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Scope 
This Technical Reference covers the use, design and specifications of the tube burner used in the 
Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF) Fire Research Laboratory (FRL). 

Instrument Description 

GENERAL 
The tube burner is used in experiments to produce fires of known size and configurations. It is 
generally used for calibration of oxygen consumption calorimeters, but can be used whenever a 
known fire size is needed. The tube burner setup consists of a natural gas fuel supply, a gas train 
consisting of fuel flow monitoring instrumentation and fuel flow control, and the tube burner 
itself. All instrumentation must be calibrated according to manufacturer and ATF specifications. 



 
  

  
  

 
 

 

 

   

 

GAS TRAIN AND FLOW CONTROL/MONITORING DESCRIPTION 
The tube burner uses a gas train which is located in the Mezzanine of the FRL. This gas train 
contains the primary fuel supply valve, the flow control and flow monitoring devices, and the 
emergency shut off valve for the tube burner. All control and monitoring is achieved within this 
gas train. The actual burner only has on/off style valves, and is not equipped for 
control/monitoring. 

Ball Valve  
This is a mechanical quarter-turn ball valve placed at the inlet to the gas train.  This  valve is  
purely mechanical and must be operated manually with a wrench.  This valve is kept closed at all  
times prior to and after testing to prevent leakage  of gas into the laboratory or plenum space.  A  
crescent wrench is kept with the valve at all times  as shown in Figure  1.  

 [TDR1] 

Figure 1 – Natural gas inlet ball valve and crescent wrench 

Type 99 Pressure Reducing Regulator  
The natural  gas supply pressure is regulated through this device, shown in Figure  2, to 
approximately 200 kPa (29 psia).  Fluctuations in the inlet pressure  are  reduced through this  
regulator and  a steady pressure is maintained  downstream.  This device utilizes a  yoked double-
diaphragm pilot to mechanically control the output pressure.  It does not contain any  electrical  
parts and does not communicate with the DAQ.  
 



 [TDR2] 

    
 

 
   

 

Figure 2 – Type 99 Pressure Reducing Regulator 

Maxon Valve Emergency Shutoff  
The Maxon valve, shown in Figure  3, is a normally  closed valve placed in the main flow line.  
The valve is connected to four separate shutoff switches located in each burn room in the  
laboratory (Two each in the MBR and LBR).  If any of the  four switches are pressed this valve is  
closed, stopping the flow of gas through the train.  There is, however, a significant amount of  
pipe between the burner  and the shutoff valve, and thus additional safety  measures have been  
implemented to prevent a release of  gas.  
 

[TDR3] 

Figure 3 – Maxon Emergency Shutoff Valve 



 

 

 
 

   
 

 
 

Instromet IRM-A Rotary Gas Meter  
This device, shown in Figure  4, is a rotary meter  designed to measure the  volume of gas flow in 
the line.  Measurements are made through the use of counter rotating f igure-eight rotors in a  
chamber of constant volume.  Each revolution displaces a  fixed volume of gas in four strokes.  
Each revolution is timed, producing a frequency output that is directly proportional to the  
volume flow rate.  The volume flow rate is independent of any properties of the gas, including  
pressure, density, and viscosity.   

Figure 4 –   Instromet IRM-A Rotary  Gas Meter with mounted pressure transducer and  
thermocouple[TDR4]  

Gas pressure and temperature are monitored inside the flow meter through the use of a pressure 
transducer and thermocouple, respectively.  The output signal from the flow meter is converted 
from frequency to amperage using a frequency converter.  These instruments are described 
below. 

OmegaDyne Pressure Transducer  
The pressure of the  gas flowing through the  rotary  gas meter is measured using an OmegaDyne  
very high  accuracy millivolt output pressure transducer (PX01K1-050AV).  This device is  
powered by  a 10 V DC power supply mounted in the gas train electrical box and produces an 
output of 3 mV/V of supply.  This device has a  range of 0 - 344.7 kPa (0-50 psia) and outputs a  
signal from 0-30 mV.  The output is read by the  FieldPoint module and converted to pressure and 
used for calculations of  mass flow rate.  
 
Type-K Thermocouple  
An inconel sheathed, Type-K thermocouple is used to measure the gas temperature at the rotary 
gas meter.  The temperature is read using  a calibrated thermocouple FieldPoint unit with a range 



 

 
 

 
    

  

of -270 °C through 1770 °C using cold junction compensation.  This data is used for calculations  
of the mass flow rate of the gas.  

Pepperl+Fuchs KFD2-UFC-Ex1.D Universal Frequency Converter  
The Universal  Frequency Converter is used to transform the frequency output of the rotary  gas  
meter into a current signal that can be read by the  FieldPoint module connected to the DAQ  
system.  This device is not involved in the flow of gas; it is an electrical component that allows  
the frequency signal from the rotary  gas meter to be measured by the existing DAQ.   This device 
is mounted in the electrical box near the natural  gas train in the plenum and is shown below on 
the right side of  Figure  5.  
 

