
1 
 

EFFECT OF HOT PRESSING ON THE INTERNAL MAT ENVIRONMENT 

Dr. Osama Mohammed Elmardi Suleiman Khayal 

Department of Mechanical Engineering, Faculty of Engineering and 

Technology, Nile Valley University, Atbara – Sudan  

E – mail address: osamakhayal66@nilevalley.edu.sd 

Abstract 

The effect of several hot pressing parameters on the internal mat environment was 

investigated by using the mathematical model and the results were compared to data 

collected experimentally. The different pressing parameters included three initial mat 

moisture contents (5, 8.5, 12 %), three final panel densities (609, 641, 673 kg/m
 
 or 

38, 40, 42 lb/ft
 
), two press platen temperatures (150, 200 °C), and three press closing 

times (40, 60, 80 s). The variation of temperature and total gas pressure during the 

press cycle at six points in the vertical mid-plane of a single layer, random mat 

structure was predicted with the heat and mass transfer model using the different 

pressing conditions. Twenty-four boards were manufactured according to the same 

specifications, and the temperature and internal gas pressure were measured with 

thermocouples and gas pressure probes at the same six locations. The model 

predicted data described the major trends during the hot-compression operation 

qualitatively. However, further work is needed to make quantitative predictions.  

A hot-compression model was developed based on fundamental engineering 

principles. The material physical and transport properties were the best available 

values from the literature or best estimates based on engineering judgment. A 

sensitivity study assessed the relative importance of the different transport properties 

during the hot-compression process. The response of selected variables of the hot-

compression model for a perturbation of the parameter values was investigated. The 

sensitivity analysis of the model parameters revealed 

that the thermal conductivity and gas permeability of the mat have the greatest 

influence on model results. The assessment of these transport properties 

experimentally, as a function of mat structure, is highly desirable and can 

considerably improve the model predictions. 
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   Introduction 

A structural and a heat and mass transfer model were presented in order to simulate 

the mat formation and the internal environmental conditions during the hot-

compression operation. The present study examines the capability of the model to 

describe the internal mat environment among different pressing operations. Four 

production parameters, the initial mat moisture content, the final panel density, the 

platen temperature, and the press closing time were investigated. 

The most important effect of the initial mat moisture content is on the press cycle 

time. The higher the initial mat moisture content, the longer the pressing time needed 

to prevent panel delamination. The excess moisture has to be removed from the mat, 

and the adhesive cure is retarded. Delamination will occur, even if the adhesive is 

properly cured in the center, when the internal pressure is larger than the strength of 

the internal bond of the panel. Therefore, the initial mat moisture content is typically 

kept low (~7 %) and allowed to vary only within a limited range during industrial 

production. The initially uniform distributed moisture migrates within the mat 

structure due to temperature effects, consequently large moisture gradients are 

building up during the press cycle. 

The final panel density depends on the quantity and density of the furnish. However, 

the interrelationship among furnish density, final panel density, and panel properties 

is complex. A high density panel produced with larger compaction ratio (ratio 

between the final panel density and the density of the flakes) will not have the same 

properties as the same density panel produced from higher density flakes. Generally, 

to produce a good quality board the density of the panel has to be larger than the 

density of the constituent flakes (Suchsland 1959, Larmore 1959, Lynam 1959). 

Therefore, the flakes are densified, ensuring superior mechanical properties and good 

inter-particle contact for bonding (Burrows 1961, Hann et al. 1962). On the other 

hand, the higher the density of the panel, the more wood has to be heated up, the 
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more water has to be removed, and the more adhesive reacted. Consequently, it will 

have a significant effect on the press cycle (Heebink et al. 1972). 

Platen temperature is an extremely important pressing parameter and has to be 

carefully controlled in order to ensure adequate curing temperature for the resin at the 

core of the board without causing degradation at the surface. There is a close 

relationship among press time, panel thickness, and platen temperature. The cure of 

the adhesive is not uniform, because the heating of the mat is not uniform throughout 

the thickness. The adhesive at the mat surface is cured first and the cure of the 

adhesive at the core of the mat takes a longer period of time. The press time has to 

ensure that the center of the mat reaches adequate temperature for a prolonged time 

period. The higher the platen temperature or the thinner the panel, the faster the board 

core reaches the necessary resin curing temperature, therefore shortening the required 

pressing time. However, there is an upper limit on the platen temperature to prevent 

the thermal degradation of the panel surface. Therefore, the control of the core 

temperature in practice is achieved by the increase of the pressing time. 

The press closing time is easy to change in an industrial environment. It mainly 

affects the vertical density profile formation. Its effect on the panel internal 

environment is not well understood. 

The response of the mat temperature and moisture content distribution to the above 

production parameters is the main concern during wood-based composite 

manufacturing. The internal temperature of the mat can be monitored by 

thermocouples. The validation of the transient moisture conditions cannot be 

accomplished directly, because no method has been developed to measure the 

moisture content of the flakes in-situ. However, the total pressure of the gas phase 

within the mat can be followed by pressure probes, and compared to model predicted 

data. Therefore, thermocouples and pressure probes positioned at strategic locations 

give insight into the internal temperature and pressure conditions within the mat. The 

out-of press moisture content of the panel also can give an indication of the adequacy 

of the average moisture content predictions of the model. 
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A sensitivity study can reveal the relative importance of the model parameters. The 

influence of mat transport properties, and external heat and mass transfer properties 

on the core temperature and total pressure, as well as on the average moisture content 

predictions, was investigated. 

