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Pilot-scale drying of southern pine (Pinus spp.) lumber in a heated tube 
dryer
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Drying is essential for preserving the strength and durability of wood and wood 
products. This study aimed to evaluate the performance of a pilot-scale tube-
type lumber dryer. Solid sawn rough green southern yellow pine (Pinus spp.) 
specimens, approximately 2 inches thick by 6 inches wide,  and  12  feet long 
(≈ 5 cm × 15 cm × 3.66 m), were inserted into heated tubes for drying. The pi-
lot scale dryer had four sealed (but open at each end) steel heated tubes, and 
each tube was sized to hold four specimens. Each tube was 36 ft (≈11 m) long. 
The  temperature  of  the  tube  was  controlled by  rapidly  circulating  hot  air 
about the tubes’ exterior. Each tube had 3 temperature zones, and each tem-
perature zone was controlled individually. Each lumber specimen was inserted 
into zone 1 and dried for a specified amount of time, and then advanced to 
zone 2 and zone 3. The delta moisture content of dried specimen was calcu-
lated based on the initial and final weight and final moisture content. The re-
sults showed that the delta moisture content was greatest at 425-425-400 °F 
(≈218-218-204 °C) and lowest at 400-400-350 °F (≈204-204-177 °C). Greater 
weight-loss rates were observed in the dried lumbers within the temperature 
range of 375-375-375°F  (≈191-191-191 °C).  In summary, this device rapidly 
dried the lumber, and moisture content standard deviations were relatively 
high.

Keywords: Delta Moisture Content, Varying Temperature Zones, Southern Yel-
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Introduction
As a biological and natural material, wood 

changes in response to its surrounding en-
vironment.  It  can be affected by weather 
factors such as air humidity, precipitation, 
biological  issues,  radiation  (UV,  IR),  etc. 
Drying  is  an  indispensable  aspect  within 
the realm of wood processing,  leading to 
significant enhancements in the material’s 
physical characteristics, mechanical proper-
ties, dimensional stability, and its suitability 
for coatings (Liu et al. 2019, 2021, Liu & Hu 
2021, Wan et al. 2021). Lumber with a mois-
ture content (MC) below 20% is highly resis-
tant to fungal issues like stain, decay, and 
mold. Dry lumber is stiffer than wet, there-
by  enhancing  its  structural  performance. 
Fasteners  perform  better  in  dry  as  com-
pared to wet lumber. Products from prop-
erly  dried  lumber  experience  minimal 
shrinkage and develop  better  gluing,  ma-

chining,  and  finishing  performance.  Addi-
tionally,  lumber  intended  for  treatment 
with fire retardants or preservatives should 
be partially dried to facilitate chemical pen-
etration (Denig et al. 2000).

Energy is essential to evaporate moisture 
during wood drying. Free water evaporates 
readily,  while  removing  bound  water  re-
quires increasing energy as MC decreases 
(Penvern et al. 2020). Proper temperature 
control in drying is crucial. Higher tempera-
tures  hasten  drying  but  prolonged  expo-
sure to wood, and cause defects like check-
ing,  cracking,  and warping,  while also im-
pacting  its  color  and  deterring  pests  (Ol-
tean et al. 2007). Proper humidity control is 
essential for quality drying, with lower rela-
tive humidity accelerating the process but 
potentially  causing  issues  like  cracking, 
splits, and honeycomb in some cases (Sun-
dararaj 2022, Elustondo et al. 2023). Balanc-

ing time, temperature, and relative humid-
ity to achieve the desired MC and quality 
can be challenging.

Various  wood  drying  methods  exist,  in-
cluding shed air drying, forced air shed dry-
ing,  warehouse  pre-drying,  low-tempera-
ture kiln drying, platen vacuum drying, de-
humidification  drying,  and  conventional 
steam-heated  kiln  drying  (Denig  et  al. 
2000). Platen drying of lumber is a means 
by which wood is rapidly dried via conduc-
tive heat. There, smooth heated platens di-
rectly contact the wood surfaces and thus 
transfer energy to the wood directly.  The 
selection of each method hinges on factors 
like cost,  equipment  availability,  wood 
properties, and environmental factors.

