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Abstract The goal of this project was to investigate the efficacy of vacuum/steam 

technology to sanitize low quality ash logs and ash firewood.  It is difficult to heat treat the saw 

logs and firewood because of the relatively large cross sectional dimension and its irregularity.  

The combination of steam condensation and vacuum technology is one of most effective heat 

transfer mechanism because the steam carries large amount of heat and the condensation is fast to 

release the energy to the wood.  Also, under the pressure difference, steam can migrate quickly 

into the wood.  The vacuum/steam system consists of a vacuum source (vacuum pump), 

controlling device, flexible container and a steam generator.  At low temperature, steam is created 

using a hot water heater rather than a boiler.  The treatment system creates a vacuum in the 

container and at the same time produces the saturated steam.  Monitoring devices were attached to 

the equipment to record and control the process.  

  The white ash logs and firewood were harvested in the Montgomery county, Virginia.  Ash 

log diameters ranged from 6.5 to 11 inches on the small end.  The logs were cut into 6 foot lengths.  

They were treated to determine the time and energy consumption.  After vacuum was drawn to 300 

or 500 mmHg inside the container, steam was injected into the container.  The steaming continued 

until 56°C was reached at the center of the logs.  A total fifteen logs were treated to document the 

treating times.  The treating time for all the logs varied from 5.5 to 14.5 hours which includes a 

vacuum and holding time of 30 minutes.  The six feet logs were cut into 16 inches, plus or minus 2 

inches bolts and then split into firewood, rarely larger than 6 inches on the wider side.  The treating 

time for firewood varied from 80 to 137 minutes which includes vacuum and a holding time at 

temperature of 30 minutes.  Energy consumed was about 0.154 to 0.309 kwh to treat one pound of 

log and 0.111 to 0.219 kwh to treat one pound of firewood using this process.  Steam and vacuum 

can be used to efficiently heat treat ash firewood and firewood logs to kill wood boring forest 

pests. 

 

1.  Introduction 

Foreign forest pests have damaged forest ecosystems and affect lumber production.  Fungi, 

nematodes, or insects introduced through importation of logs, lumber, and wood packaging have 

attacked forests in Northern America (USDA 1996).  The resulting loss of forest seriously impacts 

water quality, habitat and food supply for wildlife, recreation and other commercial activities. 

(USDA 1996).  
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There have been several intrusions of foreign pests into the US, such as chestnut blight 

(Cryphonectria parasitica) from 1904 to 1955, Dutch elm disease (Ophiostoma ulmi) in the 1920’s, 

and the Gypsy moth (Lymantria dispar) in 1870. More recently, these infestations include the 

Asian long horned beetles (ALB) and Emerald ash borer (EAB) which will eventually deplete the 

ash tree population.   One way to control the spread of these forest pests is to treat the vectors used 

by pests to move within the US.  One of these vectors in which pests are moved from region to 

region are firewood and logs. 

 

2.  Literature review 

Firewood is any wooden material used for fuel.  Currently the firewood only serves about 

one and a half percent of the domestic household heating.  As energy costs rise, firewood used for 

home heating will grow.  Harvesting the firewood logs and processing, varies by region and 

culture. Some places have specific areas for firewood collection. In heavily wooded areas it is 

common to harvest as a byproduct of commercial logging.  Harvesting timber for firewood is 

normally carried out manually with chainsaws.  Wood is cut in the winter when trees have less sap 

so that it will season more quickly.  Most firewood also requires splitting, which permits for faster 

drying by exposing more surface area.  Today most splitting is done with hydraulic splitting 

machines.  There are many ways to store firewood ranging from simple piles to specialized 

structures. The proper storage of firewood will keep water away from it and will allow continued 

drying.  The moisture content (MC) of firewood is an important factor that determines how it burns 

and how much heat is released.  Green firewood may weigh 70 to 100 percent more than dry 

firewood.  The energy content of dry cord of firewood depends on the tree species and can varies 

from 16.4 to 34 GJ.  Firewood is a renewable energy resource.  However, firewood can contain 

wood boring forest pests and spread these pests from region to region. 

The Emerald ash borer arrived into the United States on solid wood packing material 

carried in cargo ships from Asia in the summer of 2002 (Haack et al. 2002).  Emerald ash borers 

established in Windsor, Ontario, were found in Ohio in 2003, northern Indiana in 2004, northern 

Illinois and Maryland in 2006, western Pennsylvania and West Virginia in 2007, Wisconsin, 

Missouri and Virginia in summer 2008, Minnesota, New York, Kentucky in the spring of 2009, 

Iowa in spring of 2010, and Tennessee in the summer of 2010 (Emeraldashborer INFO, 2011).  