   Historical Background 

A large body of knowledge was collected on the effect of changing hot-compression 

parameters on the final properties of the panel in the last four decades. The most 

extensive critical review was compiled by Kelley (1977). The report provides a 

comprehensive discussion on the influence of processing parameters on the physical, 

strength, and dimensional properties of the finished panel. Most of the cited papers 

concentrated on four important production parameters: the initial mat moisture 

content, the final panel density, the platen temperature, and the press closing time. It 

was recognized by Kelley that the isolation of the effect of individual processing 

variables on the panel properties is extremely difficult due to the extensive interaction 

among them. 

Maku et al. (1959) investigated the moisture and temperature distribution in a one-

layer particleboard at five different initial mat moisture contents (1, 11, 14, 22, 30 %). 

Thermocouples were located at strategic places in the mat monitoring the temperature 

distribution as a function of time. No adhesive was used, therefore it was possible to 

take moisture samples from several locations of the mat to determine the moisture 

content distribution at certain times during the press cycle. They found that the initial 

mat moisture content had a definite influence on the length of the plateau 

temperature. The higher the initial mat moisture content was, the longer the time 

needed to vaporize the moisture in the center, resulting in a longer plateau 

temperature. Maku and his colleagues also demonstrated that the relationship 

between the initial mat moisture content and the time in the press, before the core 

temperature increases above the plateau temperature, is linear. The moisture 

distribution data provided ample evidence that the moisture moves from the surfaces 

to the middle of the board at the beginning of the hot-compression process, and from 

the middle towards the edges at later stages of the press cycle. Several compression 
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experiments were carried out on three-layer particleboards with unequally distributed 

initial moisture content in the face and core layers. The test results showed that higher 

moisture content in the face layers results in accelerated temperature increase in the 

core due to the rapid vertical movement of the hot steam. 

Stickler (1959) in an extensive study showed that not only the initial moisture 

content, but also the distribution of the moisture, can affect the relevant mechanical 

properties of the board (modulus of rupture, modulus of elasticity, internal bond 

strength, vertical density profile). Several experiments confirmed Maku's data that 

increasing moisture content of the face layer of the board accelerated the temperature 

rise in the core. He pointed out that the heat transfer to the center is influenced by the 

moisture movement, and recognized the large differences between the horizontal and 

vertical temperature and moisture gradients. He hypothesized the faster water 

movement to the center and the slower flow of water towards the edges. It was 

demonstrated that the maximum initial temperature at the core (temperature achieved 

at the end of the initial temperature rise) decreases as the average moisture content 

increases. The phenomena was attributed to the higher internal pressure and 

accelerated lateral vapor flow with increasing moisture content. A higher magnitude 

of vapor escapes at the edges due to the high internal pressure, effectively cooling the 

core of the board. Moisture content controls the temperature after the initial 

temperature rise. With a very low moisture content no temperature plateau was 

observed during the experiments. 

Kamke and Casey (1988a, b) investigated the effect of production parameters on the 

internal mat conditions using two initial mat moisture contents (6, 15 %), two hot 

platen temperatures (154, 190 °C), and two press closing times (60, 120 s). 

Thermocouples and gas pressure probes were positioned at the face and core layers of 

the mat to collect temperature and pressure data. They demonstrated that increasing 

moisture content results in faster heat transfer within the mat. Therefore the initial 

temperature rise of both the face and core, was steeper and reached a higher 

maximum temperature as the moisture content was increased. The total pressure in 

both measuring locations increased together with increasing initial moisture content, 
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showing the expected trend.  

Controversial results were reported on the influence of panel density on the 

maximum initial core temperature. Maku et al. (1959) found a positive relationship 

between maximum initial core temperature and panel specific gravity in the range of 

0.5 to 0.8. However, Stickler (1959) did not find any relationship. Both agreed that it 

took longer to reach the maximum initial core temperature as the panel density was 

increased. Smith (1982) compressed wafer boards of three different densities (34, 40 

46 lb / ft
 
) with two press closing times (30, 100 s) to establish optimum pressing 

strategies. He found that the rate of core temperature rise increased with increasing 

board density, which is contradictory to the previous experimental findings (Maku et 

al. 1959, Stickler 1959). He also demonstrated that the high density boards 

delaminated, even if the resin was completely cured. The lower edge permeability of 

the panel, with increasing density, did not allow the steam to escape. The high vapor 

pressure in the panel center overcame the internal bond strength upon press opening. 

He recommended extra decompression time, or faster press closing time, to eliminate 

blow problems in high density panels. 

The consequences of platen temperature on production parameters is not a widely 

researched area because of its obvious effect. Maku et al. (1959) found that with 

increasing platen temperature from 115 °C to 180 °C the drying-out of the central 

layer was accelerated and the press cycle could be shortened. Kamke and Casey 

(1988a, b) found that higher platen temperature accelerates the temperature rise in 

both the face and core locations of the board, and the maximum initial temperatures 

were also increased. The total pressure responded to the faster temperature rise as it 

was anticipated. The pressure increased sooner, and reached higher peak values with 

increasing platen temperature at both locations within the mat. 

Smith (1982) investigated the effect of press closing time on the mat internal 

environment. He found that shorter press closing time resulted in lower core density, 

consequently increasing the permeability of the mat in the center and allowing the 

steam pressure to leave to the environment. This result implies that the internal 

pressure should be lower in the case of a fast press closing time. Data presented by 
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Wang et al. (2000a) was inconclusive on the influence of press closing time on the 

internal gas pressure of the mat. 

