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The criteriag that have been used for many years in the design of

wood aircraft structuree are based on the assumption of a moisture content
of 15 percent in wood parts, This report presents information on the mois-
ture content of wood airplane parts and other data pertinent to a re-
examination of the deeign criteria.

Presentation of Data

I. Early Studies of Moisture Cortent
of Aircraft Parts

Two studies were made in 1923-24 %0 determine the moisture content
of wood in aircraft parts under actual service conditions at various Navy
and Army air stations, Army air intermediate depots, and factories having
contracts to supply wood parts to these departments, The study for the
Navy was conducted by the Forest Products Laboratory and that for the Army
by the Engineering Division, McCook Field, Dayton, Ohio.

At each station included in the studies, representative parts were
selected that had been in service or storage at each location a length of
time presumed to be sufficient for equilibrium with the existing atmosphere
to be reached, Care was taken to select samvles from materials which pre-
sumably had not been exposed to unusual conditions,

One or more moisture sections 1 inch in length along the grain were
cut from the parts selected, except that for plywood a sample several square
inches in area was taken, Specimens were weighed immediately and were laber
oven-dried to obtain moisture content values. Average values are presented
in tables 1 and 2,

lThis is one of a Beries of progress reports prepared by the Forest Products
Laboratory relating to the use of wood in aircraft, Results here reported
are preliminary and may be revised as additional data become available.

27ab1e 2-3 of ANC-18 MDesign of Wood Aircraft Structures,"
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Spruce (presumably Sitka spruce), ash, poplar (presumably yellow-
poplar), and Douglas-fir are represented by a large number of determinations,
whereas other species are represented by comparatively few specimens. The
combined welghted averages for four of the species, including data from all
sources, are as follows: spruce 12,5 percent, ash 12,3 percent, Douglas-
fir 10.8 percent, and poplar 11.2 percent, The investigators concluded that
the specles had no marked effect on the equilibrium moisture content.

BExtreme conditions in this study were represented by an average mois-
ture content of 9,85 percent for San Antonio, Texas, and 15,3 percent for
Seattle, Washington, It should be noted that these are probably not the
extremes that would be obtained in a more comprehensive series of tests
covering all seasons of the year or including the particularly severe con-
ditions that might prevail at some points or during certain seasons,

II. Matched Specimen Study-in the United States

To obtain data on seasonal changes and on the effect of location
and of protective coatings, a series of tests on matched specimens was
conducted by the Forest Products Laboratory at 10 locations in the United
States over a period of 27 months (April 1925 to July 1927),

Two species, Sitka spruce and ash, were used, All specimens were
prepared at Madison where they were conditioned to constant weight at 80°¢
E and 50 percent relative humidity, both before and after the application
of coating to some of the specimens, The panels (5/8 inch thick by 4
inches wide by 8 inches long) were wrapped in waxed paper for shipment.
Nine panels of each species were exposed at each location., They were sus-
pended under cover where they were protected from rain or snow, but were
subject to all changes of temperature and relative humidity,

Three specimens in each location were left uncoated; three were
finished with a filler and three coats of spar varnish, and three were
covered with an aluminum leaf coating,

Fach specimen was weighed monthly, Table 3 lists for both species
and for the three coating conditions, the maximum and minimum values found
for an individual specimen during the period of the observations, together
with averages over the period. Figures 1 (Sitka spruce) and 2 (ash) show
the variations of average values over the period at each of the 10 loca-
tions,

This investigation led to the conclusions that the fluctuations of
ash and spruce were not materially different; that of the locations covered
by the study, the Northwestern portion of the United States showed the
widest fluctuations of moisture content during the test period; and that the
type of coating used materially affected the range of moisture content ex-
perienced, with aluminum leaf coating showing a superior protective value
as comparel to filler with three coats of spar varnish,
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III. Aircraft Wing Study

A study of temperature and moisture content in wood aircraft wings
was undertaken in 1943 through the cooperation of laboratories in different
parts of North America, The study includes data for determination of moils-
ture content of solid Sitka spruce and of birch veneer specimens placed ab
representative positions within two wooden Anson bomber wings located in
fixed positions on the ground, Tests were made at Tucson, Arizona, and
Madison, Wisconsin, in the United States, and at Ottawa, Ontario, and
Prince Albert, Saskatchewan, in Canada.