Southern yellow pine (Pinus spp.) lumber 
and  plywood  are  commonly  used  in  con-
struction  due  to  its  notable  strength 
among  softwood  species  (Wang  et  al. 
2018).  It  is  distinguished by  its  significant 
resin  canals  and  distinct  abrupt  growth 
rings,  which  feature  wide  and  prominent 
latewood  bands.  These  wide  latewood 
bands can slow the drying process and in-
duce  internal  stresses  due  to  varying 
shrinkage behaviors. The abrupt transition 
from  earlywood  to  latewood  can  create 
stress  concentrations  within  the  wood, 
making  it  more  susceptible  to  internal 
stresses and defects such as checking and 
splitting.  The  latewood percentage varies 
from approximately 25% to 60%. In younger 
and more rapidly grown plantation trees, 
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the  latewood  percentage  is  generally 
lower in this range. The latewood percent-
age is often at the higher end of this range 
in older, more mature, slower-grown trees. 
Based on the author’s experience, the ini-
tial  moisture  content  of  freshly  sawn 
southern  pine  lumber  is  approximately 
110%, on a dry basis. The specific gravity of 
pine  varies  from  approximately  0.50  to 
0.60.

With  respect  to  structural  lumber,  the 
southern pine group consists of four Pinus 

species varieties:  P. echinata (shortleaf),  P. 
elliottii (slash), P. palustris (longleaf), and P. 
taeda (loblolly).  Once  manufactured,  the 
lumber from these species is indistinguish-
able. Of these, the vast majority of lumber 
comes from Pinus taeda. Based on the for-
est resource from which this  lumber was 
manufactured, it is assumed that all  mate-
rial used in this study was Pinus taeda.

Controlling  the  drying  process  is  critical 
to minimize these issues (Bond & Rappold 
2019).  Southern  pine  is,  however,  highly 
permeable, allowing water to pass rapidly 
through its  wood cells.  This  characteristic 
helps prevent the formation of damaging 
moisture  gradients  during  the  drying 
process,  which  is  a  common  concern  in 
other  wood  species  (Taylor  &  Mitchell 
2007).  Experience  shows  that  southern 
pine  wood  can  be  dried  rapidly  and  suc-
cessfully  at  relatively  high  temperatures 
(Koch 1985). As temperature increases, the 
mass of water vapor, as indicated by satu-
rated vapor pressure that air can hold, in-
creases dramatically.  For  this  reason,  if 
lumber  can  be  dried  at  increasingly  high 
temperatures,  less  total  air  volume  is  re-
quired to remove the water. Moreover, the 
moisture content of freshly cut lumber can 
range from over 200% in the sapwood to as 
low as 30-35% in the heartwood, posing a 
challenge  for  the  ensuing  wood  drying 
process.  In  pine  species,  sapwood  has  a 
moisture content between 128% and 160%, 
whereas hardwood has a moisture content 
ranging  from  30%  to  50%  (Niemz  et  al. 
2023).

Currently,  no  data  is  available  for  pilot-
scale heated tube drying of  southern yel-
low pine.  Initial  experiments suggest that 
heated tubes can effectively dry southern 
pine poles, lumber, and veneer. Moreover, 
smaller pieces of southern pine and possi-
bly other wood species can likely be dried 
using this method. Demonstrating the ad-
vantages  of  employing  heated  tubes  for 
wood product drying on a pilot scale can 

lead to technology adoption. It is crucial to 
emphasize that optimizing the drying proc-
ess for various batches of sawn lumber is 
essential. This stems from differences in ini-
tial  moisture  content,  wood  densities, 
anatomical  structures  across  wood  spe-
cies,  and  variations  in  lumber  sizes.  This 
study sought to design, construct, and test 
a  gas-fired  pilot-scale  tube-type  dryer.  It 
also investigated the weight loss, and ΔMC, 
of pine lumber when exposed to different 
temperature zones and differing residence 
times.

