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Abstract
Minimizing wood shrinkage is a priority for many wood 
products in use, particularly engineered products manu-
factured to close tolerances, such as wood propellers for 
unmanned surveillance aircraft used in military operations. 
Those currently in service in the Middle East are experienc-
ing performance problems as a consequence of wood  
shrinking during long-term storage at low equilibrium mois-
ture content conditions prior to installation. To evaluate the  
extent of shrinkage, seven sugar maple (Acer saccharum) 
veneer propellers were dried from 11% to 3% moisture  
content in a controlled environment of 150°F (65°C) for  
3 days. Two of these wood propellers were encased in 
polyethylene bags. Results showed 5 to 20 times more 
shrinkage for the thickness of the propeller hub and the hub 
face perpendicular to the propeller blades (across the grain), 
respectively, compared with the hub face parallel to the 
blades (along the grain). Two hubs, coated with aluminum 
oxide paint, showed dimensional changes similar to those 
observed for uncoated hubs. For the two wood propellers 
encased in polyethylene bags, moisture loss was slowed dur-
ing the course of the experiment by roughly 46%. Wrapping 
the wood propellers prior to shipping would slow moisture 
desorption, thereby minimizing shrinkage during short-term 
storage. Processing the propellers at a lower equilibrium 
moisture content would minimize shrinkage during  
long-term storage.
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To convert item To Multiply item by

Thousand board feet 
nominal lumber m3 (nominal) 2.36 

1 b.d.u. chips tonne 2400/2205 

1 short ton residue tonne 2000/2205 

1 yard3 shavings short ton 27 × Da × BDb/2000
aD, species density 
bBD, bulk density factor (0.25)

Inches                       Centimeters               2.54       
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Introduction
The Forest Products Laboratory (FPL) has played a major 
role in wood propeller research since 1917. During World 
War II, FPL published two significant publications about 
its work on the manufacture and design of wood aircraft 
(including propellers). Wood continues to play a significant 
role in military operations around the world (Risbrudt and 
others 2007) in a wide variety of applications, from portable 
structures to propellers for unmanned surveillance aircraft.

Knowing the temperature and relative humidity conditions 
a wood product will be exposed to in service is essential 
for maintaining the product’s dimensional stability, whether 
it is used for decking applications or wood propellers for 
military aircraft. The equilibrium moisture content (EMC) 
of wood is a function of the temperature and relative humid-
ity conditions of its surroundings. Table 1 (Simpson 1998) 
illustrates typical EMC values for wood at various combina-
tions of temperature and relative humidity (RH). 

Sugar maple (Acer saccharum) is a hardwood tree species 
whose wood is typically kiln-dried to a moisture content 
(MC) of 6% to 8% prior to use in interior applications. 
When freshly cut, sugar maple wood can have MC values 
as high as 72% (green condition). As it dries, wood shrinks 
considerably. As shown in Table 2, sugar maple wood 
shrinkage is greatest in tangential and radial directions  
(perpendicular to the longitudinal axis of the wood’s fibers). 
Longitudinal shrinkage from freshly cut green condition to 
a dry condition (approximately 0% MC) is small (roughly 
0.2%) compared with both radial and tangential shrinkage 
values (Alden 1995, FPL 1999). 

Recently, a supplier of wooden propellers to the U.S. De-
partment of Defense contacted FPL with a question regard-
ing the shrinkage of their product during storage in the 
Middle East. Specifically, their wood propellers, which are 
used on unmanned surveillance aircraft in Iraq and Afghani-
stan, are experiencing fitting problems because of excessive 
shrinkage. Excessive wood shrinkage of the hubs of these 
propellers causes misalignment of hub-bolt holes, which 
can cause installation problems and subsequent performance 
issues. The study summarized in this report was designed 
and conducted to quantify the amount and location of wood 
shrinkage of the hubs in response to the high temperature 
and low relative humidity conditions encountered during 
storage. 

Materials and Methods
Seven wood propellers were supplied 
to FPL for experimental evaluation by 
Sensenich Wood Propellers, Plant City, 
Florida. Each propeller was machined 
from a 16-ply sugar maple veneer blank 
(Fig. 1) manufactured by Burkel, Inc., of 
Oconto Falls, Wisconsin. Moisture con-
tent of the blanks varied from approxi-
mately 5% to 7%. Wood propellers 29 in. 
(73.7 cm) tip-to-tip were machined from 
the blanks by Sensenich at their Plant 
City facility. Moisture content of the fin-
ished propellers was approximately 9% to 
10%. These seven wood propellers were 
not coated with any finish.

