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The Role of Vapor Pressure and Enthalpy
in Drying Wood-Based Products

Using the second law of thermodynamics and data gathered from the lumber industry
as a guide, the author examines the drying processes of water-damaged wood.
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sure as measured in inches of mercury

(inHg) and enthalpy (h) within ambient air
and water-damaged wood-based building
products. Water vapor pressure and en-
thalpy differentials between ambient air and
wood building products below fiber satura-
tion point were analyzed using the Energy
Transfer Rate (ETR) model. SPF (spruce,
pine, fir) framing lumber and red oak hard-
wood flooring were tested and assessed.

= by Jerry Blaylock

It was determined that the largest mois-
ture content reduction resulted from
the largest vapor pressure and enthalpy
differential. Importantly, it was deter-
mined that the reduction of the hu-
midity ratio — expressed in grains per
pound — within the environment was
not the most significant contributing
factor in moisture content reduction.

Introduction

In drying water-damaged structures,
understanding and applying the equi-
librium moisture content (EMC) chart
(figure 1) can be instrumental in eval-
uating drying efficiency. In this paper
the science of EMC from the wood-
drying industry is integrated into the
services provided by restoration pro-
fessionals. A topic of importance as an
educator, researcher and consultant is
to evaluate the role of vapor pressure
and enthalpy differentials within the
ambient air and within wood-based
building materials. By understand-
ing the thermodynamics involved in
EMC, and the movement of moisture
within wood, we find that vapor pres-
sure and enthalpy differentials are key
metrics that reveal the forces at work in
drying efficiency.

The second law

of thermodynamics

The second law of thermodynamics
states that in an isolated system, con-
centrated energy will disperse to lower
energy. In regards to the restoration in-
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dustry, the main focus is the movement FIGURE 1 EMC - Equillbrium Molsture Content Chart

of temperature and vapor pressure.
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Enthalpy (h) is a measurement of
the air’s total stored energy and is
measured in British Thermal Units
(BTUs) per pound of air. Enthalpy is
comprised of two components which,
when added together, determine the
total energy value. The two compo-
nents are “sensible energy” and “la-
tent energy.” Sensible energy deals
with the temperature of the air. The
sensible portion of enthalpy mea-
sures the energy it takes to raise the
temperature of the air from 0°F to its
current temperature. Sensible energy
is the energy available to facilitate
evaporation. The latent energy por-
tion of enthalpy deals with the actual
water in the air. The latent portion
of enthalpy measures the energy it
takes to evaporate the amount of wa-
ter in the air (measured as grains per
pound or the vapor pressure) at any
given condition.

Chapter 36 of the Handbook of In-
dustrial Drying' is titled “Drying of
Wood: Principles and Practices.” In
section 36.2.1.4 authors Patrick Perré
and Roger Keey explain the signifi-
cance of the differential heat of sorp-
tion in bound water below the fiber
saturation point (FSP): “Sorbed water
in the cell wall has a lower enthalpy

than liquid water. However, contrary
to other forms of water, such as solid
[free], the enthalpy of bound water in-
creases with increasing moisture con-
tent up to FSP. Above this value, the
enthalpy of water in wood is essentially
the same as that of liquid water.”

Based on the research provided by
Perre and Keey, it can be deduced that
by using current industry psychro-
metric equations regarding enthalpy,
energy content, not only at saturation
conditions (100% RH) but also at
partial vapor pressures below satura-
tion, can be determined. Other meth-
ods for determining enthalpy within
wood are available; however, by using
the current scientific measuring tools
used in the restoration industry, we
are able to use the metric of enthalpy
of air to determine the energy value
within the material.

Evaporation

Evaporation is an energy transfer pro-
cess involving a change of state in wa-
ter from the liquid form to vapor form.
For water to convert from liquid to
vapor, energy is added to increase the
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molecular movement. This breaks the
attractive forces of the bonds that exist
between neighboring water molecules.
Evaporation is influenced by many
factors, two of the most important are
temperature and vapor pressure: The
higher the temperature and drier the
air, the faster materials will give up
their moisture.