Figure 5 – Pepperl+Fuchs KFD-UFC-1.D Universal Frequency Converter and SOLA 24 
VDC power supply [TDR5] 



 
 

 

 
 

Masoneilan Flow Control Valve  
This is a pneumatically  actuated valve that is used to restrict the amount of  flow allowed to  
discharge from the burner.  This device is driven by  compressed air supplied through a 0.64 cm  
(1/4 inch) tube and controlled by an analog voltage input. The compressed air is stored in a large  
tank at the south end of the mezzanine.  The measured flow rate from the  IRM-A rotary  gas  
meter is used in a PID feedback control loop in order to adjust this valve to produce the desired 
flow rate.  The control loop is designed to operate using the heat release rate parameter,  and  
determination of this value as a function of the volume flow rate requires the use of continuous  
measurements of the heat content, specific gravity, temperature, and pressure of the gas.   
Measurements of all of these parameters must be made in order to  accurately control the heat  
release rate by means of this valve.  The device is shown below in Figure  6.  The compressed air  
tube is attached to the regulator on the bottom left of the device.  The pressure  gauges indicate  
the inlet air pressure, and a ball indicator on the front panel displays  the position of the valve.  
The valve is shown “closed” in this image.  
 

Figure 6 –   Masoneilan flow control valve[TDR6]  

 



 

     
  

BURNER DESCRIPTION  
The tube burner is capable of producing f ires as large as 6 MW.  It has a height of 95 cm above  
the floor and plan dimensions of 162 cm x 122 cm.  The burner  consists of eleven parallel tubes  
which have 3.8 mm holes drilled along the top side with a spacing of 2.54 cm.  These tubes are  
the release point for the natural  gas. The tubes are  divided in half with the ends at the center of  
the burner  capped.  The opposite ends are  connected to manifolds at each side of the burner that  
distribute natural gas.  The tubes are  grouped into “banks” (numbered 1-4). The banks are  
opened and closed independently using solenoid valves.  Banks are opened successively to 
increase the fire size.  There are  also two tubes which run perpendicular to and beneath the main 
tube banks which serve as pilot ignition tubes. The pilot tubes have 1.85 mm holes drilled along  
the top with a spacing of  1.3 cm.  The fuel banks and pilot banks are fed by  a 7.6 cm (3 inch)  
distribution pipe which is connected to the natural  gas train by 7.6 cm  (3 inch) stainless steel 
braided hose.  Figure  7 shows the tube burner with the pilot banks ignited.  A 10,000 V spark 
igniter is used to ignite the fuel passing through the pilot tubes.  An electronic photoelectric  
sensor (Fireye) is used to monitor the presence of  a flame at the pilot tubes.  
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Figure 7. Tube Burner (shown with pilot bank ignited) 



 

    

 
 
 

 
    

  

Burner Solenoid Valves  
 
There five separate solenoid valves used to control the output of the tube burner.  They  are  
normally closed valves each intended to activate at various heat release  rates, allowing additional  
banks to open as fire sizes increase up to 6 MW.  The standard activation heat release settings for  
the valves are shown below in Table 1.  The solenoid valve used to control  tube bank 4 is shown 
below in Figure  8.  

Table 1 - Solenoid valve activation heat release rates 

Solenoid Valve Activation HRR (kW) 
Pilot 0 

Tube Bank "1" 4500 
Tube Bank "2" 3000 
Tube Bank "3" 1500 
Tube Bank "4" 400 

[TDR8] 

Figure 8 – Solenoid valve connected to tube bank “4” 



 

    
 

Regulator  for Burner Pilot Tubes  
This is a pressure regulator placed in line with the  pilot solenoid valve used to limit the amount  
of flow exiting the solenoid valve.  Figure  9 s hows a photograph of the  regulator.  The use of this  
regulator makes setting the heat release rate of the burner accurately below  400 kW impossible.   
Instead the flow  rate is  generally maintained by the set pressure of the regulator at a steady 250  
kW.  As a result, the tube burner should not be used to provide calibrated heat release rates  
below 1 MW.  

 [TDR9] 

Figure 9 – Pressure regulator (center) and solenoid valve (left) for gas burner pilot tube 

Fireye Flame Safeguard Controller  
This device is connected to the burner solenoid valves as a  safeguard against releasing natural  
gas into the laboratory.  It is mounted to the base of the tube burner and contains a UV flame  
detector that prevents the solenoid valves to the primary tube banks from opening if the pilot  
flame is not lit.  The device  provides  an alarm signal and shuts off the flow  of gas if no pilot  
flame is detected  for 10 seconds.  
 
The Fireye provides  activation power to the burner solenoid valves.  When the pilot flame is lit  
and detected, the Fireye  provides input power to a set of  relays.  The relays are powered by the 
Fireye  controller  and controlled by the  FieldPoint module.  The input power from the  Fireye is  
used to switch on the burner solenoid valves when the relay is activated.  The relays  can be seen 
in Figure  10 a long the  right side of the circuit box below the electrical conduit ports.  
 
The Fireye is also used to control three  LED lights on the front of the  gas burner electrical circuit  
box.  The green light on the left indicates that the  Fireye unit has 120 VAC power supplied.  The  
green light in the middle indicates that the solenoid valve for the pilot tubes is in the open 
position.  The red light on the right  indicates that the Fireye flame detector  has indicated an  
unsafe condition and disabled all solenoid valves to prevent the release of  gas.  The  LED lights  



   
 

 

 

 

on the box are shown in Figure  11.  The Fireye device can be seen in the lower left  corner of  
Figure  10.  

[TDR10]  
Figure 10 – Gas burner electrical circuit box containing Fireye (bottom left corner), 

FieldPoint Module (top) and solid state relays (right) 

 [TDR11] 

Figure 11  - Gas burner electrical circuit box with LED indicator lights  

FUEL DESCRIPTION  
The primary type of fuel  used in the tube burner is natural  gas, which is composed primarily of  
methane.  See Appendix A for more information on the fuel used in the tube burner.  