Since its discovery, EAB has killed tens of millions of ash trees (Fraxinus spp.) in southeastern 

Michigan alone, with tens of millions more lost in Illinois, Indiana, Kentucky, Minnesota, 

Missouri, New York, Ohio, Ontario, Pennsylvania, Tennessee, Quebec, Virginia, West Virginia, 

http://en.wikipedia.org/wiki/Chainsaw
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and Wisconsin.  About 270,000 square miles have been designated as the quarantine zone by 

federal and state agencies in order to limit its spread (Emeraldashborer INFO, 2011).   

Unfortunately ash is a popular firewood species.  One common way many of insect pests 

are moved around the country is in firewood carried by campers, hunters, commercial firewood 

produces and other users of our forests.  These users are frequently not aware they are moving the 

eggs or larvae of these pests, which may be hidden under the bark or buried deep within the logs.  

Once transported to new locations, eggs may hatch, or larvae may mature and emerge as adults to 

attack host trees in and around the camping areas.  These new infestations are hard to detect until 

numerous trees start to die, and the infestation has spread beyond the ability to eradicate or control 

it effectively. Wood from other states can potentially bring invasive insect problems. It is 

important to follow local regulations on purchasing and transporting firewood to help control the 

spread of these invasive species.  The Asian longhorned beetle (Anoplophora glabripennis), which 

has infested many native hardwood trees in the U.S., was first introduced in cargo from Asia, and 

then spread by unsuspecting individuals transporting infested wood material (APHIS 2011).  Many 

ALB infestations have been associated with infested firewood being transported to new areas.  

While much firewood contains many different insects, most of these insects are harmless. Beetles 

are the most common group of insects found within firewood. Wood borers often attack dead or 

dying trees and are in the wood when it is cut. Often, the first indication of beetle activity is the 

presences of a powdery dust or frass coming from holes on the wood surface. Adult beetles may 

also be seen on or around the firewood, or because some beetles are attracted to light, on nearby 

windows. Most beetles seen emerging from the firewood will not infest, nor cause any damage to a 

home or structure.  However, tree-killing insects and diseases are found in firewood.  These insects 

and diseases can't move far on their own, but when people move firewood they can be moved 

hundreds of miles.  Firewood is a pathway for the movement of wood pests because it is a raw 

wood product and minimally processed: cut to usable length, bark in place, possibly split, and 

often freshly obtained from recently killed or stressed trees. Surveys of firewood have found that 

upwards of 20% may be infested with insect or pathogen forest pests (APHIS 2010). 

The Sirex wood wasp, Oak wilt, and other diseases can also be spread through firewood 

movement.  Native trees have evolved to survive local insects and diseases. Likewise, native 

predators eat native insects and that keeps their numbers in check (environmental balance). Non-

native insects and diseases have few (if any) predators, and the native trees have few natural 

defenses against them. Invasive insects and diseases reproduce quickly.   
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In order to reduce the spread of forest pests with firewood, the firewood needs to be 

sanitized.  Heat treatment will kill these pests.  The objective of this study is to evaluate the 

feasibility of using vacuum and steam to heat treat the firewood.   

Vacuum can be used to lower pressure inside the wood.  When steam is added, the steam 

pressure is higher than the pressure inside the wood.  According to Darcy’s law, vapor is rapidly 

transferred due to a total pressure difference and the amount of moisture transferred is directly 

proportional to the permeability.  Water vapor condenses and changes into liquid water during the 

vacuum/steam treatment.  A large amount of heat is released to the wood and this rapidly increases 

the temperature of the wood.  In vacuum/steam treatment, water vapor is used as the medium to 

exchange the heat rather than hot air used in the conventional kiln.  This has many advantages.  

First, water vapor carries more heat and heat transfer is fast by mean of condensation which is 

exothermic.  Second, energy loss is much less using water vapor than air.  Treatment time is short 

and less energy will be lost through conduction.  Third, the use of hot air causes evaporation which 

is endothermic and requires additional energy to compensate for the endothermic cooling.  Using 

steam, no evaporation occurs.  Also, in the conventional heat kiln, the air must be heated up to a 

temperature above 56ºC and discharged into the atmosphere.  Saturated steam can be used at lower 

temperatures and still increase temperatures to the required temperature inside the wood.  Fourth, 

the quality of treatment is good.  The wood is brighter in color after treatment due to the less 

oxygen present inside the container (Simpson 1991).  Also, during conventional hot air heat 

treating, wood will lose moisture during the initial phase of treatment because the wood loses 

moisture rapidly at the end grain resulting in end cause splitting of lumber and logs.  

 Preliminary studies indicated the steam/vacuum treatment cycle times are less than half 

those of current ISPM 15 HT hot air treatment methods and energy consumption is 25% less (Chen 

and White 2012).  The process can be easily tailored to the different treating capacities.  A system 

can be designed to be easily portable.  The technology can be adapted to a rigid or flexible 

chamber system, because the products can withstand the pressure caused by the vacuum.   