The following testing protocol was used 
to prepare and evaluate shrinkage of the 
propellers: 

Upon receipt, the uncoated propeller 
specimens were initially inspected and 
allowed to come to equilibrium at 74°F 
(23°C) and 65% RH (roughly  
12% EMC). The procedure after  
conditioning was as follows:

1. Each specimen was labeled. 

2. Two specimens had their center hole 
coated with aluminum oxide paint.

3. Two specimens were sealed in polypro-
pylene bags during the entire 3 days of 
the experiment to examine the efficacy 
of the plastic for minimizing moisture 
loss. 

4. The weight of each propeller was  
determined. 

5. The hub and bolt hole dimensions of 
each specimen were measured.

6. Each specimen was dried in a testing 
oven at approximately 150°F (65°C) 
for 3 days.

Figure 1—An 
unfinished 
wood propeller 
provided to  
the Forest  
Products  
Laboratory  
for evaluation. 
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Steps four and five were repeated during each specimen’s 
exposure in the drying oven. For each of the five specimens, 
62 points were measured seven times over a period of  
3 days to evaluate the shrinkage. An example of the points 
measured for Propeller No. 1 is listed in the Appendix. 
Grain orientation was also determined through physical 
inspection of the blade tips. Horizontal direction (along the 
grain) corresponded to No. 2 to No. 4 (side-to-side) bolt 
holes, and the vertical direction (across the grain) corre-
sponded to No. 1 to No. 3 (top-to-bottom) bolt holes  
(Fig. 2).

The following were recorded: 

1. Average diameter values for all bolt holes, the bore hole, 
and counterbore holes

2. Specimen length measurement from the edge of the hub 
to the blade tip 

3. Specimen width and thickness measurements 6 in. from 
the hub

Note that a temperature of 150°F (65°C) was chosen for 
testing in an attempt to simulate the environmental condi-
tions that would be expected during long-term storage in a 
metal pole building in Iraq and Afghanistan. After 3 days, 
all seven specimens were oven-dried and their oven-dried 
mass determined.

Results
The sugar maple veneer wood propellers dried from 11% to 
3% MC showed significant shrinkage differences for both 

the hub thickness and hub face perpendicular to the blades 
compared with the hub face parallel to the blades. Figures 3 
and 4 indicate shrinkage values for various sections of the 
propeller hub.

The two wood propellers that were sealed in polyethylene 
bags decreased only 3.7% compared with the non-bagged 
propellers’ moisture loss of 8%. Encasing the wood propel-
lers in polyethylene bags slowed the drying rate by roughly 
46%.

Two of the wood propeller hubs coated with aluminum  
oxide on the hub bore and counterbore showed dimensional 
changes similar to the three uncoated hubs. 

Using tangential and radial dimensional change coefficients 
of 0.00353 and 0.00165, respectively, and longitudinal 
shrinkage of 0.2%, the tangential, radial, and longitudinal 
shrinkage values were calculated for an MC change from 
11% to 3% (Table 3). These results were used along with 
physical inspection to determine approximate grain orienta-
tion of the wood propeller (FPL 1999).

Figures 5, 6, and 7 illustrate plots from actual measurements 
demonstrating the shrinkage of different sections including 
the hub counterbore and the top and side bolt holes. 

Discussion
Very close tolerances are required for wood propellers used 
in military operations; therefore, any dimensional changes 
may affect the engine performance. Knowing the extent 
of shrinkage from long-term storage in high-temperature 
environments is required for the safe operation of these 
unmanned military aircraft. Based on dimensional changes 
calculated for these wood propellers in the tangential, radial, 
and longitudinal directions during drying, the following 
points were noted. The longitudinal, radial, and tangential 
shrinkages mostly occurred along the length of the propel-
ler (along the grain), along the thickness of hub (across the 
plies), and along the face of the propeller perpendicular to 
the blades, respectively. For any direction, the amount of 
shrinkage is affected by changes in temperature and rela-
tive humidity. In Iraq, temperatures of 150°F (65°C) may 

Table 1—Typical equilibrium moisture content values for wood at various temperature and relative 
humidity (RH) combinations  