 

 

 

 

    

 

 
 

 

 
 

DATA ACQUISITION  
Data acquisition for the tube burner is  achieved using National  Instrument (NI) FieldPoint  
modules. There are two sets of FieldPoint modules that are used to control and monitor the tube  
burner. The  FieldPoint modules and the instrumentation attached to them are listed in Table 2. 
The FieldPoint modules are ethernet based control modules.  

Table 2. FieldPoint Setup and Locations 
FieldPoint Name 

(COMM Resource) 
Physical Location Devices Attached 

Quantities 
Measured/Controlled 

FieldPoint 
Module Address 

Channel 
Wiring 

Terminals 

Gas Train 
(10.243.235.36) 

Electrical Box 
Adjacent to Gas 

Train 

P&F KFD2 Universal Frequency Converter Volumetric Flow Rate FP-AI-110 @ 3 0 (2,18) 
Masoneilan Flow Control Valve Valve Position FP-A0-200 @ 1 0 (1,2) 
Inconel Type-K Thermocouple Gas Temperature FP-TC-120 @2 0 (1,2) 
OmegaDyne Pressure Transducer Gas Pressure FP-TC-120 @2 1 (3,20) 

Gas Burner 
(10.243.235.35) 

Electrical Box 
Underneath 
Tube Burner 

Green Power LED Relay Open/Closed FP-DO-410 @ 1 0 (1,2) 
Tube Bank 4 Solenoid Valve Open/Closed FP-DO-410 @ 1 1 (3,4) 
Tube Bank 3 Solenoid Valve Open/Closed FP-DO-410 @ 1 2 (5,6) 
Tube Bank 2 Solenoid Valve Open/Closed FP-DO-410 @ 1 3 (7,8) 
Tube Bank 1 Solenoid Valve Open/Closed FP-DO-410 @ 1 4 (9,10) 
FireEye Reset Warning Alarm Relay Open/Closed FP-DO-410 @ 1 5 (11,12) 
FireEye Warning Alarm Flame Present? FP-DO-301 @ 2 0 (1,17) 
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FireTOSS Calculations 

HEAT RELEASE RATE CALCULATION 
The heat release rate (HRR) of the fire is calculated using the flow rate of the fuel and the 
combustion properties of the fuel.  Equation (1.1) expresses the HRR in terms of the mass flow 
rate of the fuel. 

̇ ̇  Q = η ⋅ mΔH𝐶𝐶,𝑛𝑛𝑛𝑛𝑛𝑛 (1.1) 

Equation (1.2) expresses th c flow rate of the fuel. 

̇ ̇  Q = η ⋅ ρ𝑉𝑉 ΔH𝐶𝐶,𝑛𝑛𝑛𝑛𝑛𝑛 (1.2) 
 
where  
 
𝑄𝑄  = heat release rate of the burner (kW)  
η   = combustion efficiency  of the fuel (assumed to be 1 for  gaseous fuels).  
m  = mass flow rate of the fuel (kg/s)  
∆HC ,net  = net heat of  combustion of the fuel (kJ/kg)  
ρ   = density of the fuel  (kg/m³)  
𝑉𝑉  = volumetric flow rate of the fuel (m³/s)  
 
The density term in Eqn. 1.2 refers to the density of the natural  gas at the point where the flow  
rate �𝑉𝑉 � is measured.  The natural  gas density is measured by the combustion calorimeter which 
operates  at ambient conditions [1].  Therefore, the measured density must be corrected to 
correlate with the conditions  in the gas train.  Using the ideal gas law, the density in the  gas train  
can be expressed as:  

 -----SG(NG) P2𝜌𝜌2 = 
Rair T2 

̇

̇

̇

̇

(1.3) 

where  
 
𝑆𝑆𝑆𝑆(𝑁𝑁𝑆𝑆)   = specific gravity of the natural  gas measured  at the combustion calorimeter  
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎   = gas constant for air (0.287 kJ/kg/K)  
𝜌𝜌2, 𝑃𝑃2, 𝑇𝑇2   = gas properties in the natural gas train at the location of the flow meter  
 
 
 



 
 
 
An example of heat release for natural  gas calculated for a variety of  flow rates is shown in  Table 
3.  
 

      
 

    
 

 
 

  
  
  
  
  

 
 

   
 

   
  

 
 

   

   
   
 

Table 3 - Heat Release Rate vs. Natural Gas Flow Rate 

HRR Natural Gas Flow 
(kW) Rate (SLPM) 
500 869.6 

1000 1739.3 
2000 3478.5 
3000 5217.8 
4000 6957.0 

Uncertainty and Accuracy 

The uncertainty of the burners was estimated using the guidelines of the National Institute of 
Standards and Technology (NIST) Technical Note 1297 [1], Special Publication 1007 [2] and the 
NIST Uncertainty Workshop [3]. The combined standard uncertainty of the heat release rate is a 
combination of the uncertainty of its components, including flow, density and heat of 
combustion, among other factors, and is given by the following equation: 

̇  𝑢𝑢𝐶𝐶�Q� = �∑ si2u(xi)2 (1.4) 

where:  
 
𝑢𝑢𝑐𝑐�Q�   = Combined standard uncertainty of the burner heat release rate  
u(xi)   = Standard uncertainty of each heat release rate component  
si   = Sensitivity  coefficient (∂y⁄∂xi)  
 
