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Bell Heater and Combustion Testing Workshop

Outline

Hands-on double-bell workshop component:
Basic theory for bell heater design and construction.

Construction of a double-bell heater with black bake oven for a new Lopez Labs facility at Alex
Chernov's property in Caledon, ON, about 30 minutes north-west of Toronto (10 min south-west
from Orangeville, ON)

The test heater version is designed to allow changing volume of the bells for emission and
efficiency testing of the same firebox design in different volume of the bells. The design also
allows modifications to the major updraft channel sizing for testing of its influence on efficiency
and emissions. Heater firebox is designed to allow testing of different combustion air supply
methods. The heater will be faced using different masonry materials and techniques including
shiners to test performace of such techniques.

Participants will be provided with real-life, latest firebox design drawings for this simple double
bell heater and upon completion of the workshop will be able to build this heater on their own.

Emission testing component:

The objective is to provide interested participants with enough theory and hands-on practice
to allow them to conduct efficiency and emissions testing on masonry heaters in the field. This
will include specific recommendations, and hands-on experience with, equipment needed.
Basic theory of combustion chemistry, emissions, and combustion testing.

Setting up testing equipment for efficiency and emissions testing.

TESTO 330-2 combustion analyzer

Condar Dilution Tunnel — particulate (PM) testing

Opacity measurement for real-time PM.

Workshop Logistics

This is an MHA sponsored workshop, and workshop fees will be donated to MHA
to suport the activities of the MHA Technical and Education Committees.

Workshop is limited to a maximum of 12 participants.

It is assumed that the emission testing component should attract masons with considerable
experience in heater building. This, however, is not absolutely necessary. The workshop outline
can be modified to suit the skill level of the participants. Basic masonry skills in both general
masonry and refractory masonry are required for active participation in the hands-on portion.
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Bell Heater and Combustion Testing Workshop

Interested people should reserve a spot by contacting either
Alex Chernov 416-708-8139 alex stovemaster@yahoo.ca or
Norbert Senf 819-647-5092 mheat@heatkit.com

Workshop fee of $250 CDN + 5% GST includes lunches.
A pizza party is planned for Saturday night. Pizza will be baked in a semi-precast oven built next
to the lab: http://www.stovemaster.com/html_en/Semi_pre cast_Brick_Ovens.html

Lodging is not provided.

Links to accommodation choices in nearby Orangeville, ON:
http://www.thehillsofheadwaters.com/orangevillemotel/mem-welcome.php
http://directory.orangevilledirect.info/Tourism_Lodging/Accommodation
http://www.bbcanada.com/ontario/greater _toronto _area/orangeville
http://www.southerngeorgianbay.worldweb.com/OrangevilleON/WheretoStay/HotelsMotels//ind
ex.htm

Alex’s property address is: 20655 Shaws Creek Rd, Caledon, ON L7K 1L7

It is 1 hour drive from Toronto airport or city; and two and a half hours drivee from Buffalo
airport, NY. Those, who must take a flight from the States, check flights to Buffalo, NY, as it
can be twice cheaper than flying to Toronto. Let Alex know if you need directions.

Bring a notebook.

Goals

Our goal is to build the heater in two days allowing the third day for a sample emissions test
run. High level of participation in the hands-on portion is absolutely necessary to achieve this
goal. We rely on your commitment to achieve our goals for the workshop.

The workshop covers a very wide spectrum of knowledge and information in both theory and
practical application. Get ready to absorb a lot of information in three intense days, and get ready
to work hard on the hands-on portion.

Safety

During the practical component of this workshop, participants will be exposed to regular
constuction site conditions. It is therefore expected that all participants will wear appropriate
personal safety protection.

All participants must bring their own safety equipment:
e Safety boots or closed toed shoes (no sandals)

Eye protection

Hearing protection

Dust mask

Gloves (rubber and construction)
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Bell Heater and Combustion Testing Workshop

Participants should expect to be working with refractory and clay brick, concrete block, clay
mortar, and ceramic wool. Participants should bring their own basic hand tools (trowels etc.) and
should expect to be working with the following power tools:

e Wet saw

e Small and large angle grinders.