 

3. Specific objectives 

Our overall goal is to investigate the feasibility of using vacuum and steam to heat treat ash 

logs and firewood.  The specific objectives are to, 

Measure the temperature profile from surface to center during steam/vacuum treatment of 

ash logs and firewood. 
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Document treatment times required to achieve 56ºC for 30 minutes at the geometric center 

of ash logs and firewood. 

Measure the energy consumed to achieve 56ºC for 30 minutes at the geometric center of 

ash hardwood logs and firewood. 

Document the effect of the steam/vacuum treatment on the quality of ash logs and 

firewood. 

 

4.  Equipment and its setup 

The system consists of a vacuum source (vacuum pump), flexible vacuum chamber, steam 

generator and steam controller (Figure 1).  Monitoring devices are used to record temperature 

within the flexible container and the treated ash logs and firewood.  The steam boiler supplied the 

steam to the container.  A 11 by 10 feet rectangular shape flexible vacuum container made of high 

tenacity woven fabrics, coated and impregnated with PVC compounds, was used as the test 

chamber (Figure 2).    

      

Logs or

firewood

Pump

Condenser

Flexible Container

Vacuum ControllerValve

Boiler

 

 

Figure 1.   Schematic diagram of the vacuum/steam treating system 
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An air tight and water tight zipper has been installed on the flexible container to seal the 

opening through which the treated materials are loaded and unloaded (Figure 3).    

 

 

Figure 2.  Flexible test container of 11 by 10 feet (336 by 305 cm) 

 made of fabric material. 

 

Figure 3.  The air tight and water tight zipper used to seal the opening, for loading and 

unloading in the flexible container 
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Steam boiler and heat water heater 

Forty five KW steam boiler (Figure 4) manufactured by CAM Industries INC (Model 12S) 

are used to supply the steam.  The steam boiler was controlled to maintain the desired temperature. 

 

 

Figure 4.  Electric steam boiler used to produce steam for the test. 

 

 

Hot water heater developed by PSP company. 

A low pressure hot water heater (Figure 5) equipped with 42 kilowatt heating element was 

provided by PSP marketing in Charlotte, NC.  A hot water heater can produce saturated steam at 

the low temperature in a vacuum chamber.  We were unable to operate this water heater system to 

support the required testing.  The controller system did not function as required.  We therefore 

modified the steam boiler to simulate the hot water energy system. 
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Figure 5. The low temperature hot water heater. 

 

Vacuum pump   

A Busch R 5 single-stage, oil-sealed, rotary vane, air-cooled and direct drive vacuum pump 

was used to removed air from the flexible container (Figure 6).  The pump displacement capacity 

is 20 CFM.  As treatment continues, vapor is compressed and discharged into the exhaust box.  

Vapors then pass through several stages of internal oil and mist eliminators to remove 99.9% of 

lubricating oil from the exhaust.  Separated oil is returned to the oil reservoir.  A built-in gas 

ballast permits pumping with high water vapor loads and provides oil drying for maximum 

performance.  

 

Vacuum gauge 

 An HPM –760 Plus Controller (Figure 7) from Teledyne and Hastings Co. vacuum gauge 

was used to monitor the vacuum within the flexible container. 
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Figure 6.  Busch R 5 Series vacuum pump used in the test. 

 

 

Figure 7.  HPM–760 Plus vacuum meter. 

 

Flow meter   

YF100 vortex flow meter (Figure 8) manufactured by Yokogawa Electric Corporation was 

used to measure the steam amount consumed during the treatment.  When a vortex shedder or any 

obstacle is installed in a pipeline, vortices are generated down stream of the obstacle when fluid 
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flows in the pipeline.  The vortex frequency is directly related to fluid velocity and inversely 

related to the size of the vortex shedder or obstacle.  Based on counting the number of vortices, the 

fluid velocity can be calculated. 

 

 

Figure 8.  YF100 vortex flow meter manufactured by Yokogawa Electric Corporation. 

 

Condensing system 

A Neslab air cooled CC-65 condenser (Figure 9) was used.  The CC-65 condenser is a 

mechanical refrigeration system that employs a single stage with one compressor.  Its operating 

temperature range is –20 to –55 C and it has the capacity to remove 120 watts of heat at –20 C.  

Power consumption is approximately 440 watts.  The cold trap was used to condense and collect 

the water vapor from the wood.   
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Figure 9.  Neslab condenser used in the tests. 
 
 

Connection 

Figure 10 is the connection of vacuum line, steam line and flexible container. 

 
Figure 10.  The connection of vacuum line, steam and container showing the manual 

control and vacuum meter. 
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Figure 11 is the laboratory flexible vacuum steam treatment system that was used to treat 

the logs in this study. 

 

 

 
Figure 11.  Laboratory scale vacuum steam treating system. 