Using the volumetric  formulation (Eqs. 1.2 and 1.3), the sources of uncertainty that are  
considered in the tube burner heat release rate are the volumetric flow rate,  the natural  gas  
density and heat of  combustion, (both extracted from the combustion calorimeter, see  Appendix  
A and [4]), and the pressure and temperature measurements.  Based on this, Eq. 1.4 can be  
applied to Eq. 1.2 and 1.3 to yield:  
 

̇
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+ � 
∂Q ⎤� �u(SG)�
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̇ ̇ ̇

̇ (1.5) 
̇ ̇

̇
̇

where:  
 
u(SG)   = Standard uncertainty of natural  gas specific gravity measurement at the combustion 

calorimeter  
u(P2)   = Standard uncertainty of pressure measurement in the natural  gas train  
u(T2)   = Standard uncertainty of temperature measurement in the natural gas train  
u�VNG�    = Standard uncertainty of natural  gas volumetric  flow rate   
u�ΔHc,net� = Standard uncertainty of natural  gas heat of combustion  
 
Standard uncertainties for the natural  gas specific  gravity  (0.012) and heat  of combustion (1.05 
MJ/kg) were  computed based on an evaluation of  the combustion calorimeter [4].  

̇

The uncertainty of the volumetric flow rate is a factor of the accuracy and repeatability of the 
IRM-A Rotary Meter.  An analysis was performed to evaluate contributions from the data 
acquisition system, including the frequency converter, and random fluctuations in the data to the 
combined uncertainty of the gas flow rate.  It was found that these sources were negligible in 
comparison to the contribution from the flow meter accuracy.  These were therefore not 
considered in the analysis that follows.  

Instromet lists the accuracy of the  IRM-A  rotary  meter as ±1% of the reading, and the 
repeatability as less than  0.05  % of the reading [5]. The nominal peak flow  rate through the flow  
meter (for a 6 MW fire) is 0.087 m3/s (11000 C FH).  The combined standard uncertainty at this  
flow rate is  u�V � =5.0 x   10-4  m3NG /s  (63.6  CFH).  
 
The temperature of the natural gas in the flow meter is monitored by  a K-type thermocouple with 
error limits of ± 1.1 °C.  The corresponding standard uncertainty, assuming a  rectangular  
distribution, is  u(T2)  = 0.64 °C. The OmegaDyne pressure transducer has an accuracy of ± 0.25 
%.  At a nominal operating pressure of 200 kPa the standard uncertainty is  u(P2)  =  0.31 kPa.  
 
Using the standard uncertainties listed above, the combined standard uncertainty of the tube  
burner heat release rate is calculated  (using Eq. 1.4) as = 179.9 kW.  This equates to a relative 
combined standard uncertainty of 3.1 %  at a nominal heat release  rate of 5890 kW.  

̇

Appendix A – Calculation of Natural Gas Properties 

In order to calculate the heat release rate of the burner using Equation  (1.1), the properties of the  
gas  are needed.  The most typical fuel gas that will be used by the FRL to fuel the burners is  
natural  gas.  Natural  gas is a mixture of gases  whose major components are  methane, propane, i-
butane, n-butane, neopentane, i-pentane, n-pentane, nitrogen, carbon dioxide, ethane  and heavier  



 

 

 
   

 

 
 
 
 
 
 
 
 

hydrocarbons  with six or  more carbon atoms (referred to by Washington Gas as “C6+  
47/35/17”).  These  component concentrations vary  over time, thus varying the properties of the  
natural  gas.  Therefore, the properties of natural  gas supplied to the FRL were calculated using a  
combustion calorimeter  which measured the calorific value  and specific  gravity of  the natural  
gas [4].  

Combustion Calorimeter   
A Union CWD 2000 Combustion Calorimeter was used to determine the calorific value  and 
specific gravity of the natural gas supply [6]. The caloric value was measured over a range of  
35000-45000 kJ/m3  and the specific gravity was measured over a range of 0.2-2.2, with respect  
to air. Both of these values are output as  a 4-20 mA current. The calorimeter is automatically  
calibrated every weekday.  

Density  

The density  (ρ) of natural gas is calculated in real-time throughout the test  based on the specific  
gravity of the  gas and the relationship of specific  gravity to density:  

 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁∗𝑃𝑃 𝜌𝜌𝑁𝑁𝑁𝑁 = 
𝑅𝑅∗𝑇𝑇 

(1.6) 
 
where  
 
𝜌𝜌𝑁𝑁𝑁𝑁     = density of natural  gas, kg/m³  
𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁   = specific gravity of natural gas in relation to air  
𝑃𝑃  = pressure of  gas in the  gas train, Pa  
𝑅𝑅  = gas constant for air, 287 J/kg•K  
𝑇𝑇  = temperature of  gas in gas train, K  
 
The specific gravity is the average of a two minute baseline reading taken  prior to the start of the 
test.    

Net heat of combustion  
The calorific (heating) value of natural  gas is determined by the  combustion calorimeter used and  
output in kJ/m3. However, the gas property necessary for the burner  calculations in 
Equation ( 1.1) is the net  heat of combustion ( ∆HC, net ) in units of kJ/kg.  The net heat of  
combustion of natural  gas was calculated based on the heating value  and the density of natural  
gas:  

 𝐶𝐶.𝑉𝑉.=∆𝐻𝐻𝑐𝑐,𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔 𝜌𝜌𝑁𝑁𝑁𝑁 
(1.7)   



 
 
 
 

    

    
  

 
 

   
 

where  
 
∆𝐻𝐻𝑐𝑐,𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔= gross heat of  combustion of the  gas mixture in kJ/kg  
𝐶𝐶. 𝑉𝑉.       = calorific value of natural gas in kJ/m3  
𝜌𝜌𝑁𝑁𝑁𝑁   = density of natural  gas in kg/m3   
 
This calculation yields a  value in terms of the higher heating value, which does not account for  
water vapor. To account  for water vapor, a correlation from Bossel [7] was used to convert to the  
lower heating value.   