Classroom Sessions

A 1to 1.5 hour classroom session will be held each morning.

The first classroom session will have an overview of the hands-on workshop and basic theory for
bell heater design and construction, but the main focus of the classroom sessions will be
combustion and emission testing theory.

Specific aspects of hands-on portion will include:
o Safety
Overview of the test heater core construction.
Overview of the heater drawings.
Specifics of the test heater design version in comparison to the real-life heater.
Overview of heater facing options.
Questions and Answers. Goals for two days of heater construction.

Heater Core

Test heater core will be built using 2 firebrick with 2 %" firebrick inner firebox liner. Firebrick
will be laid in clay mortar. The firebox will have all possible air supply systems: two grates (one
at the front and one at the back) and secondary air outlets in the walls.

Test heater plan:

removable wall made of large refractory tiles to dhange volure

of the lower bell
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main updraft dhamel in the lower bell
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Bell Heater and Combustion Testing Workshop

A full set of construction drawings for this heater will be distributed to the participants.

Heater core is designed using 2 ¥2” firebrick and large refractory tiles 12”°x24”x2 %2”. The heater
is designed for 50-55Ibs load of hardwood. Nominal heat output under two full loads a day is 20-
23000 Btu hr.

Plan:

53"

24"

19'
BN
NN
N

1912 ————
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Isometric:

3D cross-sections:
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Bell Heater and Combustion Testing Workshop

Heater Facing

The test heater will be faced using combination of the following materials: dry-stacked cement
block, cement bricks shiners, firebrick shiners, clay brick.
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Heater Testing:
Combustion Chemistry

I
REACTIOMN

The burning of the fuel takes place in several distinct regions (as evidenced by the various colors that can be seen within
the candle’s flame). Within the bluer regions, hydrogen is being separated from the fuel and burned to form water vapor.
The brighter, yellower part of the flame is the remaining carbon being oxidized to form carbon dioxide.
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Comvection
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Bell Heater and Combustion Testing Workshop

1. Proximate analysis

Maoisture

Ash Volatile
Matter

2. Ultimate analysis:

Hydrogen

Cxygen

Ash

Elementary analysis

Wood has a complicated chemistry, but it can be broken down into an elementary analysis as
follows:

Carbon ©) 41.0%

Hydrogen  (H,) 4.5%

Oxygen 0, 37.0%

Water (H,0) 16.0% (Air dried)
Ash 1.5%
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Combustion reactions
During complete combustion, the following reactions take place:
C + O, = Co,

2H, + 0, = 2HO

During incomplete combustion, we get:

2c + 0, =  2C0

All of these reactions are exothermic. They result in a conversion of chemical energy into heat:
lkgC + 2.67kg O, = 3.67kg CO, + 32,000 BTU or 9.6 kWh

lkgC + 1.33kg O, = 2.33kgCO  + 9,500 BTU or 2.9 kWh

1kg CO + 0.57kg O, 157kg CO, + 9,500 BTU or 2.9 kWh

1kgH, + 8.0kg O, 9.0kgH,0  + 135,000 BTU or 40.5 kWh

Combustion air

The theoretical combustion air requirement is 3.6 cubic metres per kilo of (dry) wood. This is
known as stochiometric air, or 100% excess air.

In reality, more than the theoretical amount of air is required, since some air passes through the
firebox without taking part in the combustion. This is called excess air.

Excess air = COzmax./COZmeasured
The maximum CO, possible in wood fuel flue gas is 20.9%

For good combustion, we need around 200% -- 300% excess air.

Efficiency

Combustion efficiency measures how much of the wood’s chemical energy is released during
the burn. This is typically around 96 - 99% for most good masonry heaters. The chemical loss
consists of unburned carbon monoxide and hydrocarbons that exit the chimney.