Besides the previous four production variables, several others can have an influence 

on the internal environment and board properties. Many researchers reported the 

possible adjustment of flake dimension and alignment (Bhagwat 1971, Brumbaugh 

1960, Dai et al. 2000, Geimer et al. 1975, 1999, Heebink et al. 1959, Hoglund et al. 

1976, Sharma and Sharon 1993, Wang and Lam 1999), and press closing strategies 

(Smith 1982, Wang and Winistorfer 2000b, Winistorfer and DiCarlo 1988) to control 

the final properties of the panel. 

The literature review demonstrated that the most influential production variables are 

the initial mat moisture content, final panel density, platen temperature, and press 

closing time. The testing effort focused on these variables in order to establish 

relationships between the pressing parameters and the internal environment 

(temperature and total gas pressure) of the mat. 

Most commonly, thermocouples and gas pressure probes are located in the mat in 

order to establish the relationship between pressing parameters and the internal 

environment of the mat. Thermocouple wires were built into the mat to monitor 

temperature changes by many researchers (Maku et al.1959, Strickler 1959, Bowen 

1970). Several reports describe the simultaneous measurement of temperature and 

internal gas pressure by retrievable thermocouples and pressure transducers 

(Humphrey 1982, Kamke and Wolcott 1988, Casey 1987). Kamke and Wolcott 

(1991) positioned several temperature and gas pressure probes in the mat at critical 

locations to follow the transient temperature and pressure effects. The measured 

temperature and gas pressure values were converted to describe the composition of 

the gas phase around the flakes. An internal temperature and pressure monitoring 

system in a continuous press was described by Steffen et al. (1999). Recently, the 

measurement of internal temperature and gas pressure within the board became a 

common practice in the industry (Press monitor, GP Resins Inc., Atlanta, Georgia; 

Pressman, Alberta Research Council, Edmonton, Alberta). 

    Materials and Methods 
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3.1 Panel Manufacture 

The objective of the laboratory board production was to imitate different industrial 

pressing situations. Therefore, three initial mat moisture contents (5, 8.5, 12 %), three 

final panel densities (609, 641, 673 kg /m
 
 or 38, 40, 42 lb / ft

 
), two hot plate 

temperatures (150, 200°C), and three press closing times (40, 60, 80 s) were 

considered in the experimental design, as summarized in Table 1. The pressing time 

was 660 s for boards pressed at 150 °C and 540 s for boards pressed at 200 °C platen 

temperature. The pressing time included the different press closing times and a 60 s 

venting period at the end of the press cycle. The initial press opening was set to 152 

mm (6 inch). 

Table 1 Split-plot experimental design for panel manufacture, indicating three 

replications per treatment 

 

 

 

Figure   The intended locations of the six thermocouples and pressure probes in 

the vertical mid-plane of the mat 
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The positions of the probes were determined by weight of furnish during formation of 

the mats. The positions indicated in Figure 4.1 were secured by placing metal rods in 

the mat after 50 percent and 80 percent of the furnish was deposited in the mat. The 

rods were later replaced by the temperature and pressure probes. The mat was placed 

in the press on an insulation board in order to avoid the premature heating of the 

lower regions of the mat, until the thermocouples and pressure probes were placed at 

the six measuring locations. Finally, the insulation board was removed, and the mat 

was compressed to a 19 mm target thickness (0.75 inch) in a computer-controlled hot 

press. Three panels were produced at each of the pressing conditions. The internal 

temperature and gas pressure data presented here are the average of the three replicate 

runs. 

The finished panels were trimmed at the four edges, then weighed for out-of-press 

density calculations. Three moisture samples were cut from the center of each board, 

and the out of press moisture content was determined with the ovendry method 

(ASTM D1037-126). The panels were cut in half, and the probe locations were 

determined relative to the core probe location. Table 2 summarizes the out-of-press 

density and moisture content, while Table 3 lists the probe position data. 

Table   Average out-of-press moisture content and density of the boards, with 

standard deviation shown in parentheses 
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Table 3 The relative horizontal position of the internal temperature and gas 

pressure probes measured from probe location 6 

 

3.2 Temperature and Total Pressure Measurement 

Recoverable temperature and pressure probes were built in the laboratory, similar to 

those commonly used in the wood-based composite industry (Figure 2). The internal 

vapor pressure was determined by piezoelectric pressure transducers (Omega Model: 

PX 105). The transducers measured gauge total pressure (pressure above the total 

pressure of the environment at the ambient temperature) between 0-0.69 MPa (0-100 

psig). The accuracy of the probes was ±2 % of full scale. The pressure transducers 

were connected to the measurement points at the vertical mid-plane of the mat by 

stainless steel tubes with a 3.2 mm outside diameter. The advantage of this set up was 

that the transducers could be positioned away from the hot plates, and the 
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temperature effect on the pressure readings could be neglected. The stainless steel 

tubes and the body of the transducers were filled with silicone oil, to reduce response 

time and protect the diaphragm of the transducers from the hot steam. The 

temperature was monitored by K-type thermocouples (Omega). The accuracy of the 

thermocouples was ±1 °C. The thermocouple wires were placed inside of the stainless 

steel tubes, which made them completely recoverable. 

The probes were positioned horizontally at 76, 152, and 305 mm (3 inch, 6 inch, 12 

inch) from the right edge of the mat and vertically 50, and 20 % from the top surface 

of the mat (Figure 1). The vertical positioning was accomplished by measuring the 

weight of the deposited strands during the mat formation. Three metal rods were 

placed within the mat after half of the flakes were deposited in the forming box. After 

forming 80 % of the mat by weight another set of rods were placed to designate the 

position of the other three probes. This provided internal temperature and vapor 

pressure readings at six points in the vertical mid-plane of the board. Figure 2 shows 

the laboratory hot press with the six probes positioned within the mat. Temperature 

and total pressure data, together with ram pressure and platen position readings were 

collected simultaneously at every second during the course of the hot-pressing. 