 

 

 

5. Testing Materials and procedure 

5.1 Vacuum steam treatment of ash logs. 

The white ash logs were acquired from a local lumber company located in Christiansburg, 

Virginia.   Those logs were cut from local ash trees (Figure 12).  The testing logs were transported 

to the Brooks Forest Products Center at Virginia Tech in Blacksburg, Virginia, where the vacuum 

steam tests were conducted.  Logs were numbered.  The log diameters were measured and 

recorded (Table 1).  The diameter inside the bark was measured.  If the log is not perfectly round, 

then two readings are taken at 90 degrees to each other and the average was used. 
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Figure 12. Photograph of the firewood quality ash used in the evaluation.  

 

A 4 feet wide and 6 feet long wood pallet of was made and used to hold the logs for forklift 

operation (Figure 13). Seven ash logs were treated each time (Figure 14).  These logs were 

bundled and set on the pallet (Figure 14).  Moisture sections were cut from the logs and then oven 

dried at a temperature of 103±2 ºC to determine the initial moisture content (MC) of logs.  The 

average MC of logs was measured to be 36.1%.  A large log (Figure 15) in each test was selected 

for measuring the temperature profile inside the log during the test.   

The ash logs were treated with bark on (Figure 16) and logs were secured to the pallet with 

rope (Figure 17).  Logs were drilled (Figure 18) with the drill bit of ¼ inches in diameter and 18 

inches in length at the four interior locations where temperatures were measured shown in Figure 

18.  Four holes were drilled into wood to the depths of center and 1/3 radius and 2/3 radius deep at 

the half length and ¼ length (Figure 19).  The thermocouples were inserted into the holes and the 

holes were plugged with plumber putty to prevent steam from entering the hole.  Thermocouples 

were connected to the data acquisition system.  The data acquisition system had six thermocouple 

inputs.   

The logs were placed on the pallet and pallet with the logs, was loaded into the container 

(Figure 20).  The opening of the flexible container was closed up.  Then vacuum was drawn in the 

system to the preset pressure.  Two vacuum levels were used in the experiments, 250mmHg and 

500 mmHg.  It generally took about 5 to 10 minutes to reach the required vacuum level.  After the 
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required vacuum pressure was reached, steam was injected into the container to increase the 

temperature of the logs.  The saturated steam at 107ºC was injected into the chamber though the 

connection hose.  

The temperature profiles were recorded using the data acquisition system.  The temperature 

gradients were measured across log diameter and length as shown in Figure 21. 

An eight-channel data logger and thermocouples was used to measure temperatures 

continuously throughout treatment cycles.  Because the ambient temperature fluctuated due to 

steam injection, the surface temperature was used to control the injection of steam during the 

process.  The surface temperature was set to 90°C for all the tests.  When the center of wood 

reached 56ºC, steaming was stopped.  After 30 additional minutes, the test was stopped.   During 

the test, the temperature outside the chamber was recorded.  The ambient temperature inside the 

container and temperatures inside the wood were taken every minute.  The readings from the flow 

meter were taken before and after each test and amount of steam used, was calculated.   

Before and after treatment, the logs were visually inspected to observe any quality changes.    

 

 

Figure 13. The special size of pallet used to support the ash logs and firewood during 

treatment. 
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Figure 14.  Logs were placed on the pallet for treatment. 

 

 

Figure 15. The cross section of typical large ash log, that was selected for temperature monitoring 

in each bundle. 
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Figure 16. Typical firewood quality ash logs used in the testing. 

 

 

 

 

Figure 17.  The ash logs were secured to the pallet 
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Figure 18. Thermocouples were inserted to the logs to measure internal temperatures 

 
Figure 19.   Schematic diagram showing the locations of the thermocouples in the firewood log. 
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Figure 20. The ash logs together with the pallet were loaded into the flexible container 

 

 

 

Figure 21.  The monitor screen showed the experimental progress. Upper right frame showing the 

log surface and chamber temperatures, upper left frame showing temperatures at locations of 1/3 

and 2/3 radius,  lower frame showing the temperatures at the centers of log. 
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Testing results and discussion 

Temperature profile 

The log temperature profiles were obtained after each test.  Figures 22 to 23 show typical 

the temperature profiles of ash logs at pressures of 250 mmhg and 500 mmhg respectively.  The 

curves from other log tests were similar. The other temperature profiles are in Appendix A of this 

report.  The ambient temperature inside the container increased rapidly.  This is followed by the 

rapid increase at log surface temperature, and internal temperatures.  Due to the steam supply and 

manual control system, chamber temperature fluctuated ±10°C. 
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Figure 22.  Typical temperature profile during vacuum/steam treatment of ash log at the pressure 

of 250 mmHg. 
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Figure 23. Typical temperature profile during vacuum/steam treatment of ash log at the pressure of 

500 mmHg. 

 

 

Treating time 

  The treatment test results are summarized in Table 3 which includes the initial vacuum 

time and 30-minute hold time. 