Heat transfer efficiency measures how good the appliance is at delivering the released energy
to your house instead of out the chimney (stack). One way to define it is in terms of stack loss,
something that can be measured with combustion testing equipment.

For wood, we will ignore the fact that the wood changes continuously in chemical composition
as it goes from cordwood to charcoal, and assume an average composition. We’ve already dealt
with the chemical loss due to incomplete combustion. There are three other types of stack loss.

Latent heat loss

This results from the fact that you are burning hydrogen into water, and not condensing it from
the flue gas to recover the “heat of vaporization”. You are also boiling off the liquid water
content of the wood into water vapor. It takes about 2,000 BTU to turn a kg of liquid water at
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212°F to a kg of gaseous water at 212°F. Note that this loss does not involve a change of
temperature, but rather a change of state from liquid to gas. It is termed latent heat, as opposed to
sensible heat which is something you can sense as a temperature change. This is an unavoidable
loss, unless you use a condensing chimney to reclaim the latent heat, as in a high efficiency gas
furnace.

For wood that is at 20% moisture content, this ends up being about a 13% loss. In Europe,
efficiency is defined using the lower heating value (LLV) of wood rather than the higher heating
value (HHV) as in the North American definition. In other words, the latent heat loss is not
counted. To translate a European efficiency number to an equivalent NorthAmerican number,
you need to subtract 9 — 13%, depending on the moisture content of the wood.

Stack temperature

The gas leaving the chimney is above ambient temperature, which represents an efficiency loss.
The stove is usually designed to keep the temperature in the chimney gas above 200°F to prevent
water condensation, which is undesirable unless your chimney is built specifically to handle it.
You also need to maintain draft, which is difficult to do below about 150 °F. Some jetted
combustion air system only function well with strong draft, requiring a higher chimney
temperature. In Kachelofen design, 350 °F is a typical exit temperature from the heater into the
chimney.

Excess air

If you are moving excess air through the system, it ends up at the stack temperature. Therefore,
the more excess air, the higher the loss. With a masonry heater, we can pretty much pick
whatever stack temperature we want in the design process. The main challenge is controlling
excess air. Wood needs 200% to 300% excess air, or complete combustion will be hard to
achieve and we will see elevated CO levels in the stack.

It is interesting to note that the theoretical maximum efficiency possible with a non condensing
woodburning system burning wood at 20% moisture is about 83% overall efficiency.

Overall efficiency = Combustion efficiency x Heat transfer efficiency.

A very good real world number for a masonry heater is about 75% overall.
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Wood Combustion

Heated wood releases gases
6C,,H,50; + Heat = C;,H,,0 + 10CH,0

( wood ) { charred wood ) ( gas)

© 2002 HowStufforks
e The (gas) portion of the above equation represents the intermediate combustion
products
e In smoldering combustion, some of these intermediate products produce tars
e In flaming combustion, tars don’t form. Instead, soot particles form
e Inclean combustion, the soot particles burn to CO,

Emissions

Carbon Monoxide — CO

e Colorless, odorless gas

e Harmful to health in small concentrations, particularly long term

e Poisonous, can cause death in large concentrations

e Oxidizes to CO2 in the atmosphere, so is usually a localized problem
e CO problems are usually associated with urban areas and automobiles
e Measurable with a gas analyzer

5.4.3 General Behavior of Hot CO

In practice, CO emissions have high sensitivity to combustion conditions.
We know that CO increases as oxygen and temperature decrease. We also
know that the difference between low levels of CO (<200 ppm) and high
levels (>2000 ppm) can be 0.1% to 0.2% mole fraction O,. In other words,
CO production is highl}-‘ nonlinear with respect to temperature and oxXygen
fraction.
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Particulates — PM (particulate matter)

Soot

Tar

.

Emiz=ion of zoot from a large diezel truck, =
obwioushy without particle fiters.