 ∆𝐻𝐻𝑐𝑐,𝑛𝑛𝑛𝑛𝑛𝑛 = ∆𝐻𝐻𝑐𝑐,𝑔𝑔𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 0.896 (1.8)  

The heat of combustion of the natural gas is calculated as a static value for tube burners. The 
calorific value is the average of a two minute baseline reading taken prior to the start of the 
test. The natural gas density is the average density calculated during the same two minute 
baseline. 

Appendix B – Tube Burner Flow Chart and Wiring Diagram 
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Figure 12. Wiring Diagram for Tube Burner Electrical Box 
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Figure 13. System  Flow Chart for Components Located in Mezzanine  
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Figure 14. System  Flow Chart for Tube Burner and Tube Burner Electrical Box  
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[bookmark: _Toc286927378]Scope

This Technical Reference covers the use, design and specifications of the tube burner used in the Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF) Fire Research Laboratory (FRL).



[bookmark: _Toc286927379]Instrument Description

[bookmark: _Toc286927380]GENERAL

The tube burner is used in experiments to produce fires of known size and configurations. It is generally used for calibration of oxygen consumption calorimeters, but can be used whenever a known fire size is needed. The tube burner setup consists of a natural gas fuel supply, a gas train consisting of fuel flow monitoring instrumentation and fuel flow control, and the tube burner itself. All instrumentation must be calibrated according to manufacturer and ATF specifications. 






[bookmark: _Toc286927381]GAS TRAIN AND FLOW CONTROL/MONITORING DESCRIPTION

The tube burner uses a gas train which is located in the Mezzanine of the FRL. This gas train contains the primary fuel supply valve, the flow control and flow monitoring devices, and the emergency shut off valve for the tube burner. All control and monitoring is achieved within this gas train. The actual burner only has on/off style valves, and is not equipped for control/monitoring.



Ball Valve

This is a mechanical quarter-turn ball valve placed at the inlet to the gas train.  This valve is purely mechanical and must be operated manually with a wrench.  This valve is kept closed at all times prior to and after testing to prevent leakage of gas into the laboratory or plenum space.  A crescent wrench is kept with the valve at all times as shown in Figure 1.



[image: NGTB_Manual Ball Valve.JPG]	Comment by Tucholski, David R.: Figure showing Natural gas inlet ball valve and crescent wrench

[bookmark: _Ref240944239]Figure 1 – Natural gas inlet ball valve and crescent wrench



Type 99 Pressure Reducing Regulator

The natural gas supply pressure is regulated through this device, shown in Figure 2, to approximately 200 kPa (29 psia).  Fluctuations in the inlet pressure are reduced through this regulator and a steady pressure is maintained downstream.  This device utilizes a yoked double-diaphragm pilot to mechanically control the output pressure.  It does not contain any electrical parts and does not communicate with the DAQ.



[image: ]	Comment by Tucholski, David R.: Figure showing Type 99 Pressure Reducing Regulator

[bookmark: _Ref272240563]Figure 2 – Type 99 Pressure Reducing Regulator



Maxon Valve Emergency Shutoff

The Maxon valve, shown in Figure 3, is a normally closed valve placed in the main flow line.  The valve is connected to four separate shutoff switches located in each burn room in the laboratory (Two each in the MBR and LBR).  If any of the four switches are pressed this valve is closed, stopping the flow of gas through the train.  There is, however, a significant amount of pipe between the burner and the shutoff valve, and thus additional safety measures have been implemented to prevent a release of gas.



[image: ]	Comment by Tucholski, David R.: Figure showing Maxon Emergency Shutoff Valve

[bookmark: _Ref272240590]Figure 3 – Maxon Emergency Shutoff Valve



Instromet IRM-A Rotary Gas Meter

This device, shown in Figure 4, is a rotary meter designed to measure the volume of gas flow in the line.  Measurements are made through the use of counter rotating figure-eight rotors in a chamber of constant volume.  Each revolution displaces a fixed volume of gas in four strokes.  Each revolution is timed, producing a frequency output that is directly proportional to the volume flow rate.  The volume flow rate is independent of any properties of the gas, including pressure, density, and viscosity.  



[image: ]

[bookmark: _Ref272240665]Figure 4 – Instromet IRM-A Rotary Gas Meter with mounted pressure transducer and thermocouple	Comment by Tucholski, David R.: Figure showing Instromet IRM-A Rotary Gas Meter with mounted pressure transducer and thermocouple



Gas pressure and temperature are monitored inside the flow meter through the use of a pressure transducer and thermocouple, respectively.  The output signal from the flow meter is converted from frequency to amperage using a frequency converter.  These instruments are described below.



OmegaDyne Pressure Transducer

The pressure of the gas flowing through the rotary gas meter is measured using an OmegaDyne very high accuracy millivolt output pressure transducer (PX01K1-050AV).  This device is powered by a 10 VDC power supply mounted in the gas train electrical box and produces an output of 3 mV/V of supply.  This device has a range of 0 - 344.7 kPa (0-50 psia) and outputs a signal from 0-30 mV.  The output is read by the FieldPoint module and converted to pressure and used for calculations of mass flow rate.



