625 inch) 

tubing and tube extenders to bubble air through the distilled water. The desiccant used 

is a synthetic silico aluminate zeolite (Davidson Chemical Molecular Sieve) which 
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consists of moisture-absorbing beads. Moreover, an indicating agent is mixed with the 

desiccant. This indicator turns blue when it is saturated with moisture, thus giving a 

visual indication of the level of saturation of the desiccant column. 

Automated Relative Humidity Control 

Control of the humidity in each chamber is automated by a feedback control 

system. The computer algorithm controls only the stepper motors and solenoid valves 

in order to achieve the desired moisture level in the air. An analogue voltage is read 

from each dew point sensor by the Hewlett Packard data acquisition and control unit. 

This gives the dew point temperature of the air in each chamber. The dew point and dry 

bulb temperatures of the chamber are used to calculate the relative humidity. The 

humidity is related to the dew point as follows: 

= Pg ( Tap) . (2.1) 
Py ( Tab ) 

The vapor pressures at the dry bulb and dew point tempteratures are calculated within 

the control program using an equation from Goff and Gratch (1946). 

The relative humidity as calculated in Equation (2.1) is compared to the desired 

value, and an adjustment is made if necessary. An adjustment would consist of the 

opening or closing of a solenoid valve or the activation of a stepper motor. As 

mentioned above, the relative humidity depends not only upon the dew point temperature, 

but also the dry bulb temperature of the chamber. Therefore, any error in the dry bulb 

temperature will be reflected as additional error in the relative humidity. Since the dew 
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point is independent of the dry bulb temperature, control of the dew point does not 

ensure control of the relative humidity. Therefore, the relative humidity of the chambers 

is controlled, and not the dew point. It is expected that the error in the dry bulb 

temperature combined with the error in the dew point temperature would compound into 

a large error in the relative humidity. However, even with this combined error, the 

automated control is accurate to within +0.5 per cent relative humidity. 

The controlling program was written specifically for the present apparatus in GW- 

BASIC! and utilizes proportional, integral, and derivative control. The gains for the 

program must be chosen to give the tightest control of the chamber relative humidities. 

The proportional, integral, and derivative gains were chosen by a trial and error process 

to be 18 steps/volt, 15, and 15, respectively. The step size for a valve adjustment is 

calculated as follows: 

N = Kp[E + E(Kj - 1) + Kg(E, - EB] + 05, (2.2) 

and rounded to an integer value. The error values have a sign, positive or negative, 

which is used to determine if moisture must be added or removed. When the step size 

is calculated as less than 0.5 steps, the step size is rounded to zero, and no action would 

be taken during the current time step. Figure 2.10 is a flowchart describing the logic of 

the automated relative humidity control program. A listing of the computer code is given 

in Appendix B. Note that the routine is configured to operate in a Hewlett-Packard HP- 

IB environment. 
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From Figure 2.8 it can be seen that an amount of air flow, which branches from 

the main flow, provides moisture conditioning. This line leads to the motorized valves. 

If the relative humidity is too low, the air is bubbled through the water and then taken 

directly to the chamber where it is thoroughly mixed into the main flow. Likewise, if 

the relative humidity is too high, the desiccant tube is activated to remove moisture from 

the system. The flow configuration is designed such that there will be flow either 

through the bubble tube or the desiccant tube of a single chamber, but not through both 

simultaneously. This procedure prevents premature exhaustion of the desiccator and 

simplifies the moisture transfer measurement procedure discussed in the following 

section. A solenoid valve is put in line upstream of each desiccant tube. This valve is 

either completely open or closed, depending on the voltage signal it receives from the 

computer control code, and ensures shut-off service for the desiccant tube when it is not 

in use. Furthermore, back flow through the tubes is prevented by check valves. 

Pressure Control 

It is important that the static pressure on both sides of the test specimen be equal. 

If there is a pressure gradient across the specimen, an additional mechanism for moisture 

transfer would be introduced. The pressure difference would cause moisture to migrate 

across the specimen. The desired mechanisms are humidity and temperature gradients 

alone. However, during operation of the apparatus, pressures remain equalized due to 

the permeability of the specimen. That is, for the wood samples tested, the specimen is 
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sufficiently porous to stabilize pressures during transient periods of equalization which 

occur when setpoints are changed. After steady-state has been achieved, there is no air 

flow through the specimen. Therefore, static pressure on both sides of the specimen are 

™ equal. Static pressure in both chambers are measured with Magnehelic pressure 

gauges. 

Test Procedure 

In order to determine the moisture permeability of the test materials studied, the 

experimental method relies on a steady state approach. That is, data is collected only 

when the experiment reaches equilibrium. At this steady state point, the change in mass 

contents of the bubble and desiccant tubes give the data needed to determine the moisture 

vapor transfer rate through the wood sample. 

Active Conditioning Tubes 

Both environmental chambers are equipped with their own automated relative 

humidity systems. In theory, all four conditioning tubes, two bubble tubes and two 

desiccant tubes, will be active during operation of the control program. In fact, all four 

tubes are indeed active during startup. However, near steady state, only three are 

needed. In the chamber with the high relative humidity setpoint, both tubes are utilized, 

but in the chamber with the low relative humidity, only the desiccant tube is necessary. 

For the purposes of discussion, the side of the test material with the high relative 

humidity setpoint will be referred to as the upper or top side, and the opposite side will 
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be the lower or bottom side. Likewise, the corresponding bubble and desiccant tubes 

will be the top bubble tube, bottom bubble tube, etc. During steady state, the source of 

all moisture in the apparatus on both sides of the test specimen is the top bubble tube. 

The moisture obtained from the bubbling of air through this tube will diffuse through the 

test specimen and enter the lower chamber. Due to this added moisture, the lower side 

is constantly working to remove moisture from its air in order to maintain its setpoint. 