Material and methods

Wood
Two inches by 6 inches by 12 feet (t × w × 

l) rough southern yellow pine (Pinus spp.) 
specimens  were  used (≈ 5  cm  × 15  cm  × 
3.65 m). The assessed mean density of the 
material was 38 lb ft-3 (≈ 609 kg m-3). Lum-
ber was procured from a regional produc-
tion sawmill in Northeastern Mississippi. Its 
annual production was on the order of 150 
million board feet per year (≈ 0.354 million 
cubic  meters). Rough green  freshly  sawn 
lumber, from freshly felled logs was taken 
from the mill and brought to the laboratory 
at  Mississippi  State  University  for  experi-
mentation.  Once  the  drying  was  com-
pleted,  the rough (non-surfaced) dry lum-
ber  was  returned  to  the  mill  for  further 
processing and sale.

Heated tube drying process
The heated tube dryer (HTD) consisted of 

four heated solid-wall rectangular tubes is 
shown in  Fig.  1.  The inside dimensions  of 
each tube were fixed at  2-inches  high by 
24-inched wide by 36-ft long (≈ 5 cm  × 61 
cm  × 11 m). Each tube was constructed of 
quarter-inch (≈ 0.635 cm) thick plate steel. 
Each end of each tube was open. As such 
the only avenue for moisture vapor to exit 
the dryer was via the ends of the tubes. Va-
por  pressure  provided  the  sole  driving 
force for moisture removal.

Tubes  were  supported  by  a  rigid  frame 
such that they remained straight and true 
for the entire length. In contrast to press 
drying, this process had no moving platens. 
As  each  specimen  shrank  during  drying, 
contact  pressure  between  the  wood  and 
the  platens  decreased  to  nearly  zero.  It 
was  recognized  that  this  system  was  im-
perfect with respect to conductive heating, 
however it had the advantages of rugged-
ness,  simplicity,  and  continuous  process 
flow.

Immediately surrounding the tubes was a 
heated  and  insulated  chamber.  Heat  was 
provided  via natural  gas burners.  As such 
the  outside  of  the  tubes  was  directly 
heated  via the combustion gases. Burners 
were  thermostatically  controlled  to  ap-
proximately  plus  or  minus  35  °F  (≈  2 °C). 
Along the 36-ft  (≈  11  m) long dryer  there 
were three natural gas burners and three 
walled-off zones. As such, some amount of 
zone  temperature  control  (three  zones) 
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Fig. 1 - Schematic of the 3-zone tube dryer.

Tab. 1 - Temperature zones in HTD with 
corresponding total durations.

Varying Temperature
Zones (°F)  (≈°C)

Zone 1- Zone 2 - Zone 3

Total 
duration
(hours)

425-425-425
(≈218-218-218)

7:39

425-425-375
(≈218-218-191) 7:20

425-425-350
(≈218-218-177)

7:37

425-425-315
(≈218-218-177) 7:00

425-425-400
(≈218-218-204)

6:15

425-400-400
(≈218-204-204) 6:41

425-400-350
(≈218-204-177)

7:30

400-400-400
(≈204-204-204) 7:39

400-400-350
(≈204-204-177)

6:30

375-375-375
(≈191-191-191) 5:10

375-330-330
(≈191-166-166)

6:55

375-330-300
(≈191-166-149) 7:15
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Drying of southern pine lumber in heated tube dryer

which is shown in  Tab. 1 was possible for 
the individual  boards in each zone of the 
dryer.  Temperature  and  residence  time 
were variables of interest.

To charge each tube, four pieces of green 
specimens were aligned edge to edge, ef-
fectively making a 2 × 24 inches slab (about 
5  × 61 cm). The four specimens were then 
inserted  simultaneously  into  the  dryer 
tube.  Because  the  green  specimens  fit 
tightly  into  the  tubes  considerable  ram 
force  was  required.  To  expedite  dryer 
charging, a forklift was used to provide the 
necessary ram force. The process was re-
peated  for  the  remaining  tubes  until  all 
four  tubes  contained  specimens.  At  that 
point,  the  36  ft  (≈  11  m)  long  dryer  con-
tained specimens, each 12 ft (≈ 4 m) long. 
These specimens were in “zone 1” of the 
dryer. After a target amount of residence 
time, another set consisting of 16 pieces of 
2  × 6 inches (≈ 5  × 15 cm) specimens were 
inserted into the four dryer tubes. The to-
tal  duration (h) is  calculated by summing 
the residence time in zones 1, 2, and 3 (Tab.
1). This additional set of specimens pushed 
the first specimens that were already in the 
dryer  into  “zone 2”.  The process  was  re-
peated until  the dryer was full.  At full  ca-
pacity,  the  dryer  contained  48  pieces  of 
lumber,  equivalent  to  48  ft3 (≈  1.4  m3). 
Eventually all the pieces passed through all 
three zones of the dryer.