Equilibrium Moisture

Content (EMC)

The moisture content of wood depends
on the relative humidity and tempera-
ture of the air surrounding it. If wood
remains long enough where the relative
humidity and temperature remain con-
stant, its moisture content will also be-
come constant at a value known as Equi-
librium Moisture Content, or EMC.
Every combination of relative humidity
and temperature has an associated EMC
value.? If the temperature and relative
humidity of the surrounding air are
known, a predictable EMC can be deter-
mined (see figure 1). EMC is widely ac-
cepted and utilized in many industries,
including the grain drying, food pro-
cessing and wood kiln industries.
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To understand the dynamics at
work in an EMC condition, let’s be-
gin by identifying the role of water
vapor pressure in the air and in hy-
groscopic materials.

In Transport processes in wood® John
F. Siau writes, “Wood is a hygroscopic
substance. It has the ability to take in
or give off moisture in the form of va-
por. Water contained in wood exerts

the equation used to determine EMC,
by doing a web search of “equilibrium
moisture content.”

Capillary forces and diffusion

Moisture in wood will move from zones
of high concentrations to zones of low
concentrations. Thus, wood will dry
first on the surface. Moisture from the
interior then moves toward the sur-

2. Differences in relative humidity in the
wood causes water vapor to move through
various passageways by diffusion.

3. Differences in moisture content move
the bound water through the small pas-
sageways in the cell wall by diffusion.

4. Evaporation of water from the surface
sets up capillary forces which exert a
pull on the free water in the zones of
wood beneath the surface, resulting
in a flow. This process is similar to the
movement of water in a wick.

“Moisture moves in wood by two mechanisms
and these are related to the type of water in-
volved. Liguid free water moves in response to
capillary forces. Bound water and water vapor
move by diffusion in response to a partial vapor
pressure gradient.”

vapor pressure of its own, which is de-
termined by the maximum size of the
capillaries filled with water at any time.
If water vapor pressure in the ambient
air is lower than vapor pressure within
the wood, desorption takes place. The
largest-sized capillaries, which are full
of water at the time, empty first. Vapor
pressure within the wood falls as wa-
ter is successively contained in small-
er capillaries. A stage is eventually
reached where vapor pressure within
the wood equals vapor pressure in the
ambient air above the wood, and fur-
ther desorption ceases. The amount of
moisture that remains in the wood at
this stage is in equilibrium with water
vapor pressure in the ambient air, and
is termed the equilibrium moisture
content or EMC.”

EMC calculators employ an equa-
tion to derive EMC. This article will
not detail the equation, but readers
will find excellent resources, including

face and eventually evaporates when it
reaches the surface.

The bulk of the water in wood occurs
in two forms: It occurs as liquid “free”
water in the cell cavities and as “bound”
water in the cell walls. In addition, wa-
ter vapor is present in the air spaces in
the cell cavities.

Moisture moves in wood by two
mechanisms and these are related to
the type of water involved. Free water
moves in response to capillary forces.
Bound water and water vapor move by
diffusion in response to a partial vapor
pressure gradient.

In Drying Small Quantities of Hard-
wood Lumber—Understanding the Ef-
fects of Moisture on Wood,* Daniel Cas-

sens writes,

During the drying process, several forces

may act simultaneously to move water:

1. Capillary action causes free water to
flow, for the most part, through cell
cavities and small openings in the cell
walls.
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5. Movement of moisture by diffusion
results from differences in the rela-
tive humidity and moisture content
between the surface and the interior
or between any two zones of the wood.
Moisture in wood moves to the sur-
face by simultaneous diffusion of va-
por and bound water. In comparison
with capillary movement, diffusion is
a slow process.

The significance of fiber
saturation point in drying
In an introduction to the 1964 in-
structional movie, The Mechanism
of moisture movement in wood,> G. L.
Comstock states, “A concept which is
important in the movement of mois-
ture is the fiber saturation point. This
is defined as the moisture content at
which the cell walls are saturated with
water and no liquid water is present in
the cell cavity.”

To illustrate fiber saturation point,
first envision an open container of wa-
ter. Next picture a piece of cardboard



rolled up and placed in the container
of water. Finally, imagine the con-
tainer of water poured out into a sink.
Once all the excess water has been re-
leased down the drain, the cardboard
roughly approximates wood at the fi-
ber saturation point.