Reports have been igsued covering $he full test period of approxi-
mately 1 year for Canadlan® stations, and for the first 4 months of the
test period for the stations in the United States.® The data for the
balance of the year at Madison were available from original records,

For these tests one group of Sitka spruce specimens, consisting of
four sticks 1-1/2 by 1-1/2 inches in cross-section by 11 inches long, vas
placed at each of four locations in each wing, and one group of birch
veneer gpecimens, consisting of three pieces of 1/48-inch veneer 1-1/2
inches wide by 5-1/2 inches long was placed at each of seven locations in
each wing,

All of the veneer specimens, including reserves for possible replage-
ments, needed for the two stations in the United States and for the stations
in Canada, were rotary-cut at Madison from a single birch log., Similarly,
all spruce specimens for the United States and Canada were cut at Madison
from adjacent parts of a single log that had been air-seasoned for several
years, The birch was dried in a regulation veneer drier at 175¢ F, for
approximately 4 minutes, with a resulting moisture content estimated at
from 8 to 12 nercent., All specimens of both types were brought to constant
welght in 65 percent relative humidity at 80° F,, and the weight when oven
dry was calculated from the weight of each specimen and its moisture con—

tent as determined by oven-drying suitable cuttings,

The specimens were shipped from Madison wrapred in 2luminum foil
(foil, paper, paper, foil) sealed with cellulose tape.

The relatively large Sitka spruce specimens were intended to reveal
chiefly the soasonal changes in average moisture content, therefore speci-
mens were used in groups of four, One specimen of the group was weighed
each week, choosing specimens from the group in rotation so that any one
specimen was weighed only once in 4 weeks. The thin dirch specimens were

éCanada ~- Forest Products Lasboratories. Study of temperatures and mois—
ture contents attained in wooden aircraft wings in different climates,
Progress reports 1-6, project 239,

éUnited States - Forest Products Laboratory. Study of temperature and
moisture content in wood aireraft winge in different climates; first
progress report, June to October 1943, Remort No, 1597, February, 1944,
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used to follow the rapid daily fluctuations., Three weighing schedules
were used for the veneer specimens, depending on weather conditions, butb,
in general, at least one specimen was weighed daily (except Sunday) from
each of six locations.,

The data at Tucson, Arizona, are not considered in this report; as
moisture conditions at that location, as would be expected, were consider-
ably lower than at Madison or the Canadian stations.

The annual variation of moisture content for Sitka spruce specimens
at Madison is shown in figure 3. The four lower curves show the variation
of the average moisture content for the eight specimens (located in differ-
ent parts of the wings) in each set (51 to S4). As previously noted, these
weights were obtained at 4-week intervals, a different det being weighed
each week, The upper curve shows the same data plotted in sequence week
by week., The trend of this composite curve is in substantial agreement
with the individual curves below it, Although the four sets were of match-
ing material, the composite (top) curve may reflect minor variations in
moisture equilibrium characteristics, as well as trends in equilibrium
conditions resulting from changes in the angle of incidence of the sun on
fixed wings,

Flgure 4 presents a comparison of the average moisture content for
Sitka spruce specimens at Madison, Ottawa, and Prince Albert from June 1943
to August 1944, These curves are of the composite type shown at the top
of figure 3, The seasonal variations at the three locations were similar
for the period covered by these tests.

Figure 5 shows the maximum, minimum, and average moisture content
values for Sitka spruce specimens at Madison, Ottawa, and Prince Albert,
These curves are also of the composite type similar to the upper curve of
figure 3.

