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ABSTRACT 

In the West Sierra Madre region of Durango red oak is a species that has traditionally 
been considered useless due to difficulties in the drying and sawing processes. This 
work presents the evaluation of a heat pump dryer as an alternative to the commonly 
used high temperature kiln. 

An existing refrigeration system was adapted to investigate red oak drying at 
laboratory scale. The system accommodates 90 wood pieces (1 v.;" thick x 2 Y," wide x 
24" long) in an arrangement which simulates the flow through one of the typical flow 
passages of a conventional wood pack prepared for conventional drying. The 
investigated variable was the drying chamber air inlet temperature at two levels of air 
superficial velocity through the samples. 

Results evaluation showed that the use of air inlet temperatures above 40-45 'c tend 
to produce wood of bad quality, while temperatures below 30°C lead to exceSSlve 
drying times. A preliminary design of a medium sized drying system and a comparison 
of its perfonllance with that of a conventional system resulted in a competitive product 
pncc. 

INTRODUCTION 

The properties of Durango red oak, especially its high density and hardness, have induced the producers 
to regard this species as use1ess because of difficulties in the drying and sawing processes. Local industry 
interest on red oak exploitation ha~ been rising, which caused t".'O projects to be developed. The first one 
was dedicated to measure the mechanical properties of red oak and the second one was started to 
investigate possible drying time reductions. 



Evaluation of alternatives to the most common drying technique, at relatively high temperature and 
humidity in a wood kiln, produced infonnation regarding the usc of a heat pump drycr. This proccss~ in 
which low temperature and humidity are used for drying, is applied succcssCu!ly ill Furopcan countries to 
dry hard woods and quoted to produce wood of better quality in shorter drying limes, Moncayo, 1994. 

In order to test such a system a drying chamber was designed, built and adartcd to v>'.'ork with an 
existing refrigeration system to investigate red oak drying at laboratory scale. The system accoml11Qdates 
90 wood pieces 1 %" thick x 2 I;;" wide x 24" long in an arrangement which simulates the now through 
one of the typical flow passages of a conventional wood pack prepared for conventional drying. 

Drying tests were performed on partially air-dried red oak samples, which were' rehydrated by 
immersion in water and also with recently sawed samples. The investigated \ ariablc V,,'lJS the drying 
chamber air inlet temperature at t\\'o levels of air superficial velocity through thc samples. Results 
evaluation showed thal there is an oi)timai value of temperature above which the wood quality is greatly 
diminished and below which drying times becomes excessive. 

With the measured drying curves as a basis, a medium sized drying system was designed and its 
performance compared with a conventional drying system from the economic viewpoint. It was found 
that, although the cost of the energy supply for the heat pump system is much greater than that of the 
conventional systc~, the large time reductions obtained with the former produce the product price to be 
competitive. 

APPARATUS AND EXPERIMENTAL" PROCEDURES 
Apparatus 

Figure 1 is a schematic diagram of the system. As seen there, cold, humid air fronl the drying chamber 
is directed towards the heat pump cycle evaporator, where it is cooled and dried as its \-vater is condensed. 
It flows then towards the heat pump condenser, where it is reheated. If required, an auxiliary heater is 
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Figure L·Schematic diagl'ut1lofthe system 

products no other treatment was required. 

used for further heating before the 
air enters the drying chamber at 
relatively high temperature and low 
hUDltdity. 

in the chamber, the air provides 
the energy required for evaporation, 
causing its dry bulb temperature to 
f<:l.ll. As it mixes with the vapor its 
energy content rises and the overall 
process is adiabatic. 

Experimental Procedures 
Samples were obtained fi'om the 

regular production of a typical 
sa\ving mill. In s()me lllstances the 
wood pieces had been waiting to be 
dried in the drier lIllet yard for a few 
days and had to be fewet. 

This process \.\'as accomplished by 
submersion of the samples in a 
water bath at ambient temperature 
for 14-72 hours. Since wood SIZe 

was one of the standard mill 

The 90 wood samples that is possible to fil in the drying chamber were then set in pl~Kc in three hundles 
of three fO\VS eacb as shown in Figure 2. The chamber air inlet is locutcd at the extreme right and bottom 

.172 



of Figure 2, while the exil is allhe 
lell and top of the chamber. 
Wood pieces were placed \I""ith 
their 1cngth perpendicular to the 
now. 

One of the wood pieces of each 
row was llsed to track humidity 
changes. Measurement of their 
initial humidity content was made 
on a small sample cut from the 
edge of each piece and following 
Slandard ASTM D,4442,92. 