Requires a flame to form

Carbon (“lamp black”)

Black smoke

Very lightweight. You can have black smoke, yet a low PM number

Test filters are black, but have no smell

Measurable by sucking through a filter

Doesn’t require a dilution tunnel to measure, because there is nothing to condense

Requires absence of flame (smoldering) to form

Complex, semi-volatiles

Condense at different temperatures

Blue smoke. Smoke is blue from diffraction of light, due to the very small particle size
90% of particles are smaller than 1 micron (= 0.001 mm)

The wavelength of blue light is 0.5 microns

Contains PAH’s — polycyclic aromatic hydrocarbons — a major health concern, can be
carcinogenic

particulate matter smaller than 2.5 microns

A blood corpuscle is 6 microns, so these particles are in the biologically active size range
Measurable with a filter, but requires cooling first, by diluting with air (dilution tunnel)
Heavy, gives a high PM number

Test filters have a very distinctive “creosote” smell. If there is no soot, the filter can be
yellow, like a cigarette filter
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Volatile Organic Compounds — VOC'’s

e No universal definition
e Some don’t condense into particulates at outdoor air temperatures
e Therefore not measurable with filters

Combustion and emissions testing:

Why Test?

e Research and Development: - build better heaters
e Field Certification: - verify that a one-off custom heater performs properly

What are we trying to measure?

e Efficiency, so that we burn less wood
e Emissions, so that we minimize air pollution and comply with regulations
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Summary of the Heater Testing Cycle

1) Measure the fuel going into the firebox
e Descriptive: Wood species, wood geometry, kindling sequence
e Quantitative: Weight, number of pieces, length, circumference, moisture content

2) Measure what comes out the stack
e Stack temperature
e Stack gas composition: oxygen or carbon dioxide, carbon monoxide
o Nitrogen does not change, so no need to measure it
0 Also don’t need to measure water vapor, oxides of nitrogen, sulfur
e Emissions
o Particulates (smoke and soot)
0 CO (already covered by gas analysis)

3) Calculate
e Can be automated with computerized spreadsheet templates
e Does not require specialized knowledge anymore, except to interpret the results

4) Display Results
e We are looking at extremely complicated phenomena
e It would be nice to get easily comparable results, but that remains a dream
e Graphic results such as time lapse photography, and the shape of curves on graphs, help
to make sense of it all and lead towards insight

5) Analyze
e Once you have many results, you can start to mine them for insight
e Quality control of the data is job #1, otherwise you are mining garbage

6) Document
e MHA wants to develop a certification program for heater field testing
e By standardizing the procedure and the data reporting, it will allow us to build a long
term performance database
e This will benefit the heater community and the environment
e |t also enables us to be pro-active in the regulatory realm, with a credible supplement to
existing approaches
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Example Research Question:

COvs PM -- 67 Tests
50.00
45.00 S *
*
40.00 L * &>
» e ’ o
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*
5.00
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Is there a relationship between CO numbers and PM numbers in masonry heaters?

This is an example of an open technical question.

In North America, PM emissions are regulated. In Europe, CO emissions are regulated.

Europe is starting to regulate PM

CO is easy to measure with a gas analyzer

PM is tricky and expensive to measure, requiring a laboratory dilution tunnel setup.

Fortunately, PM measurements in heaters can be simplified because we don’t make tar.

This allows us to use the Condar portable dilution tunnel, do field testing, and get reliable

numbers.

e This was only learned by experience. MHA and Lopez Labs has pioneered this approach

e European heater testing until recently was for CO only, and the assumption was always
that a clean burn in terms of CO will also give you a clean burn in terms of PM

e Based on the above graph, what do you think?

e Measurement always trumps assumptions
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Instrument and Testing Concepts

Calibration and Repeatability

Difference between precision and accuracy
Calibration gas

Zero and Span

Drift

Within Laboratory Repeatability

Inter Laboratory Repeatability

Instrument certification by EPA (Testo 350)

Data Quality

e Q&A Standards
e Traceability
e Chain of possession

Automated Testing

e State of technology
e Software
e Instrument features: auto dilution, auto zero, auto rinse
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Using the Testo 330-2