The treating time for logs varied from 5.5 to 14.5 hours for logs with initial temperature 

about 20°C.  This includes both vacuum time and hold time of 30 minutes.  The correlation 

between the treatment time and the small end diameter of logs was calculated to be 0.69.  This 

means that there is relationship between the log diameter and treating time.  The larger the 

diameter, the longer the treating time.  The regression of the relationship between diameter and 

treatment during is T=1.271×d-2.417 in Figure 24.  T is treatment duration (hour) and d is the 

small end diameter of log (inch).   The treatment time also depends on: the initial temperature of 

log and moisture content.  A T-test was performed to compare the average treatment duration at 

the pressures of 250 and 500 mmHg.  The conclusion can be interpreted as there is no significance 

difference between the treatment duration at the different pressures for firewood logs.   
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Table 1. The treating time of ash logs at the temperature of 90ºC.  

 

Test 

Number 

Test 

Date 

(M&D) 

Pressure 

(mmHg) 

Surrounding 

Room 

Temp. ( °C) 

Log 

Length 

(inch) 

Log Large 

end dia. 

(inch) 

Log Small 

end dia. 

(inch) 

Total 

Treatment 

Time (h) 

1 10-Feb 250 12 75 10.5 10 14.5 

2 15-Feb 250 20 74 13 11 12.0 

3 18-Feb 250 16 73 8 6.5 9.5 

4 21-Feb 250 19 72 10.5 9 8.3 

5 23-Feb 250 20 76 10 8.5 7.6 

6 27-Feb 250 20 76 10 8 9.5 

7 29-Feb 250 20 72 10 9 7.4 

8 1-Mar 250 20 74 9 7 5.5 

9 4-Mar 250 15 73 8 7.5 6.8 

10 6-Mar 250 16 73 8 7 5.8 

11 7-Mar 500 17 78 11 9 7.7 

12 8-Mar 500 17 70 10 6.5 5.5 

13 9-Mar 500 21 73 8 8 6.5 

14 11-Mar 500 22 72 10 9 7.5 

15 12-Mar 500 20 72 10 10 9.8 
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Figure 24.   The relationship between the firewood log diameter and the treatment duration. 

 

Some small end splits become slightly larger during treatment.  However, this will has no 

effect on firewood log quality.  No such changes occurred to the split firewood. And no color 

changes were observed other than the wood became a little darker.  

Energy consumption during vacuum steam treatment 

Before and after each test, the readings from the flow meter were taken.  Total steam 

consumed during the test was calculated from the difference in the measured steam flow.   The 

steam properties in Table 2 were used to calculate the energy consumption.  Energy consumption 

during each test was listed in the Table 3 for ash logs. 

The electrical consumption was insignificant and therefore ignored.  

The treating energy were measured and varied from 52 to 120 kwh and on average of 88.77 

kwh. Or a range of 0.15 to 0.31 kwh/lb of wood or an average of 0.256 kwh/lb.  The flexible 

container is not insulated therefore its efficiency is low.  A more effective commercial scale 

system will likely require less energy to treat large volumes of logs.   
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Table 2.   The steam property used in this study. 

 

Property Metric Standard 

State Saturated Steam 

 

Temperature (T) 107.00  C 224.60  F 

Pressure (P) 1.2952  bar 18.785  psi 

Density 
Saturated Liquid ( f) 953.22  

kg/m
3
 

59.507  

lb/ft
3
 

Saturated Vapor ( g) 0.75188  0.046938  

Specific Volume 
Saturated Liquid (vf) 0.0010491  

m
3
/kg 

0.016805  

ft
3
/lb 

Saturated Vapor (vg) 1.3300  21.305  

Enthalpy 

Saturated Liquid (hf) 448.73  

kJ/kg 

192.92  

Btu/lb Evaporated (hfg) 2237.7  962.0  

Saturated Vapor (hg) 2686.5  1155.0  

Entropy 

Saturated Liquid (sf) 1.3856  

kJ/kg-K 

(mayer) 

0.33094  

Btu/lb- R Evaporated (sfg) 0  0  

Saturated Vapor (sg) 7.2721  1.7369  

 

 

5.2 Vacuum steam treatment of ash firewood. 

The local ash logs were cut into firewood. Ash logs were cut in multiples of the desired 

final length (about 16 inches, plus or minus 2 inches) with the maximum thickness rarely larger 

than 6 inch in the wider side of fire wood.  A chain saw was used to cross cut the logs.  Ash logs 

were split with a Huskee log splitter (Figures 25 and 26).  The split firewood was stacked on the 

pallets before treatment (Figures 27 and 28). The thermal couple probes were attached or 

embedded in the firewood to measure the temperatures during the treatment (Figure 29).  One 

large piece of firewood in each bundle was monitored.   A hole was drilled to the geometric center 

to measure the center temperature and another hole was about two inches deep into end grain of 

firewood.  Before treatment, the MC of fire wood was measured by removing samples and using 