Figure 2-Drying Chamber 

With the wood pieces in place, 
the drying chamber was closed 
ami the refrigeration system 

started. It should be noted that, since the condensation section of the refrigeration system is at a remote 
location, all heating was effected by the auxiliary system and set at the desired dry bUlb temperatures by 
manual control of the number of auxiliary heating resistances. Wet bulb temperatures were those that 
could be obtained, without exlemal disturbances, by the evaporator coil capacity. 

Measured variables were the wet and dry bulb temperatures at the drying chamber inlet and exit and at 
the evaporator exit, and the weigh of the nine humidity samples as a function of time. Tests \vere finished 
when the average humidity content was below 12% (from the humidity content of the nine samples), or 
the slope of the H-t curve was too low or an arbitrarlly set time limit of seven days was attained. 

Two procedures were followed to evaluate \vood damage. The first one was a visual inspection of the 
dried wood, which was classified as follows: 1) Large defonnations and surface or end checks, 2) 
Diamond defonnations of wood and 3) No visible damage. Wood that presented damages of type I was 
classified as rejected. The second one was the three prongs test as described by Simpson, 199 L 
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temperature and velocity on the drying rate. Results on the 
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Experimental measurements 
Figure 3 shows humidity as a 

function of time for the nine selected 
samples of a typical experiment. 
Each marker pertains to one of the 
samples, while the dolled line shows 
the average. 

As seen there, there is a rather large 
variation in the sample's humLdity 
content, which may be explained by 
the selection process where the 
charge was obtained from the piles of 
mill production. This fact does nol 
affect the desired results since it 
would be the natural way in which a 
dryc; load would he selected in 
non-:\uloperatjons. 

A total of L2 experiments were 
made to investigate the effects of air 

use or temperatures of around 40 1JC arc 
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Figure 4. Experimental results at medium temperatures 
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Shown In 1'lgure '+, wnere me average 
wood humidity is shown as a function 
of time for two velocities. An overall 
evaluation of the eurves shows that 
humidity values of around 12% are 
reached in around 120 hours for all 
cases. Although for the lower 
velocity the initial humidity is also 
lower, the addition of a few hours is 
not very important. 

Figure 5 presents the experimental 
drying curves for all the range of 
investigated temperatures. A 
comparison among the curves shows 
that the use of higher temperatures 
leads to greater drying slopes and, 
therefore, shorter drying times. This 
is proved by the greater slope of the 
curve at 57°C and its corresponding 

shorter time to reach 12% humidity although the initial humidity afthis experiment was higher than that 
of either the 38 or 47 'c curves. The use of temperatures of 38 or 47°C seems to have little effect on the 
drying time, although it should be noted that no conclusion may be made since the experiment at 47 °c 
was perfonned at a lower air velocity. This fact was not very imp0l1ant, and no further experiments were 
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Figure 5. Drying curves for all the inves.tigated range 

perfonned, in view of the rej eetion 
rates and other experimental results, 
which will now be presented. 

The whole set of experimental 
conditions investigated in this work is 
shown in Table 1. Eleven tests were 
made with the drying chamber air 
inlet conditions (main investigated 
variable) represented in Table 1 by 
the dry and wet bulb temperatures 
and the air superficial velocdy in 
columns marked Tdb, TWb and V. 

Analysis of temperatures, with the 
aid of the psychrometric equations of 
ASHRAE, 1981, show that the 
average air water humidity content 
was 0.0158 ± 0.0075 and the 
corresponding air relative humidity 
26.5 ± 4.4. These variations are small 

i r account is made of the fact that the air water content was uncontrolled and dependent only upon the 
evaporator coil capacity and the drying process itself. 

The ,"vood inilial conditions (intrinsic to the wood selection and .handling processes) and tl1'; sampling 
and measurement tim.es of the year are shown in columns marked G, Ie and HI' The first five 
experiments were performed from January 10 May and are identified by a one in column G, while two 
mark experiments from August to November. A "Goo, for green wood, in column Ie notes the \\.:ay 10 

which wood obtained its initial humidity and an "R" indicates rewct wood_ 
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A veragc initial humidity content is shown in column headed Hi and varied from 21 10 77 %. It should 
be noted that the results of experiments No.4 and 5 were rejected since the tables were too dried before 
being rewet and did not absorb water even after 72 hours of immersion. 