Type-K Thermocouple

An inconel sheathed, Type-K thermocouple is used to measure the gas temperature at the rotary gas meter.  The temperature is read using a calibrated thermocouple FieldPoint unit with a range of -270 °C through 1770 °C using cold junction compensation.  This data is used for calculations of the mass flow rate of the gas.



Pepperl+Fuchs KFD2-UFC-Ex1.D Universal Frequency Converter

The Universal Frequency Converter is used to transform the frequency output of the rotary gas meter into a current signal that can be read by the FieldPoint module connected to the DAQ system.  This device is not involved in the flow of gas; it is an electrical component that allows the frequency signal from the rotary gas meter to be measured by the existing DAQ.  This device is mounted in the electrical box near the natural gas train in the plenum and is shown below on the right side of Figure 5.







[image: ]

[bookmark: _Ref240882294]Figure 5 – Pepperl+Fuchs KFD-UFC-1.D Universal Frequency Converter and SOLA 24 VDC power supply 	Comment by Tucholski, David R.: Figure showing Pepperl+Fuchs KFD-UFC-1.D Universal Frequency Converter and SOLA 24 VDC power supply


Masoneilan Flow Control Valve

This is a pneumatically actuated valve that is used to restrict the amount of flow allowed to discharge from the burner.  This device is driven by compressed air supplied through a 0.64 cm (1/4 inch) tube and controlled by an analog voltage input. The compressed air is stored in a large tank at the south end of the mezzanine.  The measured flow rate from the IRM-A rotary gas meter is used in a PID feedback control loop in order to adjust this valve to produce the desired flow rate.  The control loop is designed to operate using the heat release rate parameter, and determination of this value as a function of the volume flow rate requires the use of continuous measurements of the heat content, specific gravity, temperature, and pressure of the gas.  Measurements of all of these parameters must be made in order to accurately control the heat release rate by means of this valve.  The device is shown below in Figure 6.  The compressed air tube is attached to the regulator on the bottom left of the device.  The pressure gauges indicate the inlet air pressure, and a ball indicator on the front panel displays the position of the valve.  The valve is shown “closed” in this image.







[image: NGTB_Flow Control Valve.JPG]

[bookmark: _Ref240945929]Figure 6 – Masoneilan flow control valve	Comment by Tucholski, David R.: Figure showing Masoneilan flow control valve






[bookmark: _Toc286927382]BURNER DESCRIPTION

The tube burner is capable of producing fires as large as 6 MW.  It has a height of 95 cm above the floor and plan dimensions of 162 cm x 122 cm.  The burner consists of eleven parallel tubes which have 3.8 mm holes drilled along the top side with a spacing of 2.54 cm.  These tubes are the release point for the natural gas. The tubes are divided in half with the ends at the center of the burner capped.  The opposite ends are connected to manifolds at each side of the burner that distribute natural gas.  The tubes are grouped into “banks” (numbered 1-4). The banks are opened and closed independently using solenoid valves.  Banks are opened successively to increase the fire size.  There are also two tubes which run perpendicular to and beneath the main tube banks which serve as pilot ignition tubes. The pilot tubes have 1.85 mm holes drilled along the top with a spacing of 1.3 cm.  The fuel banks and pilot banks are fed by a 7.6 cm (3 inch) distribution pipe which is connected to the natural gas train by 7.6 cm (3 inch) stainless steel braided hose.  Figure 7 shows the tube burner with the pilot banks ignited.  A 10,000 V spark igniter is used to ignite the fuel passing through the pilot tubes.  An electronic photoelectric sensor (Fireye) is used to monitor the presence of a flame at the pilot tubes.





[image: MVC-753F]	Comment by Tucholski, David R.: Figure showing Tube Burner (shown with pilot bank ignited)

[bookmark: _Ref267990733]Figure 7. Tube Burner (shown with pilot bank ignited)




Burner Solenoid Valves



There five separate solenoid valves used to control the output of the tube burner.  They are normally closed valves each intended to activate at various heat release rates, allowing additional banks to open as fire sizes increase up to 6 MW.  The standard activation heat release settings for the valves are shown below in Table 1.  The solenoid valve used to control tube bank 4 is shown below in Figure 8.



[bookmark: _Ref241375655]Table 1 - Solenoid valve activation heat release rates

[image: ]





[image: NGTB_Solenoid Valve.JPG]	Comment by Tucholski, David R.: Figure showing Solenoid valve connected to tube bank “4”

[bookmark: _Ref240865188]Figure 8 – Solenoid valve connected to tube bank “4”




Regulator for Burner Pilot Tubes

This is a pressure regulator placed in line with the pilot solenoid valve used to limit the amount of flow exiting the solenoid valve.  Figure 9 shows a photograph of the regulator.  The use of this regulator makes setting the heat release rate of the burner accurately below 400 kW impossible.  Instead the flow rate is generally maintained by the set pressure of the regulator at a steady 250 kW.  As a result, the tube burner should not be used to provide calibrated heat release rates below 1 MW.



[image: NGTB_Pilot Regulator.JPG]	Comment by Tucholski, David R.: Figure showing Pressure regulator (center) and solenoid valve (left) for gas burner pilot tube

[bookmark: _Ref272244797]Figure 9 – Pressure regulator (center) and solenoid valve (left) for gas burner pilot tube



Fireye Flame Safeguard Controller

This device is connected to the burner solenoid valves as a safeguard against releasing natural gas into the laboratory.  It is mounted to the base of the tube burner and contains a UV flame detector that prevents the solenoid valves to the primary tube banks from opening if the pilot flame is not lit.  The device provides an alarm signal and shuts off the flow of gas if no pilot flame is detected for 10 seconds.