The mats were produced from the same industrial flakes from the face layer of the 

oriented strand board. The average density of the strands was 466 kg êm3 and the 

initial moisture content was 7 %. In order to produce mats with 5 % initial moisture 

content, the strands were dried completely and an adequate amount of water was 

added to the furnish during the adhesive mixing. First liquid phenol-formaldehyde 

resin with a 4% resin solids loading level, based on oven-dry wood weight, than the 

water, were sprayed on to the strands in a laboratory rotary drum blender. Wax was 

not used in this study. Mats 610 x 610mm (24 inch x 24 inch) were hand-formed in a 

forming box without orientation. During the mat forming procedure metal rods were 

positioned in the location of the temperature and pressure probes (Figure 1). 
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Figure   The laboratory hot press together with the six temperature and 

pressure probes. 

3.3 Hot-Compression Simulation Runs 

Hot-compression operations with the same conditions as during the experiments were 

simulated with the model. Mat structures from flakes with face layer dimensional 

characteristics (Table 2) were constructed with the mat formation model. Although 

special care was taken during the experiments to control the final densities of the 

panel, the average of the dry board densities were lower than the intended panel 

densities (Table 2). Therefore the simulated panel densities were adjusted to 600, 

633, and 663 kg/m3 instead of the specified 609, 641, and 673 kg/m3. The number of 

the flakes, the cumulative thickness, and cumulative weight of the flakes were 

calculated at grid points of a 19 x 19 mesh. Except for the production parameters 

under investigation, the heat and mass transfer properties and other model parameters 

were set according to Table 1. 

The heat and mass transfer model provided temperature and total pressure predictions 

on a 19 × 19 mesh at the vertical mid-plane of the board. The locations of the six 

measurement probes did not coincide with the mesh points. In order to have 

comparable data, the predicted results at the mesh points were interpolated to the 

points corresponding to the probe locations by two dimensional B-splines. This 

method allowed direct comparison between the model predicted and measured 

temperatures and total pressures at the six probe locations. 
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   Comparisons of the Experimental and Model Predicted Internal Mat 

Environment 

Internal temperature and gas pressure data collected by the hot-pressing experiments 

at the six probe locations are compared with model predicted results in the following 

discussion. A naming convention was established. Data at probe positions 1, 3, and 5 

will be called the face location, probe positions 2, 4, and 6 will be called the middle 

location, and at probe position 6 the core location data (Figure 1). Only the 150 °C 

and 200°C platen temperature conditions are compared in detail because these two 

data sets provided the most pronounced differences. Measured and predicted 

temperature and gas pressure data for the other pressing conditions are given in 

Appendix A. The following section will analyze the effect of all the experimental 

pressing conditions on the core temperature, core gas pressure, and average moisture 

content of the mat. 

Figure 3 and 4 show the temperature and total gauge pressure as a function of 

pressing time for 150 °C platen temperature, while Figure 5 and 6 depict the same 

data for 200°C platen temperature. In general the model predicted the temperature 

and pressure trends well qualitatively, although small quantitative differences exist. 

The temperatures at the three face and three middle locations show very similar 

behavior. A substantial gradient is formed only in the vertical direction. The pressure 

behaves in the opposite way, with a gradient built up only from the center of the mat 

towards the edges in the horizontal direction. The pressure differences between the 

vertical locations are negligible. 

A discrepancy can be observed in the inception of the initial rise of the temperature, 

especially in the case of the probes located closer to the hot platens (probe positions 

          Plausible explanations are the larger specified press daylight than the 

uncompressed mat thickness in the press schedule, and the use of caul plates during 

the tests. The top hot platen contacted to the top caul plate approximately 15 s after 

the start of the schedule, delaying the conduction heat transfer during the 

experiments. The daylight opening in the model has to be specified as the 

uncompressed mat thickness for accurate void fraction calculations which results in 
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an early increase of the temperature. The heating of the caul plate also requires some 

time in the experiments, while the caul plate is not represented in the model. 

 

Figure   Plot of temperature at the six measuring locations as a function of press 

time at 150 °C platen temperature. The experimental (E) and model predicted 

(P) data are overlaid 

 

Figure   Plot of gauge total pressure at the six measuring locations as a function 

of press time at 150 °C platen temperature. The experimental (E) and model 

predicted (P) data are overlaid 
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Figure   Plot of temperature at the six measuring locations as a function of press 

time at 200 °C platen temperature. The experimental (E) and model predicted 

(P) data are overlaid 

 

Figure   Plot of gauge total pressure at the six measuring locations as a function 

of press time at 200 °C platen temperature. The experimental (E) and model 

predicted (P) data are overlaid 
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The tendency of steeper initial rise with higher platen temperature is well predicted 

with the model, although the maximum initial temperature is lower at every probe 

location (Figure    5). The predicted middle layer temperatures (probe positions 2, 4, 

6) all tended to level off around 100°C. The higher middle layer temperatures during 

the experiments can be partly explained by the increased boiling point of water due to 

the pressurized environment within the mat. The mat core reaches a maximum of 1.2 

and 1.4 bar total gas pressure during the experiments as depicted in Figure 4.4 and 

Figure 4.6. The boiling point of water is 105 and 112°C at the respective gas 

pressures, somewhat lower than the measured plateau temperatures. 