Data  was  collected  on  each  individual 
board  that  was  processed  through  the 
dryer. In the log breakdown process at the 
sawmill, the moisture in the wood is trans-
ferred to the sawn lumber, establishing the 
initial moisture content for the subsequent 
wood drying process. The initial weight of 
each green specimen was determined us-
ing  a  weighing scale.  The  final  weight  of 
the  specimen  was  promptly  quantified 
upon their exit from the heated tube dryer. 
Final MC of dried specimen was calculated 
using a moisture meter. The initial moisture 
content (MCi, %) of the lumber was calcu-
lated based on the following equation (eqn 
1):

(1)

where wi is the initial weight (lb) and wod is 
the  over  dry  weight  (lb).  Delta  Moisture 
Content (ΔMC %) was calculated as follows 
(eqn. 2):

(2)

where  MCi and  MCf are  the initial  and the 
final  moisture  content  (%),  respectively. 
Weight-loss  rate  (WLRs,  lb/h)  was  calcu-
lated as (eqn. 3):

(3)

where Wi and Wf ar the initial and the final 
weight (lb), respectively, and h is the dura-
tion (in hours).

Aside  from  moisture  content,  lumber 
quality  was  not  noted.  Thus,  warp  as 

crook,  bow, or  twist  along with checking 
and  other  potential  drying  defects,  were 
not tabulated. Once the rough lumber was 
dried  it  was  returned  to  the  cooperating 
sawmill  for  their  subsequent  further  pro-
cessing.

Statistical analysis
The experimental data underwent statis-

tical  analysis,  utilizing  an  analysis  of  vari-
ance (ANOVA) along with Fischer’s F-Test, 
and  Spearman  Rank  Order  Correlations, 
employing  STATISTICA™ version 14  soft-
ware (StatSoft Inc., Tulsa, OK, USA).

Results and discussion
The results of the effects of average tem-

perature (°F) and total duration (h) of dry-
ing  time on  ΔMC (%)  and  WLRs  (lb/h)  are 
shown in Tab. 2. It is evident from the P-val-
ues  that  the  monitored  factors,  average 
temperature  (°F)  and  total  duration  (h), 

have a significant effect on the characteris-
tics, ΔMC (%) and WLRs (lb/h).

Fig. 2 displays the  ΔMC  (%) of pine speci-
mens  dried  with  varying  temperature 
zones over  a period of  times in the HTD. 
Notably, the highest ΔMC (78%) is observed 
in the temperature zones at 425-425-400 °F 
(≈ 218-218-204 °C) over a residence time of 
6 h and 15 min. In contrast, at 400-400-350 
°F (≈ 204-204-177 °C), ΔMC (%) is significantly 
lower,  at  50%,  at  a  residence time of  6 h 
and 30 min. Higher  ΔMC (%) levels indicate 
greater  amounts  of  moisture  evaporated 
during  HTD,  while  lower  levels  demon-
strate  less  moisture  evaporation.  This  re-
sult  is  interesting  and  suggests  that  the 
varying  temperature  at  425-400-400°F  (≈ 
218-204-204 °C) is the optimal choice for at 
6 hours and 15 minutes residence time.

Another finding from the Fig. 2 is that 83% 
of  all  grouped  samples  (10  from  all  12 
groups) have a  ΔMC ranging from 64% to 
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Tab. 2 -  Analysis of variance (one-way ANOVA) of  ΔMC (%) and  WLRs (lb/h) for the 
effect of average temperature (°F), and total duration (h). (df): degree of freedom;  
(SS): Sum of Squares; (MS): Mean square.

Charac-
teristics

Monitored factors SS df MS F-value Prob.