The Fireye provides activation power to the burner solenoid valves.  When the pilot flame is lit and detected, the Fireye provides input power to a set of relays.  The relays are powered by the Fireye controller and controlled by the FieldPoint module.  The input power from the Fireye is used to switch on the burner solenoid valves when the relay is activated.  The relays can be seen in Figure 10 along the right side of the circuit box below the electrical conduit ports.



The Fireye is also used to control three LED lights on the front of the gas burner electrical circuit box.  The green light on the left indicates that the Fireye unit has 120 VAC power supplied.  The green light in the middle indicates that the solenoid valve for the pilot tubes is in the open position.  The red light on the right indicates that the Fireye flame detector has indicated an unsafe condition and disabled all solenoid valves to prevent the release of gas.  The LED lights on the box are shown in Figure 11.  The Fireye device can be seen in the lower left corner of Figure 10.

[image: NGTB_Electrical Box_Interior.JPG]	Comment by Tucholski, David R.: Figure showing Gas burner electrical circuit box containing Fireye, FieldPoint Module and solid state relays 

[bookmark: _Ref272246251]Figure 10 – Gas burner electrical circuit box containing Fireye (bottom left corner), FieldPoint Module (top) and solid state relays (right)



[image: NGTB_Electrical Box.JPG]	Comment by Tucholski, David R.: Figure showing Gas burner electrical circuit box with LED indicator lights

[bookmark: _Ref240864931]Figure 11 - Gas burner electrical circuit box with LED indicator lights





[bookmark: _Toc286927383]FUEL DESCRIPTION

The primary type of fuel used in the tube burner is natural gas, which is composed primarily of methane.  See Appendix A for more information on the fuel used in the tube burner. 



[bookmark: _Toc286927384]DATA ACQUISITION

Data acquisition for the tube burner is achieved using National Instrument (NI) FieldPoint modules. There are two sets of FieldPoint modules that are used to control and monitor the tube burner. The FieldPoint modules and the instrumentation attached to them are listed in Table 2. The FieldPoint modules are ethernet based control modules. 



[bookmark: _Ref267990087]Table 2. FieldPoint Setup and Locations

[image: ]

[bookmark: _Toc286927385]
FireTOSS Calculations

[bookmark: _Toc286927386]HEAT RELEASE RATE CALCULATION

The heat release rate (HRR) of the fire is calculated using the flow rate of the fuel and the combustion properties of the fuel.  Equation  expresses the HRR in terms of the mass flow rate of the fuel.



[bookmark: ZEqnNum527200]			



Equation  expresses the HRR in terms of the volumetric flow rate of the fuel.



[bookmark: ZEqnNum826820]			



where 



	= heat release rate of the burner (kW)



 	= combustion efficiency of the fuel (assumed to be 1 for gaseous fuels).

	= mass flow rate of the fuel (kg/s)



 = net heat of combustion of the fuel (kJ/kg)



 	= density of the fuel (kg/m³)

	= volumetric flow rate of the fuel (m³/s)



The density term in Eqn. 1.2 refers to the density of the natural gas at the point where the flow rate  is measured.  The natural gas density is measured by the combustion calorimeter which operates at ambient conditions [1].  Therefore, the measured density must be corrected to correlate with the conditions in the gas train.  Using the ideal gas law, the density in the gas train can be expressed as:





		





where 



 	= specific gravity of the natural gas measured at the combustion calorimeter

 	= gas constant for air (0.287 kJ/kg/K)

 	= gas properties in the natural gas train at the location of the flow meter





















An example of heat release for natural gas calculated for a variety of flow rates is shown in Table 3.



[bookmark: _Ref129500876]Table 3 - Heat Release Rate vs. Natural Gas Flow Rate



		HRR    (kW)

		Natural Gas Flow Rate (SLPM)



		

		



		500

		869.6



		1000

		1739.3



		2000

		3478.5



		3000

		5217.8



		4000

		6957.0









[bookmark: _Toc96903890][bookmark: _Toc286927387]Uncertainty and Accuracy



The uncertainty of the burners was estimated using the guidelines of the National Institute of Standards and Technology (NIST) Technical Note 1297 [1], Special Publication 1007 [2] and the NIST Uncertainty Workshop [3]. The combined standard uncertainty of the heat release rate is a combination of the uncertainty of its components, including flow, density and heat of combustion, among other factors, and is given by the following equation:

	 

		 



where:



 	= Combined standard uncertainty of the burner heat release rate

 	= Standard uncertainty of each heat release rate component

 	= Sensitivity coefficient 



Using the volumetric formulation (Eqs. 1.2 and 1.3), the sources of uncertainty that are considered in the tube burner heat release rate are the volumetric flow rate, the natural gas density and heat of combustion, (both extracted from the combustion calorimeter, see Appendix A and [4]), and the pressure and temperature measurements.  Based on this, Eq. 1.4 can be applied to Eq. 1.2 and 1.3 to yield:



		 

	


where:



 	= Standard uncertainty of natural gas specific gravity measurement at the combustion calorimeter

 	= Standard uncertainty of pressure measurement in the natural gas train

 	= Standard uncertainty of temperature measurement in the natural gas train

 		= Standard uncertainty of natural gas volumetric flow rate 

	= Standard uncertainty of natural gas heat of combustion



Standard uncertainties for the natural gas specific gravity (0.012) and heat of combustion (1.05 MJ/kg) were computed based on an evaluation of the combustion calorimeter [4]. 