The only method of removal is through the bottom desiccant tube. Thus, the bottom 

desiccant tube is always active because in general the desiccant responds more slowly 

than the bubble tube. That is, if a bubble tube and desiccant are experiencing the same 

air flow rate, the bubble tube will raise the relative humidity faster than the desiccant will 

lower it. For this reason, on the upper side, it is possible that the bubble tube will on 

occasion furnish the top chamber with an excess of moisture. This increased humidity 

is too great to be completely carried off in an allowable time through permeation of the 

sample, and tends to raise the dew point temperature of the upper side above its setpoint. 

Thus, in this situation, the upper desiccant tube becomes active. It should be noted, 

however, that for the relatively high-moisture permeable specimens studied, such a 

situation does not occur in the top chamber. Therefore, the sum of experienced 

situations show that the maximum number of active conditioning tubes at equilibrium are 

the top bubble and desiccant tubes, and the bottom desiccant tube. 
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Measurements 

All measurements of a test specimen’s moisture permeability are taken at steady 

state. Steady state has been reached when the change in mass of the upper conditioning 

tubes equals the change in mass of the lower conditioning tube, with an error allowance 

of 15 per cent. This error is based on the change in mass of the lower desiccator and 

is referred to as the mass balance error for a particular measurement. When steady state 

is achieved, it is possible to measure the moisture vapor transfer rate of the test material 

quite easily. The method is to weigh the active conditioning tubes. Over a period of 

time, an amount of moisture is added to the system from the upper bubble tube, and is 

absorbed in either desiccant tube. Both environmental chambers are closed systems, and 

the only path for moisture to enter or exit a chamber’s system is through the test 

specimen. A typical measurement would consist of a time period of two to three hours 

and would give a change in mass of the lower desiccator on the order of 1 gram for the 

test specimen studied. Thus, all three tubes are weighed at the beginning and end of the 

time period in order to determine their change in weight, and subsequently the net mass 

flux through the specimen. If the assumption of steady state is valid, the change in 

weight of the lower desiccant tube gives the moisture transfer through the specimen. 

Combined with knowledge of the setpoints, specimen thickness and area, and time 

interval, the water vapor transfer rate is readily calculated. 

The moisture addition or reduction of each conditioning tube is gravimetrically 

(TM measured on the Mettle scale. The tubes can quickly be removed from their 
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connectors, weighed, and returned. This procedure takes a matter of seconds for each 

tube and does not perturb the system sufficiently to cause any significant drift from the 

setpoints. The tubes are connected to the apparatus using Imperial Eastman! eif- 

sealing quick-release fittings, which aid in the speed of measurement. 

Data Analysis 

The data collected by the apparatus consists of changes in mass of the 

conditioning tubes. However, the property of the specimen desired to be known is the 

moisture permeability. This permeability is obtained from a calculation described in the 

following chapter. However, a necessary tool in the permeability calculation is the water 

vapor transfer rate, which is dependent upon the surface area of the test specimen and 

is calculated as shown below. 

. Am n” = 

2.3 

A,At 2.5) 
  

This gives the water vapor transfer rate in units of g/h- m?. 

Moisture permeability measurements using the apparatus require a minimum of 

effort. Temperature and relative humidity setpoints are easily set using the 

Eurotherm!M temperature controller and the control program. Once steady-state has 

been established, the weighing of the conditioning tubes is a simple process. Thus 

significant amounts of data can be collected without time-consuming attention given to 

the apparatus. 
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RESULTS AND DISCUSSION 

The scope of the research includes verification of the apparatus operation with the 

collection of data. Using the test procedure outlined in the previous chapter, the 

apparatus gives measurements of water vapor transfer rate through the test specimen over 

a period of time. These data are then used to determine the moisture permeability of the 

specimen. Results are given for various relative humidity setpoints in both isothermal 

and non-isothermal conditions. All results obtained are for a fiberboard sheathing test 

specimen. The specimen is a circular disk of 0.4318 m (17 inch) diameter with a surface 

area of 0.146 square meters (226.980 square inches) and a thickness of 11.43 mm (0.45 

inches). Comparisons are made to existing data when such data are known to exist. 

Accuracy of the method is discussed and possibilities for future continuation of the 

research are examined. 

Apparatus Operation 

The apparatus was found to control chamber relative humidities over an operating 

range from 5 to 65 per cent RH. The operating temperature range was found to be 15°C 

to 50°C. At relative humidities higher than 65 per cent or temperatures lower than 

15°C, condensate forms in the heat exchangers. As mentioned in the previous chapter, 
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condensation in any part of the apparatus traps moisture in the system which invalidates 

mass transfer data. 

The apparatus was demonstrated to control relative humidity to within + 0.5 per 

cent of the setpoint relative humidity. A typical plot of relative humidity under 

automated control over a 24 hour period is shown in Figure 3.1. The apparatus was 

shown to control temperature to within + 0.5°C of the setpoint, and a typical plot of 

chamber temperature readings over a 24 hour period under automated control is shown 

in Figure 3.2. 

Data and Results 

Measured water vapor transfer rates and corresponding moisture permeability 

results are given for fiberboard sheathing under isothermal conditions at various humidity 

setpoints in Table 3.1. Table 3.2 shows results for several nonisothermal runs. For 

nonisothermal results, the average temperature was 24°C with a temperature difference 

of 8°C across the specimen. 

Data Reduction 

The data obtained through the use of the apparatus is that of water vapor transfer 

rate, which is used to determine the moisture permeability of the specimen. The 

permeability is dependent upon the vapor pressure gradient across the specimen. 