ΔMC (%)

Temperature (°F) 10,431 3 3477 9.305 <0.05

Error 199,908 535 374

Total Duration (h) 24,340 10 2434 4.669 <0.05

Error 667,265 1280 521

WLRs 
(lb/h)

Average Temperature (°F) 116.61 3 38.87 104.97 <0.05

Error 198.12 535 0.37

Total Duration (h) 183.2 10 18.32 46.03 <0.05

Error 509.35 1280 0.40
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Fig. 2 - The effect of varying temperature zones (°F) on the ΔMC (%) of dried pin lum-
bers. The small squares represent mean values and bars represent ± 0.95 confidence 
intervals.

MC i=
w i
wod

ΔMC=MC i−MC f

WLRs=
W i−W f

h
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77.9%,  while  the  remaining  grouped  sam-
ples  (17%)  have  ΔMC values  between  50% 
and 57% (based on the significant different 
in  Tab. 3). The target was to achieve that 
90% of  all  samples would  be at  or  below 

15%; 66% of the total samples are at or be-
low 15%, while the remaining 33% are above 
15%.

All the pieces are dried together in a typi-
cal lumber dry kiln and in a shared commu-

nity  atmosphere.  There,  temperature,  hu-
midity  and airflow are regulated.  As such 
the wetter pieces tend to dry more and the 
dryer  pieces  tend  to  dry  less  as  they  at-
tempt to equilibrate with the atmosphere. 
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Tab. 3 - Tukey’s Honest Significant Difference (HSD) test for the significance of differences between pairs of ΔMC (%) means. (***): 
p<0.05.

Varying Temperature
Zones (°F) (≈°C)

Mean ΔMC (%)

72.7 76.4 71.2 69.6 77.9 77.3 64.1 65.1 50.3 64.6 57.1 64.7

425-425-425
(≈218-218-218)

- 1.00 1.00 1.00 0.99 1.00 0.75 0.88 *** 0.81 *** 0.83

425-425-375
(≈218-218-191)

1.00 - 0.48 0.94 1.00 1.00 0.21 0.33 *** *** *** ***

425-425-350
(≈218-218-177)

1.00 0.48 - 1.00 0.62 0.23 0.91 0.97 *** 0.52 *** 0.64

425-425-315
(≈218-218-177)

1.00 0.94 1.00 - 0.79 0.86 0.99 1.00 *** 0.99 0.18 0.99

425-425-400
(≈218-218-204)

0.99 1.00 0.62 0.79 - 1.00 0.09 0.16 *** *** *** ***

425-400-400
(≈218-204-204)

1.00 1.00 0.23 0.86 1.00 - 0.13 0.22 *** *** *** ***

425-400-350
(≈218-204-177)

0.75 0.21 0.91 0.99 0.09 0.13 - 1.00 0.09 1.00 0.92 1.00

400-400-400
(≈204-204-204)

0.88 0.33 0.97 1.00 0.16 0.22 1.00 - *** 1.00 0.81 1.00

400-400-350
(≈204-204-177)

*** *** *** *** *** *** 0.09 *** - 0.06 0.94 0.06

375-375-375
(≈191-191-191)

0.81 *** 0.52 0.99 *** *** 1.00 1.00 0.06 - 0.33 1.00

375-330-330
(≈191-166-166)

*** *** *** 0.18 *** *** 0.92 0.81 0.94 0.33 - 0.40

375-330-300
(≈191-166-149)

0.83 *** 0.64 0.99 *** *** 1.00 1.00 0.06 1.00 0.40 -

Tab. 4 - Tukey’s Honest Significant Difference (HSD) test for the significance of differences between pairs of means WLRs (lb /h).  
(***): p<0.05.