The uncertainty of the volumetric flow rate is a factor of the accuracy and repeatability of the IRM-A Rotary Meter.  An analysis was performed to evaluate contributions from the data acquisition system, including the frequency converter, and random fluctuations in the data to the combined uncertainty of the gas flow rate.  It was found that these sources were negligible in comparison to the contribution from the flow meter accuracy.  These were therefore not considered in the analysis that follows.  



Instromet lists the accuracy of the IRM-A rotary meter as ±1% of the reading, and the repeatability as less than 0.05 % of the reading [5]. The nominal peak flow rate through the flow meter (for a 6 MW fire) is 0.087 m3/s (11000 CFH).  The combined standard uncertainty at this flow rate is 5.0 x 10-4 m3/s (63.6 CFH).



The temperature of the natural gas in the flow meter is monitored by a K-type thermocouple with error limits of ± 1.1 °C.  The corresponding standard uncertainty, assuming a rectangular distribution, is  = 0.64 °C.  The OmegaDyne pressure transducer has an accuracy of ± 0.25 %.  At a nominal operating pressure of 200 kPa the standard uncertainty is  = 0.31 kPa.



Using the standard uncertainties listed above, the combined standard uncertainty of the tube burner heat release rate is calculated (using Eq. 1.4) as = 179.9 kW.  This equates to a relative combined standard uncertainty of 3.1 % at a nominal heat release rate of 5890 kW.

[bookmark: _Toc286927388]Appendix A – Calculation of Natural Gas Properties



In order to calculate the heat release rate of the burner using Equation (1.1), the properties of the gas are needed.  The most typical fuel gas that will be used by the FRL to fuel the burners is natural gas.  Natural gas is a mixture of gases whose major components are methane, propane, i-butane, n-butane, neopentane, i-pentane, n-pentane, nitrogen, carbon dioxide, ethane and heavier hydrocarbons with six or more carbon atoms (referred to by Washington Gas as “C6+ 47/35/17”).  These component concentrations vary over time, thus varying the properties of the natural gas.  Therefore, the properties of natural gas supplied to the FRL were calculated using a combustion calorimeter which measured the calorific value and specific gravity of the natural gas [4]. 



Combustion Calorimeter 

A Union CWD 2000 Combustion Calorimeter was used to determine the calorific value and specific gravity of the natural gas supply [6]. The caloric value was measured over a range of 35000-45000 kJ/m3 and the specific gravity was measured over a range of 0.2-2.2, with respect to air. Both of these values are output as a 4-20 mA current. The calorimeter is automatically calibrated every weekday.



Density

The density () of natural gas is calculated in real-time throughout the test based on the specific gravity of the gas and the relationship of specific gravity to density:



		 



where



    = density of natural gas, kg/m³

 	= specific gravity of natural gas in relation to air

	= pressure of gas in the gas train, Pa

	= gas constant for air, 287 J/kg•K

	= temperature of gas in gas train, K



The specific gravity is the average of a two minute baseline reading taken prior to the start of the test.  



Net heat of combustion



The calorific (heating) value of natural gas is determined by the combustion calorimeter used and output in kJ/m3. However, the gas property necessary for the burner calculations in Equation (1.1) is the net heat of combustion () in units of kJ/kg.  The net heat of combustion of natural gas was calculated based on the heating value and the density of natural gas:



		 













where



= gross heat of combustion of the gas mixture in kJ/kg

     	= calorific value of natural gas in kJ/m3

 	= density of natural gas in kg/m3 



This calculation yields a value in terms of the higher heating value, which does not account for water vapor. To account for water vapor, a correlation from Bossel [7] was used to convert to the lower heating value. 



		





The heat of combustion of the natural gas is calculated as a static value for tube burners.  The calorific value is the average of a two minute baseline reading taken prior to the start of the test.  The natural gas density is the average density calculated during the same two minute baseline. 





[bookmark: _Toc286927389]Appendix B – Tube Burner Flow Chart and Wiring Diagram



[image: ]	Comment by Tucholski, David R.: Figure showing Wiring Diagram for Tube Burner Electrical Box

Figure 12. Wiring Diagram for Tube Burner Electrical Box















[image: ]	Comment by Tucholski, David R.: Figure showing System Flow Chart for Components Located in Mezzanine











































































Figure 13. System Flow Chart for Components Located in Mezzanine









[image: ]	Comment by Tucholski, David R.: Figure showing System Flow Chart for Tube Burner and Tube Burner Electrical Box



Figure 14. System Flow Chart for Tube Burner and Tube Burner Electrical Box
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Tube Burner Flow Diagram (Plenum)


Type 99 Pressure Reducing RegulatorMaxonValve Emergency ShutoffMason EilanFlow Control ValveInstrometIRM-A Flow MeterUniversal Frequency ConverterOmegaDynePressure Transducer


GAS TRAIN


Field Point 10_243_235_35Manual Ball ValveNatural Gas SupplyType-K ThermocoupleGas Supply to Laboratory


ELECTRICAL BOX


15 VDC Power Supply24 VDC Power SupplyCUAOTCAICUAIAIDOTCPSField Point 10_243_235_38CWD 2000 Combustion CalorimeterMethaneEthane2-Way Valve


SOUTH SHED


Compressed Air TankNon-cycling air dryerDesiccant TubeFiltersPressure RegulatorPSEthernetEthernetBurn Room Shutoff Switches




image20.emf

 


Tube Burner Flow Diagram (Laboratory)
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