Figure 6 is a graph showing the seasonal variation of moisture con-
tent for the average of three birch veneer specimens at Madison. A fourth
specimen for which similar readings were taken was not included in this
group because of soaked conditions resulting from a leak in the wing cover-
ing, The three specimens ¥1V1, E3V4, and W3V4 were, in most cases, weighed
daily except Sunday for 1 year from July 24, 1943, except for an interval
from April 15 to May 12, 1944, The fluctuations in the curve, therefore,
represent actual variations in the average moisture content of the three
specimens,

Figure 7 shows the daily variation in moisture content for the aver-
age of two birch veneer specimens E5V4 and W5V4, These specimens were
located direetly above holes (about 1 inch in diameter) in the lower skins
of the wings, and as a consequence were probably affected by the entrance
of moist air or possibly direct moisture in the form of wind-driven rain
or snow., This curve shows a large variation from day to day as compared
to the corresponding curve for fully enclosed specimens (fig. 8),
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The moisture content values reported for veneer snecimens included
in this study were based largely on weights obtained at 8 a.m, In some
instances, weights were not taken at that hour, In such instances, the
weights obtained at another hour were used, although it is recognized this
has the effect of making the data somewhat more variable,

Figure 8 presents cumulative freguency distribution curves for all
moisture content values obtained on Sitka spruce specimenc at Madison from
July 24, 1943 to July 24, 1944; at Ottawa from August 9, 1943 to July 31,
1944; and at Prince Albert from August 16, 1943 to August 7, 1944, Each
of the curves thus includes data from approximately 13 readings on each of
32 specimens,

Figure 9 shows, for each of the three stations, the cumulative
frequency distribution of the highest of the eight individual moisture con-
tent values observed each week for 1 year en Sitka spruce specimens,

Figure 10 shows the cumulative frequency distribution of moisture
content values for the two groups of yellow birch veneer specimens used in
the aircraft wing studies at Madison for the period from July 24, 1943 to
April 14, 1944 and from May 13 to July 24, 1944, Curvee A and C include
all observations (nominal daily) on the specimens in each group., Curves B
and D include only the maximum observed value (nominal daily) for each
group. Specimens included in curves A and B were located in enclosed posi-
tiens; those included in curves C and D were located above the l~inch holes
previously mentioned,

Table 4 summarizes average moisture content values and other data
for all Sitka spruce specimens and for two groups of birch veneer specimens
included in the aircraft wing study. Included are numbers of specimens and
various percentage values obtained from the data and the appropriate fre-
quency curves (figs, 8 to 10).

IV, Flight Conditions

An attempt to obtain data comparing ground with flight conditions
was made in Australia® in connection with the study of aircraft wings in
service,

Two flight tests were made to determine the rates at which terpera-
ture and moisture content change in various positions in aireraft wings,
Hoisture content measurements were made by means of electrical resistance
readings ("Techtron" moisture meter) between pairs of electrodes placed in
the wood at selected positions, The actual measurements were carried out

§Australia ~ Council for Scientific and Industrial Research, Division of
Forest Products, Temperatures and Moisture Contents of Wooden Aircraft
Wings in Service; Project TP13; Progress Report 1, No, 1, first report
on experiment TP13-X~2, Flight Tests Conducted at Laverton during
February, 1944,
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on a test cell representing a typical section of the wing from top to
bottom skins, including a box spar section, This cell was carefully built
into and made an integral part of the starboard wing of the plane,

The attempts made to measure the moisture content of the cell were
not entirely successful, While at rest on the ground satisfactory readings
were obtained with the moisture meter, but as the aircraft cooled down in
flight many of the readings fell below the range of the meter,

The report concludes, "It would aspnear that moisture content changes

occur only slowly and values attained on the ground must be taken as per-
sisting during flight."