The fiber saturation point of wood
is approximately 25-30%. This per-
centage varies slightly by type and
ambient temperature, but is a good
rule of thumb.

Evaporation and water

movement rates in wood

The rate at which moisture moves in

wood depends on three things:

1. the relative humidity of the sur-
rounding air,

2. the steepness of the moisture gradi-
ent (i.e., the difference in moisture
content between the surface and the
inner portion of a section of wood),
and

3. the temperature of the wood.

Lower relative humidity of the am-
bient air increases capillary flow of
the free water and stimulates diffu-
sion of the bound water by lowering
the moisture content at the surface.
Similarly, the higher the temperature

+ Capillary flow (also called wick ef-
fect)- This occurs in wood that has
free water in the cell cavities and con-
tinues until the wood reaches the fi-
ber saturation point. Evaporation of
water from the surface sets up capil-
lary forces which exert a pull on the
free water in the zones of wood be-
neath the surface, resulting in a flow.
This process is similar to the move-
ment of water in a wick.

- Diffusion as hygroscopic (bound)
water in the cell walls- This water is
below the fiber saturation point. It
will be about 25-30% of the overall
moisture content. If the cells of wood
are wetter than this, there will be free
water in the cell cavities.

- Diffusion as water vapor through
the air in the cells and through the
openings in the cell walls- This meth-
od takes place in the part of the wood
that has no free water and thus is be-
low the fiber-saturation point.

In vapor movement, water moves
in gaseous form across cell cavities
and through openings in the cell wall
such as in the pit membranes. Ad-
ditionally, some water vapor moves
across cell cavities, deposits on cell
walls as bound water, is absorbed
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on several factors. A moisture dif-
ference in a board that is nearly wet
in one zone and very dry in another
will tend to give the greatest moving
force at a given temperature. This is
because the vapor pressure differen-
tial will be greater between the wet
and dry zones.

If the drying temperature is raised,
the number of water molecules that
evaporate into a cell cavity will in-
crease, as will the vapor pressure.
Consequently, the vapor pressure dif-
ferential between the wet zone and
the dry zone will be greater and the
drying rate will increase as a greater
amount of water vapor moves to the
surface zone where the amount of
water vapor in the cell cavities is kept
low by the lower relative humidity of
the outside air. Vapor movement in
wood is very important below the fi-
ber-saturation point — more impor-
tant than movement of bound water
within the cell wall — and it becomes
more important as the moisture con-
tent decreases.”

In summary, moisture in wood-based
building materials will move from zones
of high concentrations to zones of low
concentrations (wet to dry). Thus, wood

Time is critical for effective restorative drying.
Once the drying system is in place, the goal is
to evaporate water from the wet building
materials back to a dry standard in an efficient,
controlled and measurable manner.

of the wood, the faster moisture will
move from the wetter interior to the
drier surface, thus the steeper the
moisture gradient.®

As previously noted, water moves
through wood in three distinct ways:

through the cell walls to the surface
on the other side, then repeats the
process until it reaches the surface of
the wood and evaporates.

The volume of water that moves
in each of these ways will depend
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will dry first on the surface. Moisture
from inside the board then moves to-
ward the surface and eventually evapo-
rates. During the drying process, several
forces may act simultaneously to move
water. These forces include: 1) capillary
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FIGURE 2

This chart demonstrates that at various temperatures and relative humidities, the deltas

(A) of inHg, enthalpy and % EMC (right three columns) are in balance. For example, with an
environmental condition of 70° and 30% RH the vapor pressure (vp) and enthalpy (h) of both
the air and wood materials are at (vp) 0.22 and (h) 21.7. There is no differential between the
vapor pressure and the enthalpy and the materials are not gaining or losing moisture, thus an
equiiibrium state has been reached. By assigning a relative humidity value to the materials
based on percentage of moisture content (%MC) and the temperature of the material, the vapor

pressure and enthalpy metrics can be determined.

flow, which causes free water to flow
through cell cavities and small openings
in the cell wall; 2) differences in vapor
pressure and relative humidity in the
wood, which causes water vapor to move
through various passageways by diffu-
sion; 3) differences in moisture content,
and 4) the temperature of the wood.