Description

e Portable flue gas analyzer

e Commonly used by chimney sweeps in Germany to verify gas and oil furnace efficiency,
which is required by law

e Measures draft, stack temperature, 02, CO

e Automatic operation by computer possible

Calibration

Operation

e COdilution
e Monitoring the sample pump rate

Data Collection and Storage

e Samples continuously. 30 sec. is a reasonable sample interval to set, otherwise the data
file gets too large

e Real time data display and gas graph

e Data file is exported as an Excel spreadsheet, after the test is finished

Maintenance

Sensors
Calibration records
Filters

Water trap
Cleaning
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Condar Dilution Tunnel

Mimistry for the

Environmental stewardship for

Environment a prosperous New Zealand

Manatd Mé Te Taiao X . , . .
Tiakina te taiao kia tonui a Aotearoa

Appendix 3: Portable Emissions Sampler

Based on Applied Research Services Technical Bulletin 72 {2005)

The portable emissions sampler captures particulate emissions using a method based on Oregon Method 41 (OM41). This
methed is also known as the Condar Methed.

Principle of operation

The sampling head includes a dilution system to dilute and cool the flue gas. This simulates the dilution and cooling that
occurs when flue gases mix with ambient air, and results in condensation of oily compounds such as polyaromatic
hydrocarbons, which can then be captured on the filter.

Flue ga=zes are drawn into a manifold through the sample probe. Dilution air is also drawn into the manifold through small
holes in its face. The diluted gases are then drawn through two filters, which collect the particulate emissions.

Details of the sampler
General

The sampler includes a sampling head (detailed below), which captures the sample of particulates. In addition, flue
temperature is measured, flue gases are analysed continuously for oxygen and carbon dioxide content, and the carbon
dioxide content of the diluted gas stream is analysed. The sampler also contains gauges to monitor and set gas flows
through the sample head and flue gas analysers, canisters of drying agent to remove water vapour from the gas streams, a
gas meter to quantify the sample flow, and a vacuum sensor to monitor filter loadings.

The sampler contains two analysis trains, which are programmed to start and stop at a flue temperature of 100°C. The
calculation of the emissions rate is made using results from both analysis trains. The first sampling train draws diluted flue
gases on to a filker and gives the weight of particulates per litre of flue gas (Wp/V). The other sampling train performs a
gas analysis, which gives the volume of flue gas per kg (dry weight) of fuel burned (\W/Wf). This is done directly from the
analysis and does not rely on a knowledge of how much fuel was burned.

The chemistry of the process means a fixed amount of fuel requires a well-defined wvolume of air to burn it completely and
generate a known volume of flue gas. If exactly this amount of airis supplied, then the volume of flue gas produced per kg
of fuel bumed is also known. Under these conditions the flue gases contain no oxygen (it would have all been used up). In
reality additional airis supplied. This additional air will dilute the flue gases and result in a measurable amount of oxygen
in the flue gases, which allows the degree of dilution to be calculated and hence the actual volume of flue gas per weight of
fuel burned.

Dividing the first result by the second ([Wp/V1/[W/WFf]) gives the emissions rate (Wp/Wf). Filters on the samplers were
changed daily, and where possible the sampler was run for seven days in each household. The sampler is interfaced to a
laptop computer, which activates the sampling pump when the heater is operated and the flue temperature nses. The
computer is also used to log data.

Sampling head

The =ampling head consists of a stainless steel dilution manifold (length 100 mm, internal diameter 45 mm) fitted with two
end caps. One end cap is fitted with a short probe with a glass insert. The probe is inserted into the flue so that the inlet is
near the flue centre. Dilution air is admitted to the manifold via 12 x 1 mm diameter holes in the face of the end cap. The
zample iz collected on two 47 mm glass fibre filters (Gelman Type A/E Cat No 61631) mounted on twao filter holders fitted
tothe other end cap of the manifold.
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Filters

Pz fiol il Probe

ToPump -- | —

,‘1_ Drilution fir
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Text description of figure

This is a scatter plot showing emissions results from NZ54013 in grams per kilogram on the
y-axis. Emissions using the portable emissions sampler is given on the x-axisin grams per
kilogram. A line of best fit is drawn where y equals 0.989 x with an R squared value of 0.9269.