No 
[ 

2 
J 
4 
5-

I 
6 
7 
8 
9 
[0 
[ [ 

12 

Experimental results include final humidity, 
Table 1 Fxperimental conditions and results drying time and the percent of the load that was 
T<ln Tw

" 
V [e H; t (h) R G 

38.9 21.3 2.08 1 R 63 
40.8 24.3 2.08 t R 47 
57.[ 33.J 2.08 1 R 69 
45.0 27.7 2.08 t R r~t 

44.7 29.1 2.08 1 R 36 
28.4 [5.2 2.08 2 G 77 
38.2 20.6 2.08 2 G 45 
J8.2 2J .1 UO 2 G 58 
23g [2.7 UO 2 G 48 
27.8 14.4 UO 2 G 42 
47.3 24.8 1.30 2 G 52 

Air~dried 2 G 58 , 

HI 
[3 123 
[ [ IOJ 
1 [ t25 

To 71 
7 50 

25 t22 
12 117 
11 t 2 [ 
15 146 
II t 63 
12 122 
7 ---

31 
35 
81 

64 
77 
7 

11 I 
27 

13 
33 
60 
48 

rejected. These are shown in columns I-Ie, t and ~Z, 

respectively. 
As mentioned before, an average load humidity 

conient of 12(Yo was set as criteria to end an 
experiment. A sufficiently close value was 
obtained in all experiments except No.6, which 
ended at a value of 25°,,{) because it was the first 
perfonned by a new assistant who misinterpreted 
the experimental procedure. It was impossible to 
finish it but unnecessary, since examination of the 
slope of the drying curve showed that the time 
required to reach 12% would have been too much. 

All experiments were directed to obtain a total drying time of about 120 hours and, as shown in column 
t, the use of temperatures below 30 'c rails to satisfy this constraint and this fact leads to conclude that 
temperatures must be higher. Although with slightly higher rejection rates the use of temperatures below 
40 'c meets the time constraint. In fact, the last row of Table I shows that the rejection rates are of the 
same order of magnitude as those of the air~dried wood. Temperatures above 40 DC must be rejected in 
view of the unacceptable rejection rates. 

It seems that the lise of different flow velocities, at temperatures of around 39 'c, does not affect either 
the overall drying time or the rejection rate and, therefore, the lower velocity should be preferred since it 

Dried at 57°C Dried at 39 °c 
Figure 6. Comparison of wood quality 

would lead to lower power requirements. 
However, the initial lower humidity content 
in the lower velocjty experiment would add 
about ten hours of drying time and the 
savings in power consumption should be 
weighed against the extra costs for' the 
longer time. 

The left side photo in Figure 6 shows 
wood deformations at 57 'c, while that on 
the right corresponds to 39'C. It is clear 
why the reported rejection values are so 

high for the [Olmer. Deformations as large as those of the left side photo were found for temperatures 
above 40 'c and were similar to those of the right side for temperatures below 30 "C. Besides 

Transversal cuts
Figure 7. "fllree prongs test results for wood dried at 39°C 
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defonmotions as those of the photos, side 
and end checks were found to be a lot more 
frequent for the higher temperatures. 

Figure 7 shows the residual stresses test 
performed as described in the Kiln's 
Operator Handbook (Simpson, 1991). The 
photos show cuts made in one of the 
samples dried at 39°C. Since no 
deformations were in evidence (even after 
months of test), it may be concluded that 
the drying process is very mild at thes; 
temperature and velocity conditions. 



Because of the large defamations found for higher temperatures the three prongs test was not 
perfonned on wood dried at those temperatures. 

Prel iminary design 
System heal duty 
Taking the above observations into account the economical analysis of the process was based on the air 

conditions of experiment No.7. The evaluation was based on a medium size drying chamber \vith a 
capacity of 20000 ft-bd filled WiTh wood stacks of the regional standard size 01'2.4 111 long x 1.2 m high x 
1.1 no wide. A chamber orlhis size accommodates 36 stacks of wood and, with I" thick of a typical red 
oak green wood humidity of 60{% (Perez, 1999), the Load consists of ahout 95000 kg of dry wood and 
57000 kg of water. 

The greatest energy demand occurs at the beginning of the drying process, when the evaporation load is 
at a maximum as it follows the slope of the drying cuneo If the system was dcsigned for this condition, 
the hcat pump capacity, and required investment, would be large and the system would work at partial 
load most of the process time. Therefore the system must be designed for a lower drYillg capacity wlth 
the penalty of employing longer drying times. 