Discussion of Data

It is difficult to determine upon a moisture content value for use
in aireraft design that correctly weighs all possible factors, These in-
clude species, types of materials, protective coatings, volume and exposed
surface area of wood members, effect of glue lines, geographical location,
weather conditions, seasonal variations, exposure to the elements, rela-
tions for ground and flight conditions, relative proportilon of use under
different conditions, and the like. Furthermore, since most strength
properties of wood decrease with increase in moisture, it 1s necessary to
give consideration to exireme conditions that may be encountered, On the
other hand, it would not appear to be reasonable to penalize a large per-
centage of aircraft by requiring that the most extreme possible condition
be applied %o all design.

Flight Conditions

The determination of moisture content in wood ajrcraft under flight
conditions is extremely difficult, As noted in item IV under "Presentation
of Data" such information as it available on the effect of flight condi-
tions on moisture content pointe to the conclusion that for purposes of
studying moisture content conditions in aircraft, ground conditions may be
accepted as persisting in flight,

Ground Conditions

The data available in items I, II, and III under "Presentation of
Data" are obviously not representative of all conceivable ground conditions
in the United States and Canada, nor do they include any information as %o
relative use,

Tables 1 and 2 show that the aversge moisture content for samples

taken from representative aircraft or aireraft parts throughout the United
States (item 1) was in the vicinity of 12 percent, with a maximum value of
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15,3 percent for soecimens selected at Seattle, Washington, in November,
1923,

The combined weighted average for Army and Navy material from the
data in item I was 12.5 percent for spruce and 12,3 percent for ash, Other
studies also indicated little difference ia the equilibrium value for vari-
our species commonly used in aircraft.

Table 3, presenting data for ash and spruce panels at 10 different
locations in the United States (item II) shows an average of 12.6 percent
for uncoated material of both species. The time and locations of exposure,
type of material, type of specimens, and manner of exposure were quite
different for this study than for the Army-Navy studies (item I), but it is
notable that the species averages are approximately the same and that tie
highest average and maximum values were also obtained in the Pacific
northwest (Priest River, Idaho),

Table 3 shows that awverage and maximum values were greatly reduced
for finished specimens as compared to uncoated specimens. Both coatings
used are much superior to those in current use in aircraft, and in general,
the effectiveness of most currently used protective coatings is subjectto
question, Studies at the Forest Products Laboratory, including the work
reported in Report No, 1597, indicate that it is doubtful whether two coats
of aircraft sealer now commonly specified in the United States exert any
appreciable effect on the moisture content or the daily changes in molsture
content,

Table 3 further shows that the average values for Madison, Wisconsin,
are nearly as high as for Priest River, Idaho, for uncoated specimens, and
are among the higher values for maximum moisture content attained., It
would, trerefore, ampear that the values obtained in the aircraft wing
studfes (item III) at Madison are representative of the more severe condi-
tions likely % 0 De encountered in the United States,

Wing sitdiss at the three locations selected for consideration
(Madison, Prince bloert, and Ottawa) are not entirely representative of
aircraft materials for several reasons?

(1) All specimens were uncoated.

(2) It is not known how well the moisture conditions during the
period covered by the test represent either average or extreme conditions,
both as regarde the period as a whole and the seasonal variations,

(3) The spesimen types and sizes do not fully represent all mate-
rials used in airvraft, and the moisture content attained by the specimens
is considerably affected by their location.

(4) The wings used in these studies were mounted in fixed positions
close to the ground, Had the wings been oriented differently, temperatures
within the wings would presumably have been affscted, with consequent
change in moisture content values as well.
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Figure 3 shows that at Madison, seasonal variation of moisture con-
tent for the four groups of Sitka spruce specimens considered as a whole
follows the trend exhibited by each of the individual groups., TFigure 4
indicates that the variation of average values at Prince Albert and Ottawa
1s essentially similar to that at Madison.