The predicted internal pressure starts to build up faster, but the maximum pressure is 

lower in both cases (Figure 4, 6). However, the positions of the peak gas pressures 

are well predicted. The declining gas pressure in the second part of the press schedule 

is also present in the model predictions. The total gas pressure is sensitive to the mat 

permeability (kg) and the external bulk flow coefficient (  ). The mat permeability 

can change several orders of magnitude with density. Therefore the vertical density 

profile has a large influence on both the vertical and horizontal permeability of the 

mat. The precise prediction of the vertical density profile is an essential condition for 

accurate pressure predictions. The model is able to predict major trends among 

widely varying pressing conditions. Given the uncertainty of the physical and 

transport properties of the mat in the literature, the model was considered to perform 

exceptionally well. 

   Effect of Hot Pressing Parameters on the Internal Mat Environment 

The behavior of the core of the mat has a particular significance, since this is the part 

of the panel with the lowest temperature and least potential for adhesive cure. The 

data presented is the average of three temperature and internal gas pressure 

measurements at the core location of the mat (probe position 6) for all the pressing 

conditions. 

Figure 7 summarizes the measured and predicted temperature at the core of the board, 

while Figure 8 depicts the corresponding gauge total pressures. Figure 9 shows the 

change of the average moisture content of the board during the different pressing 
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conditions, and also presents the results of the out-of-press moisture content 

measurements. The error bars depict one standard deviation of the nine out-of-press 

moisture content measurements. 

The most important factor affecting the heat and mass transfer process is the initial 

moisture content of the mat. The thermal conductivity of the board increases, together 

with the rate of conduction heat transfer, as the moisture content increases. Increasing 

moisture content also raises the pressure gradient, which results in an accelerated rate 

of convection heat transfer by vapor flow. The net result is the core temperature 

reaches the boiling point of water at the prevailing internal pressure, and vaporization 

begins. The core temperature shows a characteristic behavior (Figure 7a). The 

temperature stabilizes at the boiling point of water due to the latent heat required until 

the majority of the water is vaporized, then gradually begins to rise. Obviously, the 

higher the initial moisture content the longer the temperature plateau. This is clearly 

the case in Figure 7a by comparing both the measured and predicted core 

temperatures at 5, 8.5 and 12 % initial mat moisture contents. The magnitude of the 

plateau temperature is controlled by the permeability of the mat. As long as the 

horizontal permeability is high enough for unrestricted vapor movement at 

atmospheric pressure, the core temperature plateau will be around 100°C. However, 

as the permeability decreases, higher internal pressure builds up in the mat. Thus, 

with sufficient moisture, the saturation temperature at the core rises above 100°C. 

This behavior was demonstrated during the experiments as well as in the simulations. 

Increasing the initial mat moisture content increases the amount of water available for 

vaporization. Consequently, the total pressure increases with increasing moisture 

content, as was clearly the case demonstrated by the experimental results in Figure 

8a. The model predictions followed this general trend, although overestimating the 

pressure for the 5 % moisture content condition. 
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Figure   The effect of different mat characteristics and press schedules on the 

core temperature of the mat. The core temperature is depicted as a function of 

initial mat moisture content (a.), panel final density (b.), press platen 

temperature (c.), and press closing time (d.). The experimental (E) and model 

predicted (P) data are overlaid 
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Figure   The effect of different mat characteristics and press schedules on the 

core total gas pressure of the mat. The core total gas pressure is depicted as a 

function of initial mat moisture content (a.), panel final density (b.), press platen 

temperature (c.), and press closing time (d.). The experimental (E) and model 

predicted (P) data are overlaid 
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Figure    The effect of different mat characteristics and press schedules on the 

average moisture content of the mat. The average moisture content is depicted 

as a function of initial mat moisture content (a.), panel final density (b.), press 

platen temperature (c.), and press closing time (d.). The experimental (E) and 

model predicted (P) data are overlaid 
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The average moisture content of the mat is continuously decreasing as the hot vapor 

leaves the mat at the edges. Figure 9 shows that after the beginning of the press cycle 

the moisture is slowly depleted. Soon after vaporization begins, the hot vapor starts to 

leave the mat structure. During the press closing time the permeability of the mat is 

large and the vapor can easily flow. This is manifested in a fast decrease of moisture 

in the mat during the press closing time. The moisture depletion slows down after the 

mat is compressed to the final thickness. A high gas pressure has to be built up in the 

mat core to overcome the reduced permeability. As the peak pressure is reached at the 

core, the moisture depletion is accelerated again. This is most apparent by comparing 

the occurrence of the pressure peaks in Figure 8c and the consequent increase of the 

slope of the moisture content graphs in Figure 9c at two different platen temperatures. 

The out-of-press moisture content of the mat obviously depends on the initial mat 

moisture content. The model could adequately predict the larger out-of press moisture 

content with increasing initial mat moisture content as it is shown in Figure 9a. 

The final density of the board affects the heat transfer process in two opposing ways. 

First, the thermal conductivity of the mat increases with density, thus accelerating the 

rate of the conductive heat transfer. Secondly, the increasing density reduces the flow 

of water vapor through the porous structure of the board, consequently reducing the 

rate of the conductive heat transfer. The relative proportions of these two mechanisms 

will determine the change of the core temperature with final panel density. 