For the selected drying curve, the drying rate for the flrst period oCmeasllremcnt (4 hO(lrs) is 1.93 %/h. 
This is equivalent to evaporate 0.509 kg/s ofvv'ater v.,:ith a required energy of 1.212 x 10(1 J/s or 345 tons 
of refrigeration. On the other hand, the use of the process average drying rate (0.4 %/h) requires only 
0.10S5 kg/s of evaporation, 2.S12 x 105 J/s or 72 tons of refrigeration. 

If this capacity were selected, the process would be restricted up to the point where the average drying 
rate occurs in the drying curve (27 hours and 31.5 % humidity) but it would take 71.25 hours to reach the 
same humidity with the constant lower drying rate of 0.4 %/h. Therefore, the process \vould require 
71.25 -- 27 = 44.25 extra hours, extending the total drying time to 161 hours. This is quite reasonable in 
vicw of the large potential savings by the use ofsma1ier equipment. 

Since load heating time m<.,asuremcnts were not made, the required energy [or this part orthe process is 
implicit in the drying CUfye. However, the dryer structure heating and the dryer wall heat losses have to 
be accounted fOL Estimates of tbese loads resulted in 3450 J/s for stlllcturc heating in five hours and 870 
J/s for heat losses_ These values are negligible, respect to the evaporation load, because the structure 
construction was based on -polyurethane panels, v,'hich have very low heat capacity and thermal 
condLLctivity_ 

System power requirements 
Volumetric flow estimates, based on the superficial velocity of the experimental tests of 2 mis, resuhed 

in 21.83 m'!s (19.64 kg/s) with a system pressure drop of 2000 Pa and power requirements of ahout 60 
HP for the air handling system. 

To obtain the heat pump cycle compressor capacity the operating temperatures must be defined. These 
depend on the drying air cycle conditions, which will now be analyzed. The drying chamber air inlet 
conditions are those of experiment No.7, T db = 38 c:>c, T wb::::: 21°C, and at the local barometric pressure of 
81571 Pa the water content is 0.Ol247 kg/kg dry air. These conditions are the required air exit conditions 
from the heat pump cycle condenser and, with the aid of the condenser terminal temperature di tlercnce, 
they fix the high temperature of the heat pump refrigerant. For the purpose of cost estimation, this 
temperature was set at 43 "C ,,Vith a reasonable terminal temperature difference of 5 °C. 

To obtain the drying chamber air exit conditions, the average drYlng rate is used to calculate the 
humidity addition of 0.1 05~119.64 ~ 0.00537 kg/kg. therefore, the air exit humidity is (l.O 1784 kg/kg. 
The dry bulb temperature is obtained from the evaporation load, which must be supplied from the air 
sensible hcat. This balance yields an exit df)J bulb temperature of 25.2 °C. Since the drying process is 
adiabatic, these conditions have a Wel bulb temperature of 21°C and flrC the inlet conditions for the 
eYaporator of the heat pump cycle. 

At the (';vaporator exit the humidity and temperature are ohtaincd as folluws. The h'umidity must hc the 
desired value at the dry'ing chamber inlet (0.01247 kg/kg), sillce the condenser duty is to heal the all' only. 

~76 



.Although the temperature is fixed by the evaporator coil design, its lowest value must be that of the dew 
point temperature at the air humidity content which is, for the conditions under consideration, 13.8 ()C. 

Using again a 5 °C terminal temperature difference fixes the refrigerant low temperature for the heat 
pump cycle in 8.8 11C. 

Based on the refrigerant temperatures and the system heat duty, a required compressor power of 60 H P 
\\-as calculated with the methodology of Bagnali ct ai., 1973. 

Economic analysis 
Thc heat pump system components' costs were obtained from local companies and resulted in an 

invc5tment of $1,140,900, wbi1e the conventional plan! investment costs of $557600 were obtained from 
a loc;.Jl saw mill (Andrade, 2000). lnfomlation about the conventional drier included electrical powe-r, 
l-lli~~1 and manpo\vcr requirements since additional costs considered were maintenance (5% of investment 
pcr year), electrical powcr (5 1.656IkW-h), fuel ($9,6/m 1) and direct labor (S200/day). 
Costs calculations \\'erc based on 9 days of operation for each heat pump drier load (7 days of drying 

plus two days for loading and unloading operations) and 40 days for the conventional drier, which with an 
SOlY;) facility lise factor result in 36 and 7 loads per year respectively_ 

Results of the cost estimates are silown in Table 2 for the two different systems under consideration and 

fable 2. Cost companson 

~ S~?ncq;-t -~I-I leal pump" Com'cntional 1 
Invcs 

'---.-

ISS4.58 1 3982.86 rment 
, Main 
;iLab0 

tellal1CC -,"--, 
I Elcctr ital 

Y 

f-. 1584.581 3982.86 
50()[).OOI 24800,~~ 

24048.431 71253.04 

i 

for all costs considered. All amounts were calculated per drier 
load except for the unit cost, which is based Oil 1000 ft-bu. 
Investment costs were based on a useful time of 20 years for 
all equipment. 