Comparison Between Condar and Laboratory Dilution Tunnel Method
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Using the Condar dilution tunnel

Filters

Description
Handling

Static electricity
Dessication
Weighing
Loading
Unloading
Reweighing
Filing

Operation
e Maintaining constant sample rate
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technical data

02 Long Life Sensor

Appendix: TESTO 330-2 combustion anal

0to 21 Vol.%

+0.2 Vol %

F——

CO, (Hz-compensated)

0 to 8,000 ppm

+10 ppm or £10% rdg.

at 0to 200 ppm

Long Life Sensor +20 ppm oor £5% of rdg.  at 201 to 2,000 ppm
+10% of rdg. at 2,001 to 8,000 ppm
Aute GO dilution 8,000 to 30,000 ppm
NO 0 to 3,000 ppm +5 ppm at 0to 100 ppm
+5% of rdg. at 101 to 2,000 ppm
+10% of rdg. at 2001 to 3,000 ppm
NO (low meas.) 0 to 300 ppm +2 ppm at 0.0 to 40.0 ppm
+5% of rdg. at 40.1 to 300.0 ppm
Draft and pressure -4 to 16" Hz0 +0.2" H:O at Oto 20" H:z0
0 to 80" HO +1% of rdg. at 20 to 40" H0
1.5% of rdg. at 40 to BO" H:O
CO; (calculated) O to CO, max
Temperature -40 to 1832°F
Efficiency 0 to 100%
specifications:
Warrarty:
Operating temp range: 23to 113°F Instrument: 48 months
Storage/transport range: -4 to 122°F Sensors:
Power supply: lithium ion rechargeable, AC 6.3V/1.24 CO & O: sensor: 48 months
Dimensions: 10" x 3.6"x 2.5" NO sensor: 24 months
Weight: 1.5 pounds Flue gas probe: 24 months
Memory: 400 locations Thermocouple: 2 months
Display: Monochrome, 160 x 240 pixels Rechargeable battery: 2 months
Battery charge time: =6 hours
Optional probes: Long lasting
Ambient CO 0to 500 ppm e LD
Gas Leak 0 to 10,000 ppm sensors

testo, Inc. » 800-227-0729 + e-mail: info@testo.com
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Appendix: TESTO 350 emission analyzer

testo 350: Emission Analyzer

Firmware |

Software | Kits ‘ Literature | Accessnries‘ Applications

* Greater accuracy with Testo
exclusive Low NOX and Low

testo 350 Now with “

|  The total solution for emission
LEARN MORE!

testing and combustion analysis

Wireless Bluetooth 2.0

CO sensors
The testo 350 emission ane_lly?_er—_thg world's mo;st advanced — provides compliance e s e
level accuracy, extreme testing flexibility, and the highest performance. It's no wonder ;
hy the testo 350 is ch b fessionals fi ission testi d compensation and sensor
why the testo is chosen by more professionals for emission testing and process (el et ol

monitoring. Simply put, for every combustion application, it's the only choice.
* Wide testing ranges with integrated

3 sample dilution systems
Control Unit = Advanced NDIR technology for
1 accurate CO2 measurement
= SHTNNE e bl ope R AOr * Superior sample conditioning for
provides greater testing flexibility True NOX residts

= Display and print the values you want .
= = g . » Powerful pumps for fast response
* Operate docked or remotely

\ ; © NN US EPA
Sampling probes - : ) \ : : d Iir I -
The widest and most Advanced Testing
complete line available Program
Recommended

for testing using:

= US EPA CTM-030

» LIS EPA CTM-034

= ASTM DB522

= CA1110.2

* And state and local testing

Click here for more info.
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Evaluation
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