oven dry method. The average MC of the firewood was 24.9%.  The weight of one bundle of 

firewood was measured before and after treatment in order to calculate the moisture gain during 

the treatment.  The firewood bundles were stacked in three layers and there are three bundles in 

http://www.efunda.com/units/convert_units.cfm?From=55&mrn=107#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=121&mrn=224%2E6#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=18&mrn=1%2E2952#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=430&mrn=18%2E7852804159#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=190&mrn=953%2E216151294#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=427&mrn=59%2E507377893#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=190&mrn=0%2E751879699248#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=427&mrn=0%2E0469383458647#ConvInto
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http://www.efunda.com/units/convert_units.cfm?From=85&mrn=21%2E3045428333#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=769&mrn=448%2E73#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=544&mrn=192%2E919174549#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=769&mrn=2237%2E7#ConvInto
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each layer.  Thermocouples were attached on or embedded in the edge bundle of firewood at the 

lowest layer (Figure 30).  

 

Table 3.  The energy consumption during the ash log vacuum steam treatment. 

 

Test 

number 

Wood 

Initial 

Temp. 

(°C) 

Small end 

dia. (inch) 

Steam 

consumed 

(lb) 

Log 

weight 

(lb) 

Steam use 

(lb/ 

lbwood) 

Energy Use 

KWh used KWh/lb KWh/lb/C 

1 12 10 141.3 406 0.348 105.65 0.260 0.0059 

2 20 11 168.1 440 0.382 125.68 0.286 0.0079 

3 16 6.5 130.8 316 0.414 97.81 0.309 0.0077 

4 19 9 138.2 360 0.384 103.35 0.287 0.0078 

5 20 8.5 115.0 363 0.317 86.03 0.237 0.0066 

6 20 8 112.9 350 0.322 84.41 0.241 0.0067 

7 20 9 95.2 350 0.272 71.18 0.203 0.0056 

8 20 7 108.2 327 0.331 80.91 0.247 0.0069 

9 15 7.5 69.7 338 0.206 52.08 0.154 0.0038 

10 16 7 110.3 327 0.337 82.47 0.252 0.0063 

11 17 9 96.9 378 0.256 72.49 0.192 0.0049 

12 17 6.5 89.5 316 0.283 66.96 0.212 0.0054 

13 21 8 119.5 340 0.351 89.33 0.263 0.0075 

14 22 9 124.9 367 0.340 93.38 0.254 0.0075 

15 20 10 160.3 406 0.395 119.89 0.295 0.0082 

Avg.   118.7 358.99 0.33 88.77 0.256 0.0066 
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.  

Figure 25. The log splitter used for the processing the firewood from ash logs. 

 

 

 

Figure 26.  Another view of 22 ton log splitter. 
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Figure 27. The firewood was bundled with wire. 

 

 

 

Figure 28. Typical firewood test bundles. 
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Figure 29. Temperature probes embedded in the firewood for temperature measurements 

 

 

 

Figure 30. The bundle at the edge of bottom layer was used to measure the temperatures. 
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Firewood was clearly identified according to the logs from which it was processed with a 

number.  Before and after treatment, each bundle of firewood was weighed with the balance to 

estimate the moisture content change (Figure 31) 

 

 

Figure 31. The balance used to measure the weight of firewood. 

 

Nine bundles of firewood were treated at one time.  The firewood bundles were placed on 

the pallet. It was the same pallet used to hold the ash logs during ash logs treatment.  They were 

loaded together with pallet into the container during the test.  In the bottom bundle of firewood on 

the pallet, one hole was drilled near the center on one split firewood.  The temperature probe was 

inserted inside the wood.  Hole was tightly plugged with plumber putty to avoid any experimental 

error.  One temperature probe was attached to the surface of bundle.  Thermocouples were then 

connected to the computer for the data acquisition.  The chamber temperature, the firewood 

surface temperature, the temperature at the center of firewood and the temperature in the end grain 

were measured.   

After the chamber was loaded with the bundled firewood, it was closed.  Then vacuum was 

drawn in the system to the preset pressure.  Two vacuum levels were used in the experiments, 300 

mmHg and 500 mmHg.  It generally took about 5 to 10 minutes to reach the required vacuum 

level.  After the required vacuum pressure was reached, then steam was injected into the container 
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to increase the temperature.  The coldest spot usually is found to be at the lower bottom of 

container, so the thermocouples were embedded in these locations. 

 

Results of split firewood tests 

Temperature profiles were obtained for the probed firewood bundles after each test.  

Figures 32 to 33 are typical time/temperature profiles for tests at 300 and 500 mmhg, respectively.   

The curves from other firewood tests exhibited similar patterns.  These profiles are in the appendix 

B. The chamber temperature increased rapidly.  This is followed by the surface temperature, and 

center temperatures.  The firewood test results are summarized in Table 4.  The treating time for 

firewood varied from 70 to 137 minutes which includes vacuum and the holding time of 30 

minutes.   A T-test was performed to compare average treatment duration at the pressures of 300 

and 500 mmHg.  The conclusion can be interpreted as there is no significance difference between 

the treatment duration at the different pressure for firewood.   