Assuming a linear vapor pressure gradient, the permeability is calculated as shown 
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Table 3.1 - Isothermal Data 

Both Chambers at 24°C 

Lower Upper Water Vapor Moisture 

Chamber Chamber Transfer Rate Permeability 

RH (%) RH (%) (g/h+ m7) (kg/m - s+ Pa) 

16.0 18.0 2.20 1.43 x 10°10 
37.0 39.0 1.89 1.19 x 10°10 
62.5 64.5 2.05 1.31 x 10°10 

Table 3.2 - Nonisothermal Data 

Bottom Temp = 20°C, Top Temp = 28°C 

Lower Upper Water Vapor 

Chamber Chamber Transfer Rate 

RH (%) RH (%) (g/h- m2) 

16.0 18.0 2.97 
37.0 39.0 1.48 
62.5 64.5 1.62 

below. 

nh” L aR, (3.1)   
w= 

This equation is based on Fick’s law. Note that the vapor pressure difference in 

Equation (3.1) is based on the difference between the specimen surfaces, which is not 

measured directly. Therefore, as shown in Appendix A, the following equation may be 

used, which contains surface mass transfer coefficients and an ambient vapor pressure 

difference: 
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L 
B= AP , V_reppte-_1y (3.2) 

n” hm,2 Dm ,1 

  

Equation (3.2) is used for the reduction of the data. 

For nonisothermal conditions, Equation (3.1) is not strictly valid, as reported by 

Siau and Babiak (1983). Few theories exist for moisture transfer through a material 

subjected to a temperature difference, and none are generally accepted. Therefore, the 

data obtained under nonisothermal conditions will be left in the form of water vapor 

transfer rate, which can be used to determine moisture permeability corresponding to 

future theoretical moisture transfer models. 

Comparison of Results and Discussion 

In 1992, a study by the National Institute of Standards and Technology (NIST) 

was conducted which | measured the moisture permeability of various wood-based 

specimens under isothermal conditions (Burch, et al, 1992). This NIST data was also 

obtained at a temperature of 24°C and is the standard for comparison of the present 

isothermal data. 

Isothermal Results 

Figure 3.3 is a plot showing isothermal data obtained with the apparatus as well 

as data reported by the NIST for fiberboard sheathing. As shown in Figure 3.3, the 

isothermal data collected are higher than the NIST values. However, the same general 
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trends appear in both sets of data. The differences in the permeabilities could be a result 

of variation between different specimen brands, expermental error, or differences in the 

data reduction methods. The fiberboard sheathing used by the NIST was manufactured 

by Georgia Pacific while the fiberboard sheathing used in the present research was 

manufactured by Weyerhauser. 

The data taken at an average relative humidity of 17 per cent was tested for its 

repeatability under isothermal conditions. Hence, three permeability values at this 

setpoint are given in Figure 3.3. The values obtained were 1.39x10°10) 1.43x19710, and 

1.49x10°10 kg/m-s-Pa. These values show a 7.0% difference between the highest and 

lowest values. The mass balance errors for these values are 10.8%, 16.9%, and 8.7%, 

respectively. Leaks are suspected of disturbing the data at this setpoint, since it shows 

a relatively high error (between 8.7% and 16.9%) in the mass balance recorded. Table 

3.3 shows mass readings taken for all setpoints and the corresponding mass balance error 

based on the change in desiccator mass. Note that for all readings, the mass gain of the 

desiccator is less than the corresponding mass loss in the bubble tube. Due to extensive 

leak testing of the apparatus, it appears that the lower chamber, which has the lower 

relative humidity, is free of leaks. However, during development of the apparatus, leak 

problems have consistently occurred in the top chamber. If the lower chamber is 

perfectly sealed, and if all setpoints are maintained, small leaks in the upper chamber 

system would not adversely affect data if moisture is leaking out of the system. 

However, if moisture is leaking into the system due to ambient conditions, results would 
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be affected. Thus, the mass balance error could, but does not necessarily, correspond 

to an error in the data at data point 1. Due to the relatively low repeatability error, it 

is suspected that a small leak existed in the top chamber system which leaked moisture 

to the surroundings, thereby introducing an error in the mass balance measurements but 

not the moisture permeability data. 

Table 3.3 - Mass Balance Errors 

Isothermal Data 

Avg. RH Bubble Tube Desiccator Per cent Difference 

(%) Mass Loss (g) Mass Gain (g) Based on Desiccator 

17.0 1.189 1.017 16.9 
37.0 0.760 0.744 2.2 
63.5 1.174 1.160 1.2 

Non-isothermal Data 

Avg. RH Bubble Tube Desiccator Per cent Difference 
(%) Mass Loss (g) Mass Gain (g) Based on Desiccator 

17.0 0.553 0.539 3.1 

37.0 0.559 0.542 1.4 

63.5 0.495 0.473 4.7 

ee 

Another possible source of error between the two sets of data is the data reduction 

technique, which in both cases is based on calculation of the surface moisture resistances 

of the specimens. The present method of data reduction is described above and further 

detailed in Appendix A. NIST data reduction methods have recently been revised 

(February, 1994). From oral communication with NIST, new values for the specimen 
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surface resistances have become known. Thus, the NIST data presented in Figure 3.3 

is significantly higher than that published in 1992. The combined surface resistances of 

the specimen in the present apparatus at a relative humidity of 17 per cent constitute 18.9 

per cent of the total moisture resistance of the specimen. In contrast, the surface 

resistances as calculated by NIST at a 17 per cent relative humidity consititute 93.6 per 

cent of the total specimen moisture resistance. This is to be expected, due to the 

stagnant flow conditions associated with the NIST experiment. Any uncertainty or 

random variation present in the NIST surface resistances will be magnified in the final 

moisture permeability result. In contrast, any error in the present surface resistance 

measurement will be less significant. Therefore, differences in the surface moisture 

resistance calculations, and therefore the data reduction methods, could account for 

differences in the two sets of data. 

Nonisothermal Results 

Figure 3.4 is a comparison of isothermal and nonisothermal water vapor transfer 

results. The relative humidity setpoints are identical for both sets of data, as is the 

average temperature across the specimen. The higher temperature corresponds to the 

side with the higher humidity. The data obtained at an average relative humidity of 17 

per cent has been tested for repeatability under nonisothermal conditions, and the three 

values obtained are presented in Figure 3.4. The nonisothermal values are 2.56, 2.58, 

and 2.97 g/h- m*, which show a 14.8 per cent difference between the highest and lowest 

values. The results for the non-isothermal cases are lower than the isothermal results at 
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high average relative humidities. 