Additionally, the core temperature is a function of the ratio of the horizontal to the 

vertical vapor flow. Core temperature tends to be lower as the proportion of 

horizontal to the vertical flow increases. Escaping vapor effectively cools the core of 

the mat. Generally, the core temperature of low density panels experiences a rapid 

rise, then levels off quickly close to the boiling point of water. High density panels 

have a slower initial rise, but continue to increase more steadily during the press 

cycle (Figure 7b). The model predictions were consistent with these observations, 

although the effects are not so pronounced. The bulk flow of the gas phase in the 

horizontal direction, which is the main mass transfer mechanism responsible for 

internal pressure development, is reduced with increasing density due to the reduced 
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amount of free pathway available in the structure. Therefore the peak of the predicted 

total pressure in the core of the mat increases together with the density as it is 

depicted in Figure 8b. The core pressure measured at 641 kg/m
 
 panel density is 

unjustifiably high. The shape of the average moisture content plot is not affected by 

the final panel density (Figure 9b). The model results and the out-of-press data show 

good agreement. 

The temperature rise in the mat core is a function of the platen temperature. Since the 

rate of conduction is proportional to the temperature gradient, the higher the platen 

temperature the faster the heat transfer process. At 200°C platen temperature the 

slope of the core temperature is steeper, and the plateau temperature was reached 120 

seconds earlier than at    °C, demonstrating the accelerated heat transfer in the 

vertical direction (Figure 7c). The model results predict the trends in both cases, 

although the plateau temperatures are lower. The core temperature has an evident 

effect on the total gas pressure. The core pressure of panels compressed at higher 

platen temperature started to rise earlier and faster, and reached higher maximum 

than panels pressed at the lower platen temperature (Figure 8c). This is a clear 

indication of the interrelationship of the heat and mass transfer phenomena. Figure 9c 

compares the average moisture content predictions with the out-of-press moisture 

content data. The predictions are remarkably close to the observed values and within 

one standard deviation of the average of the measured data at 150°C platen 

temperature. 

The influence of the press closing time may be explained through the changing 

magnitude of void and contact among the flakes. The more intimate the contact 

among the flakes the higher the conductivity. Conversely, the more voids among the 

flakes, the higher the permeability of the mat. These two effects oppose each other. 

Therefore fast press closing time will result in close contact at the early stage of the 

press schedule, increasing the conduction component, but decreasing the convection 

component. Additionally, the distance between the hot platens reduced faster with 

decreasing press closing time. The shorter the distance the heat has to be transferred 

the faster the core temperature starts to increase. Furthermore, more heat is generated 



26 
 

by friction as the press closing time was reduced, having a small positive effect on 

the experimental core temperature. The plateau temperature is not affected by the 

press closing time (Figure 7d). These trends were predicted well with the model. The 

experimental total pressures showed inconsistent behavior in case of the 80 s press 

closing time (Figure 8d). The commencement of the pressure rise happens earlier and 

the peak is higher than it would be expected. Moisture variation or improperly 

positioned pressure probes within the mat could cause this result. The predicted 

pressures also demonstrate the complex interaction between heat and mass transfer. 

The press closing time seems to have a minute effect on the average moisture content 

of the mat as it is shown in Figure 9d. Faster press closing time resulted in a slightly 

lower average moisture content than slower press closing times. The experimental 

out-of-press moisture data did support these findings. 

The heat and mass transfer model adequately predicted the major trends in core 

temperature, core gas pressure, and out-of-press moisture content during a wide range 

of press schedules. The results can be further improved by a better estimation of the 

model parameters. Especially, experimental determination of the mat transport 

properties and the external heat and mass transfer coefficients can substantially 

improve the model predictions. The experimental effort should concentrate on 

parameters which have the most pronounced influence on the predicted results. A 

sensitivity study of the model was carried out to find these parameters in the 

following section. 

   Sensitivity Study of the Model 

The model has numerous parameters which are based on currently available data in 

the literature. These parameters control the magnitude of the different transport 

mechanisms in the model. The aim of the sensitivity study was to gain insight into the 

relative importance of the model parameters and the contribution of the different 

transport mechanisms during the hot compression of wood-based composites. 

The relevant hot-compression parameters were divided into two groups. The first 

group of parameters represents the transport properties of the mat, such as thermal 

conductivity (kcw) gas permeability (Kg), diffusivity attenuation factor ( ), and bound 
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water diffusivity (Db) The cell wall thermal conductivity was chosen to represent the 

conductivity of the mat, as this parameter has the most direct influence on the mat 

thermal conductivity. The transport properties of the mat will determine the 

propagation speed of the temperature and moisture fronts towards the middle 

vertically and towards the edges horizontally, and as such will determine the time 

dependence of the events within the mat. 

The second group of parameters include the boundary transport properties, such as 

the external heat transfer coefficient (  ), external bulk flow coefficient (  ), 

external diffusion coefficient (  ), and the ambient relative humidity (   ), where j 

designates the face (top and bottom) or the edge (left and right) boundary of the mat. 

The boundary transport coefficients have a pronounced effect on the internal mat 

environment. They can be derived based on formulas for typical boundary layer heat 

and mass transfer problems, but for more complicated boundaries, which are present 

in case of hot-compression, they are derived empirically based on experimental data. 

Due to the lack of published data, the magnitude of the model values were estimated 

based on engineering judgment. The movement of heat at the surface is faster than 

the movement of heat at the edge. This is contrary to the mass transfer, where only a 

small fraction of the vapor leaves towards the hot platens vertically, and the majority 

of vapor leaves the mat towards the edges horizontally. The value of the external 

transport coefficients comply to these observations. 