Time — the critical factor for
restorative drying

Now that there is a clear understanding
of how the mechanisms, forces and fac-
tors work within the EMC model, met-
rics can be applied to help determine
the efficiency or rate of potential water
removal from water-damaged wood-
based building products.

The two most recurring questions
pertaining to drying out water-dam-
aged structures are from two materially
interested parties. They both involve
time. The contractor asks, "Why is this
job taking so long?” The insurance

claims adjuster asks, “Why did this job
take so long?”

How can EMC help answer these two
questions which both pertain to time,
one of the most critical issues in struc-
tural drying?

Note that the EMC chart (figure 1)
reveals that the same moisture con-
tent can be achieved at various condi-
tions. For example, as the chart shows,
a 6.2% EMC can be achieved at 70°F,
30%RH and also at 115°F, 35%RH.
What the EMC model does not address
is which condition will achieve the
6.2% moisture content fastest. That
question is addressed by Energy Trans-
fer Rate (ETR).

The foundation of ETR: dry-
ing fundamentals, assessment
and documentation

When  evaluating  water-damaged
structures, many considerations go
into developing a drying strategy. Be-
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fore the drying process is started, items
such as source of water intrusion, type
of water involved, affected building
materials, physical water extraction,
dehumidification requirements, quan-
tity of air movers, negative air ma-
chines, demolition, and others have to
be addressed. Throughout the drying
process, the restoration contractor as-
sesses the performance of the system
and based on this ongoing assessment
adjusts strategy as needed.

Accurate documentation is critical
when assessing the efficiency of a dry-
ing system. Two key documents to eval-
uate the progress and provide validation
that the system is working are the “daily
psychrometric sheet” and the “material
moisture map.”

The daily psychrometric sheet pro-
vides information about the ambient
air in the affected area, outside, and
in adjacent unaffected areas. The
information includes temperature,
relative humidity, grains per pound
of air (gpp), and water vapor pres-
sure measured in inches of mercury
(inHg). This data provides critical
information concerning the environ-
mental conditions directly correlated
to the efficiency of the drying system.
Grain depressions are also calculated
to determine if the dehumidifier is re-
moving water vapor from the drying
chamber, thus lowering the gpp/vapor
pressure. Cubic footage of the affected
area is also recorded to determine ini-
tial dehumidification requirements.

The material moisture map vali-
dates that the system is working by
showing a reduction in the moisture
content of the affected building ma-
terials either by percentage (%MC) or
relative moisture content.

Energy Transfer Rate (ETR) —
the missing link

Time is critical for effective restorative
drying. Once the drying system is in
place, the goal is to evaporate water
from the wet building materials back
to a dry standard in an efficient, con-



trolled and measurable manner. How

is the drying system measured to de-

termine efficiency and what type of
data is needed?

As previously described, vapor pres-
sure and enthalpy differentials are the
key metrics driving evaporation in
wood. In order to determine the vapor
pressure and enthalpy differentials, fol-
lowing is the data needed and the tools
required to obtain it:

+ Temperature of air: thermo-hy-
grometer.

- Relative humidity of air: thermo-
hygrometer.

- Temperature of materials: infrared
laser thermometer. (Note: These
tools are limited in their ability to
measure the temperature inside
the wood, as opposed to the sur-
face temperature. This is a limita-
tion given current measurement
technology, and estimates based on
what is measured are used.)

* Moisture content (%MC) of ma-
terials (temperature corrected, if
needed): invasive/pin-type mois-
ture meter.

If we know the temperature of the
wood and the actual moisture content
in the wood by weight, we can derive
the corresponding relative humidity
within the wood. If we have the tem-
perature of the wood and the equilib-
rium relative humidity of the wood,
then we are able to derive the vapor
pressure within the wood.®

In order to test the postulated theory
that vapor pressure and enthalpy dif-
ferentials are the keys to maximizing
evaporation rates in wood, the author
developed an ETR algorithm to deter-
mine the vapor pressure and enthalpy
of the wood, based on the material
temperature and moisture content,
and tested it against variable sets (see
figure 2). This test verified the accu-
racy of the algorithm.