Data Uncertainty Analysis 

Several factors affect the uncertainty of the final moisture permeability results, 

most notably the water vapor transfer rate and the mass transfer coefficient 

measurements. Using the uncertainty analysis method presented by Kline and 

McClintock (1953), the total uncertainty in both the surface moisture resistance and 

moisture permeability of the specimen have been calculated for the data. There exists 

an uncertainty of 0.1°C in all temperature measurements and an uncertainty of 0.01 g 

in all mass measurements. At a relative humidity of 17 per cent, there exists a 3.0 per 

cent uncertainty in the water vapor transfer rate measurement and a 15.7 per cent 

uncertainty in the surface mass transfer coefficient measurements. These uncertainties 

translate into a 15.0 per cent uncertainty in the total surface moisture transfer resistances 

and a 4.2 per cent uncertainty in the final moisture permeability result. The uncertainty 

bands for all three data points obtained under isothermal conditions are given in Figure 

3.5. The uncertainties in the moisture permeability results at the three average relative 

humidities are 4.2, 5.0, 4.6 per cent. 

Summary of Results and Recommendations 

The objective of the research was to design, build, and operate an apparatus for 

the measurement of moisture permeability of building materials. The scope includes 

verification of its operation with the collection of data. In addition to isothermal results, 

water vapor transfer rate values have been obtained for nonisothermal conditions. 
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Comparison of the new data obtained to existing data shows agreement in general trends, 

but differences in values. These differences suggest the need for a standardized test 

procedure and data reduction method. 

The present apparatus is well suited for the acquisition of large amounts of 

moisture permeability and water vapor transfer rate data. However, operating ranges 

need to be extended. Higher relative humidities and lower temperatures could be 

obtained with the use of highly efficient heat exchangers and more insulation. To 

improve the evaporation rate of air through the bubble tubes, each tube could be fitted 

with a small electrical heater. It is also suggested that environmental chambers fabricated 

from brass or a similar metal would improve the temperature control of the system. 

Tubes containing cooling water could be soft-soldered directly to the chambers, providing 

excellent heat transfer. Also, such a material would decrease the possibility of leaks in 

the apparatus, which was a major concern with the present system. 
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CONCLUSIONS 

The description of an apparatus for the measurement of moisture permeability of 

building materials has been presented which fulfills the original objectives. The 

apparatus improves on existing moisture permeability measurement techniques. It is 

capable of maintaining temperature and relative humidity differences across a test 

specimen without the use of saturated salt solutions. The procedure for measurement and 

data reduction methods has been given. The apparatus consists of a test specimen sealed 

between two environmental chambers with individual automated relative humidity and 

temperature control systems. 

The apparatus operational performance has been established. The operating 

relative humidity range of the apparatus is 5 to 65 per cent RH, with controlling limits 

of + 0.5 per cent RH. The operating temperature range is 15 to 50°C, with limits of 

+ 0.5°C. Measurements can be obtained using the apparatus in a relatively short time 

period. Typically, the apparatus requires less than 24 hours to reach steady-state, after 

which, mass balance measurements can be taken during short periods of several hours 

or less. 

The moisture permeability and water vapor transfer rate results have been 

presented. Permeability values have been compared to existing data. Water vapor 

transfer rates have been compared for isothermal and nonisothermal cases. Differences 
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between the present and existing data suggest the need for a standardized test procedure 

and data reduction technique. 
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APPENDIX A - Moisture Diffusion Theory 

Equation (3.1) for calculating moisture permeability requires knowledge of the 

vapor pressure difference between the two surfaces of the specimen, rather than that 

between the ambients. The surface vapor pressure difference is not measured directly. 

A moisture diffusion resistance network can be formulated as shown in Figure A.1. The 

total resistance to moisture transfer consists of three parts: two surface resistances and 

the specimen internal resistance. It will be shown that although the specimen resistance 

is much larger than the surface resistances, the surface resistances cannot be neglected. 

The moisture transfer equation for the specimen shown in Figure A.1 is written 

n — ©Py,2 - Pvt) (A.1) 
n ; 

Rm 

where R,,, is the total moisture transfer resistance given by 

In order to determine the values of the mass transfer coefficients, the heat transfer 

coefficients must be found on either side of the specimen. For the purposes of this 

calculation, a temperature difference of arbitrary magnitude is applied to the specimen, 

and ambient and surfaces temperatures are measured. Results are given in Table A.1. 
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Figure A.1 - Test Specimen Moisture Resistance Network 
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Table A.1 - Chamber Temperature Measurements 
ee 

Side 1 Side 2 

Ambient Surface Ambient Surface 

Temp (°C) Temp (°C) Temp (°C) Temp (°C) 

20.0 21.5 28.7 30.1 

a 

The thermal conductivity of the specimen is measured using an R-Matic!M Heat Flow 

Meter Thermal Conductivity Instrument. The R-Matic!M applies a heat flux to the 

specimen and determines the surface temperatures of the material, its thickness, and the 

heat flux applied. Thermal conductivity is then calculated from these values. Then, the 

heat transfer coefficients can be found from the following equation, which expresses the 

heat transfer per unit area through the specimen. 

k 
L CTs 4-Ts2 ) = by (To 1-Ts.1) = bo CTs 2-Too 2 ) (A.3) 

Thus, with empirical knowledge of the surface and ambient temperatures and thermal 

conductivity of the specimen, the heat transfer coefficients become known quantities. 