The sensitivity of the model was tested by increasing each transport property by 50 

percent while leaving the remaining parameters unchanged, as is summarized in 

Table 4. The rest of the model parameters are given in Table 1. 
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Table 4 The base and perturbed value of the model parameters for the 

sensitivity study 

 

The response of three selected variables were considered: core temperature, core total 

pressure, and average mat moisture content. Sensitivity coefficients were defined as 

follows, temperature sensitivity coefficient 

    
  

  
                                 

 

pressure sensitivity coefficient 

    
  

  
                                 

and moisture sensitivity coefficient 

    
  

  
                                 

where 

  = model parameter, 

T = temperature, 

P = total gas pressure, 

M = moisture content. 
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By definition, the sensitivity coefficients indicate the sensitivity of the dependent 

variable with respect to changes in the model parameter. Monitoring each of the 

sensitivity coefficients as a function of time provided information about how a 

change in the transport property affected the selected dependent variables during the 

press cycle. The sensitivity coefficients are also useful to compare the relative 

importance and correlation of the parameters. The effect of each parameter is directly 

comparable when plotted together. If the parameters had been correlated, the 

sensitivity coefficients would have been proportional to each other. The sensitivity 

coefficients of the selected variables, as a function of mat transport properties, are 

shown in Figure 10. Figure 11 and Figure 12 depict the sensitivity coefficients of the 

variables as a function of boundary transport properties at the face and edge boundary 

respectively. 

It is apparent from Figure 10 that the change of the thermal conductivity of the cell 

wall (kcw) had the most pronounced effect on all of the dependent variables. The 

thermal conductivity determines the rate of heat transport by conduction. Therefore, 

heat from the hot platens reaches the middle of the mat faster, and the initial rise of 

the core temperature is steeper with increasing cell wall thermal conductivity (Figure 

10a). This directly affects the total pressure, because latent heat of energy is available 

for water vapor generation, which is subsequently driven to the core of the mat. This 

results in a larger peak in total pressure in the core of the mat. (Figure 10b). The 

vapor transport is also accelerated, and the water content of the mat is depleted faster 

(Figure 10c). Because of the immense dependence of all of the predicted model 

variables, the appropriate determination of the cell wall conductivity has a key 

importance. The cell wall thermal conductivity value 0.217 (J/m/s/K) is the most 

widely used (Siau 1995). Deviation of the true value for thermal conductivity of the 

cell wall is not significant. However, the influence of the transient structure on the 

thermal conductivity of the mat requires further experimental work. 

The selected model variables are also sensitive to the gas permeability (Kg) of the 

mat. The gas permeability determines the ease of bulk flow within the mat structure. 

The expected effect is that, as the permeability of the mat and consequent rate of the 
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gas flow are increased, the total pressure becomes smaller in the core of the mat 

(Figure 10b). The permeability of solid wood is one of the most variable properties 

and changes several orders of magnitude between species, and between the principle 

directions in the wood structure. Therefore, it is expected that the permeability of the 

mat is also highly variable, with a strong relation to flake dimensions, flake 

orientation, mat density and perhaps other mat structure variables. There is limited 

literature available on the structure dependence of the mat permeability. The 

uncertainty of the mat permeability is large, and therefore, a comprehensive 

experiment would be highly desirable. 
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Figure    The sensitivity coefficients of core temperature (a.), core total gas 

pressure (b.), and average moisture content (c.) with time as a function of the 

transport properties of the mat 

 

The diffusivity attenuation factor ( ) determines the openness of the porous structure 

for diffusion, and can have a value between 0, when diffusion is excluded from the 

mass transfer, to 1, when the diffusion mechanism is not retarded by the structure. 

Generally, the attenuation factor has smaller effects on the core pressure and average 

moisture content than the gas permeability (Figure 10b and 10c). This implies that the 

bulk flow has the primary role in the mass transport within the mat structure. Notice, 

that the influence of a on core temperature is considerable at the beginning of the hot-

compression process (Figure 10a). 

The bound water diffusivity determines the rate of diffusion of bound water in the 

cell wall matrix. The bound water diffusion is slow compared to the bulk flow and 

diffusion mass transfer. None of the variables are sensitive to the small perturbation 

of the bound water diffusivity (Db). Therefore, the precise determination of the 

temperature and moisture dependence of the bound water diffusivity will not improve 

the model predictions considerably. Therefore, a constant value of 3     
-  

 (kg s/m
 
) 

as reported by Schajer (1984) was used in the model. 
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The external heat and mass transfer coefficients, together with the relative humidity 

of the ambient air, determine the rate of the heat and moisture transfer between the 

surroundings and the boundaries of the mat. Figure 11 and Figure 12 summarize the 

sensitivity coefficient of the core temperature, core total pressure, and average 

moisture content for a 50% increase of the external heat and mass transfer 

coefficients at the face and at the edge of the mat. A comparison of Figure 11 and 

Figure 12 confirms the intuition that the surface external transfer properties have a 

more pronounced effect on the variables at the core of the mat. Generally, the 

dimension of the board is smaller in the vertical than in the horizontal direction. 

Therefore, the temperature and pressure at the core of the board are more sensitive to 

the surface external transfer coefficients than to the edge external transfer 

coefficients. 

The external heat transfer coefficient at the face of the board controls the amount of 

heat transported from the hot platens to the surface of the board (H
face

). This boundary 

property has the most pronounced influence on the dependent variables (Figure 11). 