Next, experimental testing was
done. Prior to testing, red oak and
SPF wood samples were submerged
in water for 24 hours. Prior to drying,

the temperature and moisture content
of all samples were measured using a
laser thermometer and an invasive/
pin-type moisture meter respectively,
and vapor pressure and enthalpy were
calculated according to the author’s al-
gorithm. Drying chambers were estab-
lished both with and without airflow
(airflow was provided by a 3,000+ cfm
air mover).
The tests consisted of three different
ambient air drying conditions:
+ Test one: 70°F, 35% RH, vapor pres-
sure (inHg) 0.26, enthalpy (h) 22.5
+ Test two: 90°F, 25% RH, vapor pres-
sure (inHg) 0.35, enthalpy (h) 29.5

FIGURE 3
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+ Testthree: 115°F, 18% RH, vapor pres-
sure (inHg) 0.52, enthalpy (h) 39.3
The tests were timed: 24 hours. At

the end of the test period, the tem-

perature and moisture content of
the wood and ambient air were again
measured and vapor pressure and en-
thalpy calculated. Without exception,
the test results validated the postu-
lated theory that greater vapor pres-
sure and enthalpy differentials result
in greater rates of evaporation.
Further, it was noted that contrary
to conventional drying theory, lower
air grain levels were not an accurate
predictor of drying efficiency.

Energy Transfer Rate - wood samples of SPF and Red Oak submerged in water for a 24 hour
period prior to testing. 3 different conditions and impact on materials.

Materials _V.P. |Enthaip|Environment| V.P. |Enthalpy
Temp | % MC | inHg | BTU's | Temp | RH inHg | BTU's (% EMC
start | 78 |23.7/091|39.6| 70 35 | 0.26|225]| 6.9 | 065 | 17.0 | 1638
24HRS| 70 [13.2]|0.52|284| 70 35 [ 0.26|225) 6.9 | 027 | 59 | 6.3
[stat | 78 [24.2]0.91[39.6| 90 | 25 |0.35[29.5| 5.1 | 0.56 | 10.1 [ 19.1
24HRS| 90 | 10.5| 0.83 [ 40.6 | 90 25 (035]|295| 51 | 048 | 111 | 54
stat | 78 |26.5/094 |40.3| 115 | 18 [ 052|393 [ 3.5 [ 041 | 0.9 | 23.0
H'H'R'S_l 115 | 95 171|674 | 115 | 18 | 0.52(39.3 | 3.5 | 119 | 281 | 6.0
Materials Materials
0 Hours 24 Hours 0 Hours 24 Hours
Test 1 Temp %MC Temp %MC A |[Test2 Temp  %MC Temp %MC a
SPF wi Airflow 78 218 70 13.8 37% ([SPF w/ Airflow 78 28 %0 120 4%
SPF 78 216 70 134 38% [[SPF 7 2441 %0 M3 5%
Oak w/ Airflow 78 263 70 126 651% [[Oakw/ Airflow 78 262 %0 B84 67%
Oak 78 262 70 1341 50% [[Oak 78 248 90 97 61%
Average 78 237 70 132 44% ([Average 7 242 90 1056 ©66%
Air: 70Fi38 GPP Alr: 90F/62 GPP
Materials
0 Hours 24 Hours
Test 3 Temp %MC Temp %MC A
SPF w! Airflow 78 247 115 104 58%
SPF 78 284 115 10.5 63%
Dak w/ Airflow 78 272 115 79 1%
Dak 78 260 115 9.2 65%
IAverage 78 265 115 9.5 64%
Air: 115F/77 GPP

Test 1 - MC% of 13.2% and reduction of 44%, A .27 inHg, Enthalpy A 5.9
Test 2 - MC% of 10.5% and reduction of 56% A .48 inHg, Enthalpy 4 11.1
Test 3 - MC% of 9.5% and reduction of 64% A 1.19 inHg, Enthalpy A 28.1

Airflow was provided via 3,000+ cfm air mover placed 6’ from material.
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Figure 3 details key findings from
the tests. Note: For simplicity, aver-
ages are used for each of the four sam-
ples in each test (SPF with airflow,
SPF no airflow, oak with airflow, oak
no airflow). In all three tests, signifi-
cant moisture content reduction was
realized: 44% in test one, 56% in test
two, 64% in test three. The highest
reduction correlated with the high-
est vapor pressure and enthalpy dif-
ferential, the middle reduction with
the middle differential, and the lowest
reduction with the lowest differential.