The mass transfer coefficients are calculated by the following equation, known as the 

Lewis analogy: 

hm = a (A.4) 
pc Le 

With the mass transfer coefficients obtained, it is possible to solve Equation (A.1) for 

moisture permeability in terms of known quantities only. 
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L 
Py -P A.5 v2 > Vl _prpt_-_1, (A.5) 

n hm,2 4m, 

  

=F 

The heat transfer coefficients are found to be 16.19 and 15.12 W/m7-°C for the upper 

and lower chambers, respectively. The mass transfer coefficients are found to have 

values of 0.0152 and 0.0142 m/s for the upper and lower chambers, respectively. Using 

these values in Equations (A.4) and (A.5), and substituting water vapor transfer data 

taken by the apparatus, it is found that a 16% error would occur in the final moisture 

permeability result if the surface moisture resistances were neglected. 

It should also be noted that empirical data obtained for heat and mass transfer 

coefficients are for fiberboard sheathing, which is a highly permeable material. Most 

other specimens will be less permeable, and therefore have an even higher internal 

moisture resistance. It is possible, then, that in some cases the surface resistances can 

be safely neglected.



APPENDIX B - Computer Control Code 

M, EADDR, EFILE 
575 

580 

585 

590 

591 

592 

593 

594 

595 
604 

610 

620 

625 

630 

645 

646 

650 

660 

680 

685 
686 

890 

960 

970 

980 

990 

999 

1000 

1030 

1640 

1050 

1060 

1070 

1080 

1090 

1100 

1110 

1120 

1140 

1150 

1160 

1200 

1300 

1310 

1315 

1330 

1340 

1400 

1410 

1420 

1430 

1440 

1450 

1455 

1460 

1470 

1480 

1481 

1482 

FREKKEEKEHAKAAKEKKEAKREKEREEKEKKAEREKKEKAAKRKEERRRK RAKE 

’ End Program Set-up 
‘ User program can begin anywhere past this point 

SETPT=.625 

SETPT2=.645 

TIMES="00.00.00" 

CLS 

NLOC=1 

GOSUB 11000 
GOSUB 4000 

ON TIMER(30) GOSUB 645 

TIMER ON 

REM 

GOTO 625 
lS kkkaekkkakkh kkk kak kKKkKKK KKK KK KKK KKK KAKA EKE 

’ MAIN BODY OF PROGRAM 

GOSUB 13000 

GOSUB 1000 

GOSUB 5000 

EK=EK1 
EKO=EKO1 

GOSUB 12000 

OPEN "C:\DATA\ROG3.DAT" FOR APPEND AS #1 

‘PRINT #1,100*RHBOT, 100*RHTOP,NPOS2 

CLOSE #1 
RETURN 
PRK KKIEKEERKKEKEREKEKRKEKEKKREKEEKKEKKEERKEKERKKKRKRKKRKEKKKRKK KKK 

‘SUBROUTINE READ DEWPOINTER VOLTAGE = V2, VO2 
VOLT=0 
FOR J=1 TO 50 
S3S="CONFMEAS DCV,202" 
LEN3=LEN(S3$) 
CALL IOOUTPUTS (DEV,S3$,LEN3) 
CALL IOENTER(DEV,V) 
VOLT=VOLT+V 
NEXT J 
V2=VOLT/50 
DEWPT = V2*10 
DBTEMP = TBOT 

GOSUB 16000 

RHBOT = RH 

EK1 = ABS(RHBOT - SETPT) 

KP=18 

KI=15 

KD=15 

NSTEP=INT (KP* (EK1-EK+KI *EK+KD* (EK1-EK) ) +.5) 
NSTEP=ABS (NSTEP) 
VOLT2=0 
FOR I=1 TO 50 
S6S$="CONFMEAS DCV,200" 
LEN6=LEN(S6$) 
CALL IOQOUTPUTS (DEV, S6$,LEN6) 
CALL IOENTER (DEV, VO) 
VO=20*VO-40 
VOLT2=VOLT2+VO 
NEXT I 
VO2=VOLT2/50 
DPTOP = Vo2 
DEWPT = DPTOP 
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1483 

1484 

1485 

1500 

1510 

1520 

1530 

1540 

1550 

1560 

1570 
1580 

1590 

1595 

1600 

1800 

1900 

1999 

4000 

4010 

4020 

4030 

4040 

4050 

4060 
4070 

4080 

4090 

4091 

4092 

4093 

4094 

4095 

4100 

4200 

4210 

4220 

4230 
4240 

4250 

4255 

4260 

4270 

4280 

4281 

4282 

4283 

4284 

4285 

4290 

4300 

4310 

4320 

4330 

4340 

4350 

4360 

4370 
4380 

4385 

DBTEMP = TTOP 
GOSUB 16000 
RHTOP = RH 
VOLTV=0 
FOR M=1 TO 20 
S20$="CONFMEAS DCV, 203" 
LEN20=LEN (S20$) 
CALL IOOUTPUTS (DEV, S20$,LEN20) 
CALL IOENTER(DEV, VAI) 
VAI=20*VAI~-2 
VOLTV=VOLTV+VAI 
NEXT M 
RHVAI=VOLTV/20 
RHVAI=RHVAI/100 
EKO1=ABS (RHVAI-SETPT2) 
NSTEP2=INT (KP* (EKO1~EKO+KI*EKO+KD* (EKO1-EKO) )+.5) 
RETURN 
eee eeeeeeee eee ee ELE EE LEE ESSE LEP PEPE PERE RE RE CSS LS SE 

‘ SUBROUTINE CALCULATE INITIAL ERROR 
VOLT=0 
FOR J=1 TO 50 
S4$="CONFMEAS DCV,202" 
LEN4=LEN (S4$) 
CALL LOOUTPUTS (DEV,S4$,LEN4) 
CALL IOENTER(DEV,V) 
VOLT=VOLT+V 
NEXT J 
V1=VOLT/50 
DPBOT = Vi*10 
DEWPT = DPBOT 
DBTEMP = TBOT 
GOSUB 16000 
RHBOT = RH 
EK = ABS(RHBOT - SETPT) 
VOLT2=0 
FOR I = 1 TO 50 
S5S="CONFMEAS DCV,200" 
LEN5=LEN(S5$) 
CALL IOOUTPUTS (DEV,S5$,LEN5) 
CALL IOENTER(DEV,VO) 
VO=20*V0-40 
VOLT2=VOLT2+VO 
NEXT I 
VO1=VOLT/50 
DPTOP = VOl 
DEWPT = DPBOT 
DBTEMP = TTOP 
GOSUB 16000 
RHTOP = RH 
VOLTV=0 
FOR M=1 TO 20 
S21$="CONFMEAS DCV, 203" 
LEN21=LEN (S215) 
CALL IOOUTPUTS (DEV, S$21$,LEN21) 
CALL IOENTER(DEV, VAII) 
VAII=20*VAII 
VOLTV=VOLTV+VAII 
NEXT M 
RHVAI=VOLTV/20 
RHVAI=RHVAI/100 