Heat from the hot platens can reach the surface of the board and can propagate to the 

center faster as the H
face

 increases. This will result in an earlier, and more intense, 

vapor generation in the mat (Figure 11b). The large total pressure at the core will 

drive the vapor faster to the edges of the mat, where it leaves to the environment, and 

effectively increases the moisture depletion rate (Figure 11c). The edge external heat 

transfer coefficient (H
edge

) has no conceivable influence on the variables at the core of 

the board. The heat transfer from the hot platens to the surface of the board is fast, 

while heat transfer at the edge of the mat is far slower. Given this consideration, and 

the measured temperatures in the experimental mats, the external heat transfer 

coefficient in the model was determined to be 75 J/m
 
/s/K and 10 J/m

 
/s/K at the 

surface and at the edge of the board respectively. 
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Figure    The sensitivity coefficients of core temperature (a.), core total gas 

pressure (b.) and average moisture content (c.) with time as a function of the 

external transport properties of the face boundary of the mat 
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Figure    The sensitivity coefficients of core temperature (a.), core total gas 

pressure (b.), and average moisture content (c.) with time as a function of the 

external transport properties of the edge boundary of the mat 

 

Vapor leaves the mat either by bulk flow, due to total pressure differential, or 

diffusion, due to partial pressure differential, between the outermost point of the mat 

and the environment. The magnitude of the bulk flow at the surface and at the edge of 
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the mat is controlled by the external bulk flow coefficient (K
face

, K
edge

), and the 

diffusion by the external diffusion coefficient (D
face

, D
edge

). 

The edge external bulk flow coefficient is several orders of magnitude larger and has 

a constant value, representing the rapid steady escape of vapor horizontally, while the 

surface external bulk flow coefficient is function of the type of boundary at the hot 

plates. The surface value is very low when solid metal plates form the boundary, 

presumably allowing only a small amount of vapor escaping. If a wire mesh is placed 

between the hot plates and the surface of the mat, the surface external bulk flow 

coefficient would be much larger. During the experiments solid metal plates were 

used at the surface boundary, and therefore, the value of the external bulk flow 

coefficient at the surface was seven orders of magnitude smaller (3.3     
-  

 m) than 

at the edge (1     
- 

 m) in the model. The previously established general observation 

that the surface external transfer coefficient is more influential on the model variables 

also applies here, but the reasons are different (Figure 11, Figure 12). The very high 

edge external bulk flow coefficient forms no hindrance for the free escape of vapor at 

the edge. This situation does not change considerably with the increase of the 

coefficient. Therefore, none of the variables were influenced noticeably by the 

change of this parameter. However, the surface bulk flow coefficient was set to a low 

value in the model, inducing a high resistance to vapor flow. Small changes of this 

resistance can have a large effect on the variables, especially on the total gas pressure 

as it is depicted in Figure 11b. In a sense, the vapor is released not only at the edges, 

but also towards the metal plates. The vapor will follow this new shorter pathway to 

escape to the environment, creating a smaller vapor pressure in the core of the mat. 

This vertically escaping vapor takes its energy content to the surroundings, thus 

reducing the core temperature (Figure 11a). A considerable amount of moisture 

leaves the mat towards the metal plates, which is apparent by the decrease of the 

moisture sensitivity coefficient as the surface external bulk flow coefficient is 

increased (Figure 11c). 

The magnitude of the diffusion at the boundaries of the board is controlled by the 

external diffusion coefficient (D
face

, D
edge

). The external diffusion coefficient at the 
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surface of the mat is estimated to be far lower (0.5     
- 

 m/s) than at the edge 

boundary (1.5 m/s). The contribution of diffusion is negligible compared to the 

contribution of bulk flow in the external mass transfer. The selected dependent 

variables are not sensitive to changes of the external diffusion coefficient. 

The magnitude of the partial pressure gradients is a function of the relative humidity 

at the boundary (RH
face

, RH
edge

). The total pressure of the surroundings remains 

constant at the atmospheric pressure (101,325 Pa) during the hot-compression 

process. The relative humidity will determine the vapor content of the ambient air 

and consequently the partial vapor and air pressure components of the total 

atmospheric pressure. Increasing relative humidity results in higher vapor and lower 

air partial pressure of the ambient environment. In other words, the vapor partial 

pressure gradient is decreased and the escape of vapor to the environment is retarded. 

The air partial pressure differential is increased and the depletion of air content of the 

mat is accelerated by diffusion. The relative humidity has no effect on the total 

pressure, consequently it has no effect on the bulk flow. The variables are not 

sensitive to the relative humidity of the environment (Figure 11, Figure 12). This 

observation supports the assertion that the main mode of mass transport between the 

mat and the environment is bulk flow, and the role of diffusion is secondary. The 

relative humidity was set to 35 % at the boundaries in the model. This relative 

humidity value was measured in the air-conditioned environment surrounding the hot 

press. 

The sensitivity analysis indicates that the thermal conductivity, and gas permeability 

are the two mat transport properties that have the most effect on the model 

predictions. Additionally, the external heat transfer and bulk flow coefficients at the 

surface can alter the core temperature and pressure predictions considerably. The 

experimental determination of these properties is beyond the scope of the present 

project, but in the author's opinion, it should be the subject of further study. 

    Conclusions 

Several simplifying assumptions were required to solve the heat and mass transfer 

equations. Although it can limit the quantitative use of the model, the predicted trends 
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are in satisfactory agreement with the experimental data. The internal temperature 

and total pressure distribution in the mat can be measured. However, there is no 

direct means of measurement of the in-situ moisture content distribution. The good 

agreement between the measured and predicted out-of-press moisture content of the 

mat is encouraging. The hot-compression model can assist in gaining more 

understanding of the migration of moisture within the mat. The sensitivity analysis of 

the model parameters indicated that the experimental determination of the thermal 

conductivity, and the gas permeability as a function of mat structure is highly 

desirable, and can improve the model predictions. 
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