Varying Temperature 
Zones (°F) (≈°C)

Mean WLRs (lb/h)

3.4 3.5 3.3 3.6 4.2 3.9 3.3 3.2 3.3 4.5 3.7 3.4

425-425-425
(≈218-218-218)

- 1.00 1.00 0.69 *** *** 1.00 0.98 1.00 *** 0.14 1.00

425-425-375
(≈218-218-191)

1.00 - 0.15 1.00 *** 0.00 0.89 0.51 0.91 *** 0.04 0.96

425-425-350
(≈218-218-177)

1.00 0.15 - 0.37 *** 0.00 1.00 1.00 1.00 *** *** 1.00

425-425-315
(≈218-218-177)

0.69 1.00 0.37 - *** 0.38 0.24 0.05 0.26 *** 1.00 0.67

425-425-400
(≈218-218-204)

*** *** *** *** - 0.48 *** *** *** *** *** ***

425-400-400
(≈218-204-204)

*** *** *** 0.38 0.48 - 0.00 0.00 0.00 *** 0.26 ***

425-400-350
(≈218-204-177)

1.00 0.89 1.00 0.24 *** *** - 1.00 1.00 *** 0.02 1.00

400-400-400
(≈204-204-204)

0.98 0.51 1.00 0.05 *** *** 1.00 - 1.00 *** *** 0.99

400-400-350
(≈204-204-177)

1.00 0.91 1.00 0.26 *** *** 1.00 1.00 - *** 0.02 1.00

375-375-375
(≈191-191-191)

*** *** *** *** *** *** *** *** *** - *** ***

375-330-330
(≈191-166-166)

0.14 0.04 0.00 1.00 *** 0.26 0.02 *** 0.02 *** - ***

375-330-300
(≈191-166-149)

1.00 0.96 1.00 0.67 *** *** 1.00 0.99 1.00 *** *** -
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In  the  tube  dryer,  there  was  little  atmo-
spheric  mixing adjacent to any specimen. 
Each tube contained a maximum of twelve 
isolated pieces. In each tube there was no 
direct control of humidity or air circulation. 
Additionally,  initial  lumber  thickness,  sur-
face roughness, and shrinkage characteris-
tics (which impact wood-to-platen contact) 
were considered sources of variation in the 
tube drying process.

The  results  of  WLRs  of  pine  specimens 
dried at varying temperature zones in HTD 
is  demonstrated  in  Fig.  3.  The  highest 
weight loss-rate (WRLs = 4.5 lb/h, ≈ 2 kg/h), 
was  observed  at  varying  temperature 
zones  of  375-375-375  °F  (≈  191-191-191  °C), 
based on Tab. 4. at this zone, the ΔMC was 
64.6% over a duration of 5:10 hours (Fig. 2). 
The higher WLRs are considered the best 
option for HTD.

The  degrees  of  dependence  between 
monitored  factors  (average  temperature 
and total hours), and the analyzed charac-
teristics  (ΔMC  and  weight  loss-rates)  is 
shown  in  Tab.  5.  The  negative  moderate 
degree  of  dependence  was  observed  be-
tween  WLRs and total duration. However, 
there was a  weak degree of  dependency 
between  monitored factors  and analyzed 
characteristics. This might relate to the lack 
of  homogenous environment surrounding 
each specimen in the tube dryer. In many 
softwood mills, after cutting, some lumber 
goes straight to the kiln for drying. In other 
cases, the lumber is first left to air dry on 
the yard before going to the kiln. This cre-
ates  different initial  moisture levels  when 
the kiln drying process begins.

Conclusion
The efficiency of a tube dryer on a pilot 

scale for southern yellow pine lumber was 
investigated.  Over  half  of  the total  speci-
mens  were dried  at  or  below a  moisture 
content (MC) of 15%. Optimization of HTD’s 
parameters, including drying temperatures 
and total duration, was achieved based on 
calculated  characteristics  ΔMC (%)  and 
WLRs (lb/h).  A  low  correlation  was  ob-
served between the average temperature 
and ΔMC (%). Therefore, to be commercially 
effective,  tube-dried  lumber  would  likely 
have to be moisture sorted and a portion 
of it redried similar to the process flow of 
structural veneer drying, to achieve the de-
sired  moisture  uniformity.  Incorporating 
moisture sorting and redrying can improve 
lumber  uniformity  and  benefit  industries 
needing consistent quality. Future research 
should explore the effects of  drying tem-
peratures  and  duration  on  moisture  con-
tent and investigate how integrating these 
processes can enhance the commercial via-
bility of tube-dried lumber. Additionally, ex-
amining different wood species and condi-
tions could expand the application of tube-
type dryers.
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