 

Energy consumption during vacuum steam treatment of firewood 

The steam flow was measured before and after each test.  Total steam amount consumed 

for each firewood test was calculated by subtracting the two values.  Standard steam properties 

were used to calculate the energy consumption.  The energy consumption during each test is listed 

in the Table 4 for the split ash firewood. 
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Figure 32.  A typical temperature profile during vacuum/steam treatment of split ash firewood at 

the pressure of 300 mmhg. 
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Figure 33.  A typical temperature profile during vacuum steam treatment of split ash firewood at the 

treating pressure of 500 mmhg. 
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Table 4.  The treatment time and energy consumption during the ash firewood vacuum/steam 

treatment. 

 

Testing 

number 

Treatment 

Time 

(min) 

Treating 

pressure 

(mmhg) 

Wood 

Initial 

Temp. 

(°C) 

Steam 

consumed 

(lb) 

Firewood 

weight 

(lb) 

Steam 

use per 

lb of 

wood 

Energy Consumption 

KWh 

used 

KWh/lb 

wood 
KWh/lb/C 

1 70       300 22 19.4 130.08 0.149 14.48 0.111 0.0033 

2 92 300 24 29.5 132.08 0.223 22.04 0.167 0.0052 

3 112 300 21 32.2 134.75 0.239 24.04 0.178 0.0051 

4 113 300 22 37.4 135.11 0.277 28.00 0.207 0.0061 

5 70 300 22 21.3 131.57 0.162 15.89 0.121 0.0036 

6 93 300 18 33.9 151.14 0.225 25.38 0.168 0.0044 

7 92 300 17 22.1 131.14 0.168 16.50 0.126 0.0032 

8 140 300 17 33.7 148.94 0.227 25.23 0.169 0.0043 

9 110 300 18 39.9 149.09 0.267 29.80 0.200 0.0053 

10 137 300 16 44.8 152.79 0.293 33.53 0.219 0.0055 

11 103       500 15 39.4 150.86 0.261 29.49 0.195 0.0048 

12 87 500 19 34.6 149.38 0.232 25.89 0.173 0.0047 

13 107 500 20 31.1 146.43 0.213 23.28 0.159 0.0044 

14 107 500 20 34.3 150.5 0.228 25.64 0.170 0.0047 

15 112 500 20 34.0 148.85 0.228 25.39 0.171 0.0047 

16 86 500 20 37.6 149.2 0.252 28.13 0.189 0.0052 

17 102 500 21 44.9 153.41 0.293 33.59 0.219 0.0063 

18 98 500 19 34.6 150.36 0.230 25.86 0.172 0.0046 

19 104 500 18 35.5 149 0.238 26.56 0.178 0.0047 

20 90 500 20 27.8 146.6 0.190 20.80 0.142 0.0039 

21 100 500 20 33.8 148.42 0.228 25.29 0.170 0.0047 

22 80 500 18 32.4 150.9 0.215 24.22 0.160 0.0042 

Avg    32.4 150.1 0.215 24.31 0.169 0.0046 

 

 

The energy required to treat the split firewood was 0.12 to 0.22 kwh/lb of firewood with 

average of 0.169 kwh/lb. This is significantly less than that consumed when treating the logs.  This 

is because of the smaller dimension of the firewood. This indicated that it will be more efficient to 

treat the finished firewood product rather than to treat the raw material.  Treating ash firewood also 
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required less time than treating the ash logs.  These results indicated that a system with a 400 KW 

boiler could treat about one ton of firewood per hour.  The previous tests of wood pallets indicate 

an average energy consumption of 0.02 kwh/lb.  This is significantly less than that required for 

firewood.  This is because the firewood has larger wood cross section. It also took longer to treat 

firewood that the pallets. 

As expected, during the steam treatment, firewood absorbed some moisture and weights of 

bundles increased.  Table 5 indicated the firewood weight gain and MC change.  The average 

increase in MC was calculated to be 2.24%.   This is not considered a significant gain and would 

increase drying costs. 

 

Summary and conclusion 

1.  Steam and vacuum can effectively heat treat ash firewood and firewood logs to comply with 

ISPM 15, 56°C for 30 minutes at the core. 

2.   Treatment times were 5.5 to 14.5 hours which includes the holding time of 30 minutes for log 

diameters ranged from 6.5 to 11 inches in the small end and the logs were cut into 6 feet long.   

3.   Treatment times were 70 to 137 minutes which include vacuum and the holding time of 30 

minutes for the split firewood. 

4.   The treatment of split firewood consumes 34% less energy per pound of wood than treating the 

logs before splitting.  Treating the split firewood is more efficient. 