"
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4390 

4900 

4999 
5000 

5010 

5020 

5030 

5040 

5050 

5060 

5900 

5999 

6000 

6010 

6020 
6060 

6070 

6080 

6090 

6100 

6110 

6120 

6130 

6140 

6145 

6146 
6147 

6148 

6150 

6160 

6170 

6400 

6500 

6510 

6515 

6516 

6520 

6530 

6540 

6545 

6550 

6560 

6570 

6580 

6590 

6600 

6610 

6615 

6620 
6630 

6640 

6900 

6999 

7000 

7010 

7020 

7060 

7070 

7080 

7090 

EKO=ABS (RHVAI-SETPT2) 
RETURN 
leeKRKKKEKKKRKKKKRKKKKKHKKKKKKKHR KKK KKK RE 

‘SUBROUTINE MOVE MOTOR 
‘ MOTOR A =BUBBLE TUBE, MOTOR B =DESICCANT 
IF RHBOT < SETPT THEN GOSUB 6000 
IF RHBOT > SETPT THEN GOSUB 7000 
‘ MOTOR C =BUBBLE TUBE, MOTOR D =DESICCANT 
IF RHVAI < SETPT2 THEN GOSUB 6500 
IF RHVAI > SETPT2 THEN GOSUB 7500 
RETURN 

FHKE KEKE KKE 

‘SUBROUTINE OPEN MOTOR A 
IF STATUS=1 THEN GOSUB 14000 
IF STATUS=1 THEN RETURN 
DISABLE=2+4+8 
PORTB=MODEAB+DISABLE 
OUT PB, PORTB 
IF NPOS > 300 THEN NSTEP = 0 
‘MOVE MOTOR 
FOR I=1 TO NSTEP 
QUT PA,1 
OUT PA,O 
NEXT I 
NPOS=NPOS+NSTEP 
N=0 
ABUB=1 
BDES=0 
ENABLE = 1+2+4+8 
PORTB=MODEAB+ENABLE 
OUT PB,PORTB 
RETURN 

FHKE KKK KKK RK AKERERKKKKRRKKKRKKEKREK 

‘ SUBROUTINE OPEN MOTOR C 
IF STATUS2=1 THEN GOSUB 15000 
IF STATUS2=1 THEN RETURN 
DISABLE=1+2+8 
PORTB = MODECD + DISABLE 
OUT PB, PORTB 
IF NPOS2 > 300 THEN NSTEP2 = 0 
FOR J = 1 TO NSTEP2 
OUT PA,4 
OUT PA,O 
NEXT J 
NPOS2 = NPOS2 +NSTEP2 
N2=0 
CBUB=1 
DDES=0 
ENABLE = 1+2+4+8 
PORTB=MODECD+ENABLE 
OUT PB, PORTB 
RETURN 
FH HK IIR IRI KERR RRR IRR REE RE RRERRARAREKER RK IK 

‘SUBROUTINE CLOSE MOTOR A 
IF N=1 THEN GOSUB 10000 
IF N=1 THEN RETURN 
DISABLE=2+4+8 
PORTB=MODEAB+DISABLE 
OUT PB, PORTB 
IF NPOS-NSTEP < 0 THEN NSTEP=NPOS 
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7092 

7110 

7120 
7130 

7140 

7145 
7147 

7148 

7150 

7160 

7170 

7400 

7499 

7500 

7510 

7520 
7530 

7540 

7550 

7555 

7560 

7570 

7580 

7590 

7600 

7610 

7620 

7630 

7640 

7650 

7660 

7900 

7999 

8000 

8010 

8020 

8030 

8040 

8050 

8060 

8070 

8400 

8499 

8500 

8520 

8530 

8540 

8550 

8560 

8570 

8580 

8900 

8998 

8999 
9000 

9010 

9020 

9030 

9040 

9050 

IF NSTEP=NPOS THEN N=1 

FOR I=1 TO NSTEP 
OUT PA,17 

OUT PA,16 

NEXT I 

NPOS=NPOS~-NSTEP 

ABUB=-1 

BDES=0 

ENABLE = 1+2+4+8 

PORTB=MODEAB+ENABLE 
OUT PB, PORTB 

RETURN 
OKIE IRE RIKKI KKK REE IRE ERE IK REE KEKE KAK KEKE 

‘ SUBROUTINE CLOSE MOTOR C 

IF N2 = 1 THEN GOSUB 10500 

IF N2 = 1 THEN RETURN 
DISABLE = 1+2+8 

PORTB = MODECD + DISABLE 

OUT PB, PORTB 

‘IF (RHTOP~SETPT2)>.005 THEN NSTEP2=NPOS2 

IF NPOS2 - NSTEP2 < 0 THEN NSTEP2 = NPOS2 

IF NSTEP2 = NPOS2 THEN N2 = 1 

FOR J=1 TO NSTEP2 

OUT PA,68 

OUT PA, 64 

NEXT J 

NPOS2 = NPOS2 - NSTEP2 

CBUB=-1 

DDES=0 

PORTB = MODECD + ENABLE 
OUT PB, PORTB 
RETURN 

PARK KRKKKRKKHKEKKEERKRREKRRAKAERAKKRKAKRKRAKRKRKRRKAKRREKR 

‘SUBROUTINE OPEN SOLENOID VALVE 
DEV=709 
CALL IOCLEAR (DEV) 
S1S=SPACE$(25) 
S1$="0PEN 500" 
LH=LEN(S1$) 
CALL IOOUTPUTS (DEV,S1$, LH) 
STATUS=1 
RETURN 
HeEKKKKKKKKKKKRKKKKKKKRKKKKKRRKKKEKRKK KKK KREME 