Equilibrium moisture content (%) at various percentage RH values Temperature 
(°F (°C)) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75  80 85 90 95 
  30 (–1.1) 1.4 2.6 3.7 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.4 11.3 12.4 13.5 14.9 16.5 18.5 21.0 24.3
  50 (10.0) 1.4 2.6 3.6 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.3 11.2 12.3 13.4 14.8 16.4 18.4 20.9 24.3
  70 (21.1) 1.3 2.5 3.5 4.5 5.4 6.2 6.9 7.7 8.5 9.2 10.1 11.0 12.0 13.1 14.4 16.0 17.9 20.5 23.9
  90 (32.2) 1.2 2.3 3.4 4.3 5.1 5.9 6.7 7.4 8.1 8.9 9.7 10.5 11.5 12.6 13.9 15.4 17.3 19.8 23.3
110 (43.3) 1.1 2.2 3.2 4.0 1.9 5.6 6.3 7.0 7.7 8.4 9.2 10.0 11.0 12.0 13.2 14.7 16.6 19.1 22.4
130 (54.4) 1.0 2.0 2.9 3.7 4.5 5.2 5.9 6.6 7.2 7.9 8.7 9.4 10.3 11.3 12.5 14.0 15.8 18.2 21.5
150 (65.6) 0.9 1.8 2.6 3.4 4.1 4.8 5.5 6.1 6.7 7.4 8.1 8.8 9.7 10.6 11.8 13.1 14.9 17.2 20.4

Table 2—Shrinkage of sugar maple 
wood (Acer saccharum)

Shrinkage (%) at  
three MC levels 

0 %  6 %    20 % 
Tangential 9.9 7.6 3.2 
Radial 4.8 3.9 1.6 
Volumetric 14.7 11.9 5.0 
a Green condition to indicate final moisture content 
value. 

Table 3—Comparing shrinkage for tangential, radial, and longitudinal 
directions 

Distance 

Initial 
reading 

(in.)

Expected
tangential 

change (in.) 

Expected
radial

change (in.)

Expected
longitudinal 
change (in.) 

Actual
change

(in.)

Top to bottom  
bolt holes 

2.168 0.061 0.029 0.004 0.057 

Side to side  
bolt holes 

2.166 0.061 0.022 0.004 0.006 

Hub thickness 1.634 0.046 0.022 0.003 0.030 
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be reached in closed metal storage facilities during July and 
August. This increase in temperature significantly lowers the 
EMC, causing shrinkage up to 20% more than expected.

As found in use, the distance between the top and bottom 
bolt holes (across the grain) shrank significantly more than 
the side-to-side bolt holes (along the grain) because of the 
different grain orientation. Wood is an orthotropic material; 
therefore, wood has different properties depending on grain 
orientation. For most species, tangential shrinkage is ap-
proximately twice the radial shrinkage. Therefore slightly 
altering the grain orientation by 10 degrees for subsequent 
veneer plies during veneer blank manufacturing may reduce 
the difference in shrinkage between the vertical and horizon-
tal directions.

Coating only the bore and counterbore holes of the hubs 
with aluminum oxide did not retard moisture loss; therefore, 
this minimal level of coating is not useful as a moisture 
barrier. Aluminum paint has been shown to significantly re-
duce moisture sorption in wood products (FPL 1999). Even 
though aluminum oxide coating did not slow the rate of 
moisture loss, it does provide a hard protective coating for 
the hub, thus reducing wear. 

Recommendations
The following recommendations can be made to address 
engine performance problems from shrinkage of wood pro-
pellers stored in high-temperature environments: 

•	Maintain the MC of the wood propeller at 6% during the 
entire manufacturing process for both sugar maple veneer 
blanks and wood propellers to limit the effect of in-use 
shrinkage. This percentage is less than the median of 
6.9% EMC that the propellers would be exposed to during 
the summer and winter months in Baghdad, Iraq. A lower 
MC than the median would be prudent because of the un-
certain length of time the wood propeller may be stored in 
a high-temperature environment.

•	Vacuum pack both the veneer blank and the finished wood 
propeller in an airtight polyethylene bag for transport and 
storage. Encasing the propeller would limit shrinkage dur-
ing short-term storage in high-temperature environments.

•	Remove the propellers from dry storage and unwrap at 
least 2 to 4 weeks prior to installation. This will give the 

Figure 2—Wood propeller hub.

Table 1—Typical equilibrium moisture content values for wood at various temperature and relative 
humidity (RH) combinations  

Equilibrium moisture content (%) at various percentage RH values Temperature 
(°F (°C)) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75  80 85 90 95 
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Figure 3—Dimensional change     for the propeller hub bore and counterbore.

Figure 4—Dimensional change     of the spacing of the bolt holes.
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Figure 5—Dimensional change of an outer hub section during evaluation.

Figure 6—Dimensional change of the top bolt hole during evaluation.
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wood time to equalize to the surrounding in-service  
EMC, thus minimizing performance problems caused  
by shrinkage. 

•	 Track dates of manufacturing, transportation, and storage 
of the wood propellers. Better tracking will allow the use 
of the first-in first-out method to minimize the storage 
time of wood propellers and to also help resolve any  
potential problems in the future.
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Appendix—Wood Propeller Dimensions for Propeller No.1