Conditions at the two Canadian stations appear to be somewhat more
severe than at Madison, although the differences in average and maximum
values for Sitka spruce specimens as shown in figure 5 and in columns 7 and
8 in table 4 are not large. In the case of maximum values, it should be
noted that during the period from January 28 to May 13, 1944, specimens in
location Wl at Madison were water soaked as a result of leakage through a
break in the surface material of the west wing. The measured values were,
therefore, replaced by values computed from the average of the other seven
specimens, based on the ratio of moisture content values for location Wl
to the average of the remaining seven locations for the balance of the
year,

Figures 1 to 5 show that isolated determinations of moisture content
as obtained in the Army-Navy study (item I) cannot be relied upon to yield
data for either average or maximum conditions,

Veneer specimens were included in the aircraft wing studies largely
to indicate the most extreme conditions that could be expected to prevail
in the wings, These specimens were sufficiently small to reach equilibrium
with surrounding conditions in a few hours, Figure 6, showing almost daily
moisture content values for the average of three specimens over an exteaded
period, presents evidence that the variation of equilibrium conditions from
day to day is large., The trend of this curve is similar to those repre-
senting the larger Sitka spruce specimens (figs. 3 to 5). It may also be
noted that the average value, 13.0 percent, is relatively little higher
than the Sitka spruce average, 12,4 percent, for Madison, although the
average woulcl probably be somewhat higher if data were included for the
period from April 15 to May 12, 1944,

The location of the veneer specimens within the wings has a consid-
erable effect on the moisture content attained, Hoisture content values
for specimens E5V4 and W5V4, which were located above l-inch holes, were
obtained at the same intervals as for the three specimens included in
figure 6; but, as indicated in figure 7, it is evident that the range of
moisture content for these specimens is much greater than for those located
in less exposed positions, and the average value, 15.2 percent, is also
considerably higher,

Table 4 (column 9) shows that the average of the maximum moisture
content values obtained at each observation date was approximately 15 per-
cent for spruce specimens, This average is some 2 percentage points
higher than the average of all observations (column 7). TFor veneer specCi-
mens the corresponding average was 1 percentage point higher than the annual
average, and again the average maximum value was in the viecinity of 15
percent,
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A study of the distribution of observed moisture content values for
1 year brings out the various relations somewhat more clearly., Columns 11
to 14 in table 4 summarize pertinent data obtained from cumulative fre-
quency curves, figures 8 to 10.

Figures 8 and 10 and columns 11 and 12 in table 4 show the distri-
bukion of all moisture content values measured on each specimen type dur—
ing the l-year period, There is no means of determining from these data
the manner in vhich specimens having a moisture content higher than some
particular value are distributed. That is, the high values might all occur
within a short period, or might represent a very few specimens, If only
the maximum value obtained at each observation date is considered, however,
irrerpective of the specimen on which it occurs, (as in figure 9 and columns
13 and 14 in table 4) the percentage of the year during which such maximum
values occurred may be approximated, Thus, from these data it would appear
entirely possible for solid uncoated Sitka spruce material within aircraft
wings to exceed 15 percent moisture content more than one-half the time
(column 14) under conditions that would appear to be fairly common in the
United States and Canada, Similarly, from these data (column 13), it ap-
pears that some portion of the material could be expected to exceed the
annual average moisture content approximately three~fourths of the time.

Surprisingly, for thin veneer specimens other than those located
near drain holes, the probability of exceeding 15 percent moisture content
appears to be conciderably less than for the larger spruce specimens, and
even for those veneer specimens located near holes, the percentage of time
in which at least one specimen exceeded 15 percent was approximately the
same as for spruce,

This may possibly be explained by the tendency of larger specimens
(or aircraft parts) to lose moisture slowly, If conditions that would
produce a high moisture content persist long enough for the material to
reach a high value, a temporary reduction in equilibrium conditions, which
might bring sbout a substantial decrease in the moisture content of thin
specimens or varts, may have little effect on larger narts,

Surmary

The data summarized in this report indicate that the present value
of 15 percent moisture content used in wood aircraft design is not high
enough to include all conditions of service, This is anparent from the
results of tests on actual aircraft parts (tables 1 and 2) in vhich values
exceeding 15 percent were measured.