5.    During treatment of split firewood, moisture content of firewood increase an average of 2.2%.  

This should not affect firewood drying process as costs. 

6.   An increase in vacuum from 500 mmHg to 300 mmHg has no significant effect on treatment 

time and energy consumption. Using less vacuum can result in more practical lower cost 

equipment designs. 

7.   The results indicate a steam/vacuum system with a 400 kw boiler can treat about one ton of 

split firewood per hour. 
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Table 5. Firewood MC gain during the firewood vacuum/steam treatment. 

Test # Test date 

2012 

Surrounding  

Temperature 

(°C) 

Bundle 

wt. before 

treatment 

(kg) 

Bundle 

wt. after 

treatment 

(kg) 

Calculated 

oven dy 

wt. 

Of bundle 

(kg) 

Calculated 

MC of the 

bundle 

(%) 

MC 

change 

(%) 

1 12-Apr 22 13.88 14.01 11.11 26.07 1.17 

2 13-Apr 24 15.88 16.26 12.71 27.89 2.99 

3 14-Apr 21 18.55 18.77 14.85 26.38 1.48 

4 16-Apr 22 18.91 19.11 15.14 26.22 1.32 

5 17-Apr 22 15.37 15.55 12.31 26.36 1.46 

6 24-Apr 18 18.34 18.63 14.68 26.87 1.97 

7 19-Apr 17 14.94 15.15 11.96 26.66 1.76 

8 20-Apr 17 16.14 16.39 12.92 26.83 1.93 

9 22-Apr 18 16.29 16.71 13.04 28.12 3.22 

10 23-Apr 16 19.99 20.36 16.00 27.21 2.31 

11 25-Apr 15 18.06 18.2 14.46 25.87 0.97 

12 26-Apr 19 16.58 16.86 13.27 27.01 2.11 

13 28-Apr 20 13.63 13.88 10.91 27.19 2.29 

14 30-Apr 20 17.7 18.04 14.17 27.30 2.40 

15 1-May 20 16.05 16.33 12.85 27.08 2.18 

16 3-May 20 16.4 16.75 13.13 27.57 2.67 

17 3-May 21 20.61 20.81 16.50 26.11 1.21 

18 4-May 19 17.56 18 14.06 28.03 3.13 

19 7-May 18 16.2 16.44 12.97 26.75 1.85 

20 8-May 20 13.8 14.09 11.05 27.52 2.62 

21 9-May 20 15.62 16.12 12.51 28.90 4.00 

22 10-May 18 18.1 18.71 14.49 29.11 4.21 

Average 
  

16.8 17.1 13.4 27.1 2.2 
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Appendix A.  Temperature profiles from the steam/vacuum treatment of ash firewood logs. 

 

Figure A-1. Temperature profile during vacuum/steam treatment of ash log at the pressure of 250 

mmHg for log test 1. 
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Figure A-2. Temperature profile during vacuum/steam treatment of ash log at the pressure of 250 

mmHg for log test 2. 
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Figure A-3. Temperature profile during vacuum/steam treatment of ash log at the pressure of 250 

mmHg for log test 5. 
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Figure A-3. Temperature profile during vacuum/steam treatment of ash log at the pressure of 250 

mmHg for log test 8. 

 

 

Figure A-4. Temperature profile during vacuum/steam treatment of ash log at the pressure of 250 

mmHg for log test 9 
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Figure A-5. Temperature profile during vacuum/steam treatment of ash log at the pressure of 500 

mmHg for log test 10. 

 

 

 

Figure A-6. Temperature profile during vacuum/steam treatment of ash log at the pressure of 500 

mmHg for log test 11. 
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Figure A-7. Temperature profile during vacuum/steam treatment of ash log at the pressure of 500 

mmHg for log test 13. 
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Figure A-8. Temperature profile during vacuum/steam treatment of ash log at the pressure of 500 

mmHg for log test 14. 
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Figure A-9. Temperature profile during vacuum/steam treatment of ash log at the pressure of 500 

mmHg for log test 15. 
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Appendix B. Temperature profiles from the steam/vacuum treatment of ash firewood. 

 

Figure A-10.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 2. 
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Figure A-11.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 3 
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Figure A-12.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 4. 

 

 

 

Figure A-13.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 5 
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Figure A-14.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 7. 

 

 

Figure A-15.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 8. 
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Figure A-16.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 300 mmhg for firewood test 9. 

 

 

Figure A-17.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 11. 
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Figure A-18.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 12. 

 

 

Figure A-18.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 13. 
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Figure A-19.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 14. 

 

Figure A-20.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 15. 
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Figure A-21.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 16. 

 

 

 

Figure A-22.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 17. 
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Figure A-23.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 19. 

 

 

Figure A-24.  Temperature profile during vacuum steam treatment of ash firewood at the treating 

pressure of 500 mmhg for firewood test 20. 