’ SUBROUTINE OPEN SOLENOID VALVE 2 
DEV = 709 
CALL IOCLEAR(DEV) 
S8$ = SPACES$(25) 
S8$ = “OPEN 501" 
LH = LEN(S8S$) 
CALL IOOUTPUTS (DEV,S8$, LH) 
STATUS2 = 1 
RETURN 
FH MMR KKK KEKE RAKKARAKEKRRKKKNAKKKRKKKEKRRRK AA 

‘SUBROUTINE CLOSE SOLENOID VALVE 
DEV=709 
CALL IOCLEAR(DEV) 
S2$=SPACES (25) 
S2S="CLOSE 500" 
LH=LEN (S2$) 
CALL IOQOUTPUTS (DEV,S2$, LH) 
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9060 

9400 

9499 

9500 

9510 

9520 

9530 
9540 

9550 

9560 

9570 

9900 

10000 

10010 

16920 

10030 

10040 

10050 

10060 
10070 

10080 

10090 

10100 

10110 

10120 

10130 

10140 

10150 

10160 

10400 

10499 

10500 

10510 

10520 

10530 

10540 

10545 

10550 

10560 

10570 

10580 

10590 

10600 

10610 

10620 

10630 

10640 

10900 

10999 

11000 

11010 

11015 

11020 

11030 

11040 

11050 

11060 

11065 

11070 

11071 

STATUS=0 
RETURN 
FHREKKKKKRRRAAKAEEKAEKAKKAERAKKKKAKKKA KKK KKES 

‘ SUBROUTINE CLOSE SOLENOID VALVE 2 
DEV = 709 
CALL IOCLEAR (DEV) 
S9$=SPACES (25) 
S9$="CLOSE 501" 
LH=LEN (S9$) 
CALL IOOUTPUTS (DEV,S9$, LH) 
STATUS2=0 
RETURN 

I kkekkkkkkkhkkekRrkeekekkekk KKK KKK KKKRK KKK KEKE 

‘SUBROUTINE OPEN MOTOR B 
IF STATUS=0 THEN GOSUB 8000 
DISABLE = 1+4+8 
PORTB = MODEAB+DISABLE 
OUT PB, PORTB 
IF NDPOS > 1800 THEN NSTEP = 0 
FOR I=1 TO NSTEP 
OUT PA,2 
OUT PA,O 
NEXT I 
ENABLE=1+2+4+8 
PORTB=MODEAB+ENABLE 
OUT PB, PORTB 
NDPOS=NDPOS + NSTEP 
BDES=1 
ABUB=0 
RETURN 
Sea kkkkkkkkkkkkkkhkkahhkkhkkkkkkeakkekreknhkakkkakkkkeekekeak 

’ SUBROUTINE OPEN MOTOR D 
IF STATUS2=0 THEN GOSUB 8500 
DISABLE = 1+2+4 
PORTB = MODECD + DISABLE 
OUT PB, PORTB 
IF NDPOS2 > 1800 THEN NSTEP2 = 0 

FOR J = 1 TO NSTEP2 

OUT PA,8 

OUT PA,O 

NEXT J 

ENABLE = 1+2+4+8 

PORTB = MODECD + ENABLE 
OUT PB, PORTB 

NDPOS2 = NDPOS2 + NSTEP2 

DDES=1 

CBUB=0 

RETURN 
FHI I KIKI KK KIRK KRHA RIKER REE RRR KKK KRER KR AKK 

‘SUBROUTINE INITIALIZE 
STATUS = 1 
STATUS2 = 1 
PA=736: PB=740: PC=744: CO=748 

OUT CO, 192 

OUT PC, 5 

‘SET FULL OR HALF STEP 

MODEAB=0 

MODECD = 2°6 

NPOS= 0 

NPOS2 = 0



11075 

11076 

11080 
11081 

11085 

11086 

11090 

11100 

11110 

11130 
11140 

11150 

11160 

11170 

11200 

11999 

12000 

12010 

12011 

12012 
" 

12013 
" 

12014 

12015 

12020 

12030 

12040 

12050 

12060 

12070 

12075 

12080 
12090 

12100 

12101 

12102 

12110 

12120 

12130 

12140 

12150 

12160 

12161 

12170 

12180 

12190 

12191 

12192 

12200 

12210 

12220 
” 

12230 

12240 

12250 
12999 

13000 

13010 

NDPOS = 0 

NDPOS2 = 0 

NSTEP = 0 
NSTEP2 = 0 

N=0 

N2 = 0 

GOSUB 6000 

GOSUB 10000 

GOSUB 93000 

GOSUB 6500 

GOSUB 10500 

GOSUB 9500 

GOSUB 12000 

GOSUB 13000 

DISABLE=2+4+8 
RETURN 

Paekkkkke kkk kee KKK KKK KKK KKK 

‘SUBROUTINE PRINT 

LOCATE 1,1 

PRINT" BOT.BUB. BOT.DES. BOTTOM BOT TOP BUB. TOP 

PRINT" DEL POS DEL POS SOL. RH DEL POS DEL 

PRINT" 