Examination of the costs shows that the conventional drier is 
a lot more expensive than the heat pump drier, this fact results 
from the length of the drying period. 

Although the investment cost is lower for the conventional 
drier, when divided by the number of 10Jds per year the 
resuHing value is larger. This is also true for maintenance and 

electrical energy requirements. Labor costs are directly proportional to drying time as there is always an 
operator tending the drier. Fuel costs are non existent for the heat pump drier. 

5168:19 ---- i 
32217591 t09~ 

cost 1.61 1 5.46 

I encrg 
. Fuel 

t]~otal 
I ~jnil 

These results have 10 be regarded with caution since they were based on experimental results- obtained 
in a small-scale laboratory drier but giveJ1 the great reduction in costs, further research is fully justified. 

CONCLUSIONS 

An a1temativc to the conventional process for drying Durango red oak, \vhich presents difftculties. '\\filS 

investigated. This process is based on the use of drier air inlet conditions of lo"v temperature :lllU 

humidity, which are accomplished by means of a heat pump cycle. The air dry bulb temperature was 
investigated at four levels and the superftcial velocity at two levels. Results showed that the best 
temperature is around 40°C with an air velocity of 2 m/s. 

With a measured drying CUl-Yt;; as a basis a preliminary system design v.,'as madc and the resulting 
operation conditions were used for.a cost comparison bet\vcen the conventiomll and proposed dryers. It 
was found that the cost of drying might be greatly reduced by the lise of the heat pump dryer. although 
further research is needed to SUppOl1 findings at a laboratory scale. 

NOMENCLATURE 

G Sample group 
HI Initial wood humidity, % 
HI Final wood humidity', % 
[C initial wood condition 
R Percent wood rejection, % 
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t Time, hours 
T Temperature,OC 
Ttll) Dry bulb temperature, °C 
T wb Wet bulb temperature, (1C 
V Velocity, mls 

ACKNOWLEDGEMENTS 

Supports of COSNET through grant No. 63G.96-P and of Forestal Vizcaya S.A. de C.V. who provided 
wood for the experiments and data about conventional drying systems is greatly appreciated 

REFERENCES 

Andrade, G., 2000, Personal communication, Durango, Dgo. 

ASHRAF, 1981, ASHRAE Handbook of Fundamentals, American Society of Heating, Refrigeration and 
Air ConditioningfEngineers, Atlanta. Ga. 

ASTM, 1992, Standard ASTM D-4442-92, 1997 Annual Book of ASTM Standards, V. 0.410, American 
Society for the Testing of Materials, XXXX 

Bagnoli, E., Fuller, F.H., Johnson, V.I., and Norris, R.W., 1973, Psychrometry, Evaporative Cooling, Air 
Conditioning and Refrigeration, Section 12 in Chemical Engineer's Handbook, Perry, R.H. and 
Chilton, C.c., Eds., 5th Ed., McGraw-Hill Book Co., New York, N.Y. 

Moncayo, L., 1994, Gferta Comercial de un Seeadar, Sistemas de Transferencia de Calor S.A. de C.V., 
Veracruz, Ver. 

PeI'CZ Galindo, l.A., 2000, Gravedad Especifica, Contracci6n y Absorcion de Agua de la Madera de 
Encino de la Region de San Dimas, Durango, III Congreso Mexicano de Tecnologia de Productos 
Forestalcs, Sociedad Mexicana de Tecnologia de Productos Forestales, Durango, Dgo. 

Simpson, W.T., 1991, Dry Kiln Operator's Manual, Agricultural Handbook 188, U.S. Dept. of 
Agriculture, Forest Products Lab. Madison, WI. 

378 



 

Proceedings of the Second Inter-American 
Drying Conference 

Boca del Rio, Veracruz, Mexico, 
July 8-10, 2001 

Editor Krzysztof N. Waliszewski 

Published by Instituto Tecno16gico de Veracruz, 
M.A de Quevedo 2779, 91860 Veracruz:, VeL, Mexico 

ISBN 968-5401-01-2 

Printed by EditOi'ial Ducere SA de CV. Rosa Esmeralda 3 Sis, Col. 
Molino Rosas, Del. Gustavo Obregon. Mexico D.P., Mexico 