Studies on matched specimens at various locations (table 3) show
that on uncoated material maximum values considerably in excess of 15 per-
cent were found in many parts of the United States, and that the 15 percent
level was exceeded even in the case of varnished material. On the other
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hand, the conditions of exposure for these specimens were quite different
from those encountered in aircraft structures.

The sircraft wing study showed that, during the period of 1 year
covered by the observations, moisture content values in excess of 15 vpercent
occurred in one or more uncoated specimens on more than one-half of the
dates on which measurements were made., The use of finishing materials on
aircraft parts might tend to reduce the probability of high moisture con-
tent to some extent as compared to the unfinished wood, but it is question-
able whether the two coats of aircraft sealer now commonly specified can be
relied upon to exert any substantial effect. Flight conditions, or differ-
ences in exnosure on the ground, might lilewise be expected to influence
the moisture content, but it would not seem justified to rely wupon any
considerable reduction when dispersal of planes on the ground in stationery
positions is o distinet possibility,

“he determination of a proper design melsture content would avpear
to depend largely upon a decision as to whether such a design value is to
be fixed at a level high enough to includes (1) all, (2) a substantial
percentage, or (3) some lesser percentage of moisture content values that
night ve encountered under severe conditions,

(1) 7o include all specimens under severe conditions would require
a derign value of at least 24 nercent.

(2) To inclnde a substantial mercentage of moisture content values
that might be encountered; and to ingure that the design value would be
exceeded only a small pronortion of the time under severe conditions, vould
require an increase in the deeign level to some 17 or 18 percent.,

(3) In the recorded data, the present 15 percent design value is
excoeded snmewhat more than half the time, but, for the United States and
Canada as o whole, the percentage of time in which the 15 nercent level is
exceeded might be quite different if data were available on the proportion
of use under varring conditions,
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! Standard warpish finish: Alumions leaf coating
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Laofrﬂn of these specimens were not furnished each month and the results are thersfore not strictly comparable with those from other stations where complete records
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Figure 1.--Fluctuations in moisture content of spruce panels at several
locations in the United States, from a matched specimen study conducted
from 1925 to 1927,
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Figure 2.--Fluctuations in moisture content of ash panels at several loca-
tions in the United States, from a matched specimen study conducted from
1925 to 1927.
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of eight specimens each of Sitka spruce, and a combination
of the four sets.
20
”
s 2
=N A Sy
I BAVA
Lo \
® i e\ EDAN] 1y A I
2 L 2o WO i\ f
\‘\/I \\ ,_, / \ |~ |
./ ‘\\ 1’\ L / \ \ / r
W >
)
LEGEND
] AVERAGE
STATION MOISTURE CONTENT
‘ MADISON 12.4
PRINCE ALBERT 2.8
OTTANA 2.8
2
| I | |
ofe. JAN. APR, MAY  JUNE ALY AUS.

1944
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specimens included in aircraft wing studies at three
locations.
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moisture content values for Sitka spruce specimens in-

cluded in aircraft wing studies at three locations.
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two yellow birch veneer specimens located near drain
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Figure 8.-~Cumulative frequency distribution of all moisture
content values obtained on Sitka spruce specimens used 1in
aircraft wing studies at three locations, for a period of

1 year.
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moisture content values obtained each week for a period
of one year, from observations on Sitka spruce specimens
used in aireraft wing studies at three locations.
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Figure 10.--Cumulative frequency distribution of moisture
content values for two groups of yellow birch veneer
specimens used in aircraft wing studies at Madison,

Z ¥ 61306 F Wisconsin, from July 24, 1943 to July 24, 1944,
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