LOCATE 3+NLOC 
IF ABUB=0 THEN PRINT" "- 
IF ABUB=1 THEN PRINT USING "#####";NSTEP; 
IF ABUB=-1 THEN PRINT USING "#####";-NSTEP; 
PRINT USING" #####";NPOS; 
IF ABS(ABUB)=1 THEN PRINT " " 
IF BDES=1 THEN PRINT USING" #####" ;NSTEP; 
IF BDES=-1 THEN PRINT USING" #####";-NSTEP; 
PRINT USING" #####" ;NDPOS; 
IF STATUS=1 THEN PRINT " OPEN "; 
IF STATUS=0 THEN PRINT " CLOSED "; 
PRINT USING" ###.#";RHBOT*100; 
PRINT "% "; 
IF CBUB=0 THEN PRINT" it 
IF CBUB=1 THEN PRINT USING "“#####";NSTEP2; 
IF CBUB=-1 THEN PRINT USING "#####";-NSTEP2; 
PRINT USING" #####" ;NPOS2; 
IF ABS(CBUB)=1 THEN PRINT" ": 
IF DDES=1 THEN PRINT USING" #####"; NSTEP2; 
IF DDES=-1 THEN PRINT USING "£##HA" | -NSTEP2; 
PRINT USING" #####" ;NDPOS2; 
IF STATUS2=1 THEN PRINT " OPEN "; 
IF STATUS2=0 THEN PRINT " CLOSED "; 
PRINT USING" ###. #";RHVAI*100; 
PRINT "3% " 
LOCATE 1,1 

PRINT" BOT.BUB. BOT.DES. BOTTOM BOT TOP BUB. TOP 

PRINT" DEL POS DEL POS SOL. RH DEL POS DEL 

PRINT" 

NLOC=NLOC+1 
IF NLOC=22 THEN NLOC=NLOC-1 
RETURN 
FIR IOI TORR IR RIO IOI III IO IO 

‘SUBROUTINE TEMPERATURE 
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13020 

13030 

13050 

13060 

13070 

13080 
13090 

13100 

13110 

13120 

13130 

13140 
13150 

13300 

13310 

13320 

13330 

13340 

13900 

14000 

14010 

14011 

14012 

14020 

14030 

14040 

14050 

14060 

14070 

14080 

14090 

14100 

14110 

14120 

14130 

14140 
141590 

14160 

14210 

14900 

15000 

15010 

15020 

15030 

15040 

15050 

15060 

15070 

15080 

15090 

15100 

15110 

15120 

15130 

15140 

15150 

15160 

15170 

15500 

15900 

TEMP4=0 
TEMP2=0 
FOR J=1 TO 10 
S1$="CONFMEAS TEMPT, 104" 
LEN1=LEN(S1$) 
CALL IOOUTPUTS (DEV,S1$,LEN1) 
CALL IOENTER(DEV,T4) 
TEMP4=TEMP4+T4 
S2$="CONFMEAS TEMPT, 102" 
LEN2=LEN(S2$) 
CALL IOOUTPUTS (DEV,S2$,LEN2) 
CALL IOENTER(DEV,T2) 
TEMP2=TEMP2+T2 
NEXT J 
T4=TEMP4/10 
T2=TEMP2/10 
TBOT = T4 

TTOP = T2 

RETURN 
FRE MKEKKEKEEKKKKEKRKKKARRKKRKKKKKKTKA KKK KKK KKK KRM KKK 

‘SUBROUTINE CLOSE MOTOR B 

IF NDPOS=0 THEN GOSUB 9000 

IF NDPOS=0 THEN RETURN 

DISABLE = 1+4+8 

PORTB=MODEAB+DISABLE 
OUT PB, PORTB 

IF NDPOS-NSTEP<0 THEN NSTEP=NDPOS 

IF NSTEP=NDPOS THEN DFLAG=1 

FOR I=1 TO NSTEP 

OUT PA,34 

OUT PA,32 

NEXT I 

NDPOS=NDPOS-NSTEP 

ABUB=0 

BDES=~-1 

ENABLE=1+2+4+8 

PORTB=MODEAB+ENABLE 

OUT PB, PORTB 

IF NDPOS<O THEN NDPOS=0 

RETURN 
FRR REAR RERRREREEREKRAKRE RR RK aR I Ra aK Ik 

‘SUBROUTINE CLOSE MOTOR D 

IF NDPOS2 = 0 THEN GOSUB 9500 

IF NDPOS2=0 THEN RETURN 

DISABLE=1+2+4 

PORTB=MODEAB+DISABLE 

OUT PB, PORTB 

IF NDPOS2-NSTEP2<0 THEN NSTEP2=NDPOS2 

FOR I = 1 TO NSTEP2 

OUT PA, 136 

OUT PA, 128 

NEXT I 

NDPOS2=NDPOS2-NSTEP2 

CBUB=0 

DDES=-1 

ENABLE=1+2+4+8 

PORTB= MODEAB+ENABLE 

OUT PB, PORTB 
RETURN 

RETURN 
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16000 
16010 
16021 
16030 
16040 
16050 
16060 
16100 
16110 
16120 
16130 
16140 
16200 
16500 
20000 

FeeeRARKRKKKKRaATKKARERKKRRKKKKKKRKKKKKKRKKKKRKEKKKKKK RK KKK 

‘SUBROUTINE CALCULATE RELATIVE HUMIDITY 
X = 373.16/ (DEWPT+273.16) 
PW=5.02808*LOG(X) /LOG(10) -(1.386E-07*(10*(11.334*(1-(1/X))}}-1)) 
PW1=PW-7 .90298* (X-1)+8.132801E-03*(10* (-3.49149*(X-1) )-1) 
PW2=PW+LOG (101324.6) /LOG(10) 
PSATDP=10*PW2 
X = 373.16/ (DBTEMP+273.16) 
PW=5.02808*LOG(X) /LOG(10) -(1.386E-07*(10* (11.334*(1-(1/X) )})-1)) 
PW1=PW-7 .90298% (X-1)+8.132801E-03* (10% (-3.49149*(X=1) )-1) 
PW2=PW+LOG(101324.6) /LOG(10) 
PSATDB=10*PW2 
RH = PSATDP/PSATDB 
RETURN 
FARE KKKEEKEEREAKKEEKKAEEEKKEKKKKRAKKKKKKKKRRKAKKKRKKKE 
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