ETR does not measure the actual
movement of water out of materials,
only moisture meters determine if

the wood-drying industry provided in-
valuable insights into the nature of hy-
groscopic materials and moisture trans-
port in wood and related properties.

The ETR model used in this study
was originally developed in 2011 and
remains a work in progress.” This
model is not merely theoretical, it has
been used in real-world applications
of drying-out water-damaged struc-
tures. Real-world application is the
true proving ground.

On average, the fiber saturation
point of wood-based products is ap-
proximately 25-30% moisture con-
tent. Below fiber saturation point,
wood-based products are hygroscopic

Laboratory and real-world application
of ETR have proven that the larger the
differentials of vapor pressure and en-
thalpy between materials and the am-
bient air, the faster the building dries.
There is a disparity between current
structural drying practices and the
value that the EMC chart can provide
to our industry. The humidity ratio or
grains per pound (gpp) was found to
be an ineffective predictor of structural
drying performance because the main
purpose of the humidity ratio (gpp) is
to measure dehumidifier performance.
During the testing reported in this pa-
per, industry standard boilerplate sizing
for dehumidification was not applied.

Laboratory and real-world application of ETR
have proven that the larger the differentials
of vapor pressure and enthalpy between
materials and the ambient air, the faster the
building dries.

and when there is a reduction in mois-
ture content. Numerous factors that
impact the rate that water is removed
from the materials — including den-
sity, permeance, airflow, vapor barri-
ers — are not addressed in this work.
However, all else being equal, the
greater the differential in vapor pres-
sure and enthalpy, the stronger the
force for water to be released.

Conclusions

This paper is the result of a study on the
role of vapor pressure and enthalpy in
drying water-damaged structures con-
taining wood-based products. The use
of the EMC formula provided a founda-
tional base from which the ETR model
was developed. Research from within

in nature and transport moisture via
vapor. Determining vapor pressure
within these hygroscopic materials
below fiber saturation using surface
temperature and saturation vapor
pressure (100% RH) is an inaccurate
measurement and is contrary to the
EMC chart. When EMC conditions
exist, there is no free or liquid water
present within wood-based products.
Therefore, the moisture remaining
within the materials has a relative va-
por pressure and not a saturated vapor
pressure. Based on these findings, va-
por pressure and enthalpy values can
be determined within the materials.
The second law of thermodynamics
can be measured to determine drying
efficiency of water-damaged buildings.
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The transfer of energy is the driving
force in evaporation, not how dry the
air is. Structural drying efficiency can
be measured, validated, predicted and
repeated by understanding the two
key metrics located on the psychro-
metric chart — vapor pressure and
enthalpy. These two measurements
have been integrated into wood-based
building products and a solid founda-
tion is in place to challenge our indus-
try towards the future.

Recommendations for

future research

The role of vapor pressure and en-
thalpy in different types of building
materials, such as sheetrock, concrete,
tile, and carpet, is fertile ground for



additional research. Research in the
area of vapor pressure and enthalpy
differential benchmarks for determin-
ing drying rates, based on the type and
complexity of building materials, will
also be fruitful. By understanding the
dynamics of moisture movement with-
in different materials and assemblies,
industry standards can be determined
based on quantitative data. Finally, an
examination of industry dehumidifi-
cation standards and practices would
be useful in ensuring the most effec-
tive use of these important tools. &
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This chart reflects the process of Energy Transfer Rate (ETR) applied to the psychrometric
chart and the impact on wet, wood-based building materials at fiber saturation conditions.
Note the application of the second law of thermodynamics of high energy (sensible and
latent) moving to low energy. The sensible energy of the air moves to the cooler wet
materials resulting in an increase of vapor pressure and enthalpy within the materials. As
this transfer is taking place, the higher vapor pressure and enthalpy within the materials will
move to the lower vapor pressure and enthalpy in the air. As the system continues to seek
equilibrium, moisture content is reduced until EMC conditions are reached.
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