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Abstract 

It is necessary to improve understanding and develop temporally- and spatially-resolved integral 
scale validation data of the heat flux incident to a complex object in addition to measuring the 
thermal response of said object located within the fire plume for the validation of the 
SIERRA/FUEGO/SYRINX fire and SIERRA/CALORE codes.  To meet this objective, a 
complex calorimeter with sufficient instrumentation to allow validation of the coupling between 
FUEGO/SYRINX/CALORE has been designed, fabricated, and tested in the Fire Laboratory for 
Accreditation of Models and Experiments (FLAME) facility. 

Validation experiments are specifically designed for direct comparison with the computational 
predictions.  Making meaningful comparison between the computational and experimental 
results requires careful characterization and control of the experimental features or parameters 
used as inputs into the computational model.  Validation experiments must be designed to 
capture the essential physical phenomena, including all relevant initial and boundary conditions. 

This report presents the data validation steps and processes, the results of the penlight radiant 
heat experiments (for the purpose of validating the CALORE heat transfer modeling of the 
complex calorimeter), and the results of the fire tests in FLAME. 
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1. EXPERIMENT OBJECTIVE 

1.1 Background 

It is necessary to improve understanding and develop validation data for the heat flux 
incident to a complex object located within the fire plume for the validation of 
SIERRA/FUEGO/SYRINX fire and SIERRA/CALORE [Bova et al.] thermal response 
codes.  To meet this objective, a complex calorimeter with sufficient instrumentation to 
allow validation of the coupling between FUEGO/SYRINX/CALORE was designed and 
fabricated, in preparation for fire testing in the Fire Laboratory for Accreditation of 
Models and Experiments (FLAME) facility. Refer to Blanchat et al. [2005] for the 
detailed test plan describing the steps and requirements for this formal validation test 
activity. 

The complex calorimeter was designed to enable validation of the coupling between 
FUEGO/SYRINX/CALORE.  The need to measure incident heat flux to prototypic 
devices in actual fire conditions guided the shape (Figure 1) and instrumentation of the 
complex calorimeter.  In addition, the complex calorimeter contains sufficient complexity 
and instrumentation to allow meaningful exercise and assessment of the code coupling.  
Data sets will be obtained to measure the incident total heat flux to the object, and the 
thermal response of a component within the complex object in a fully turbulent fire.   

               

Figure 1  Example of a complex shape. 

Pretest computational simulations were performed to guide the calorimeter and 
experiment design.  Pretest fire simulations were performed with the VULCAN CFD fire 
codes [Luketa-Hanlin et al., 2004]).  Design of the complex calorimeter for thermal 
response was performed using CALORE and a user-imposed heat flux boundary 
condition [Romero, C., 2004]. 

The goal of this report is to present a description of the complex calorimeter hardware, 
the results of the penlight experiments (for possible use in validation of the CALORE 
heat transfer models of the complex calorimeter), and the results of the fire experiments 
in the FLAME facility. In addition, data validation steps and processes, and measurement 
uncertainty will be discussed. 

This report was written specifically with the end-user, the fire and thermal analyst, in 
mind.  All of the experimental data is included on a DVD.  Data and plots in Excel format 
provide a convenient interface for navigating the experiment data sets.   

In addition to the numerical and graphical presentation of the data, animations of 
temperature and heat flux contour plots of the calorimeter and penlight shrouds were 
created to better visualize the fire insult (some animations are included on the CD).  The 
DVD also contains some of the digitized movies from the video camera coverage of all 
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the fires.  The digitized movies can be viewed with a standalone MPEG viewer, such as 
Windows Media Player.  The Excel program and the video media are intended to provide 
a user-friendly archival database in support of model validation efforts. 

The continued development of the model validation experiments to provide validated fire 
physics models (e.g. FUEGO) will eventually lead to an ability to predict the threat posed 
by fires, the response of objects in fires, and confidence in those predictions.  
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2. COMPLEX CALORIMETER 

 
2.1 Design 

The layout for the complex calorimeter is shown in Figures 2-6 below with some 
photographs from construction and shop assembly shown in Figure 7.  The complex 
calorimeter is composed of three 304 stainless steel (SS) sections: a nose cone; a 
cylindrical center section; and a cylindrical base, each with an outer and an inner shell 
(concentric).  A large SS mass (blivet) resides inside the inner shell of the cylindrical 
center section.  Overall, it is approximately 3 ft. long and has a diameter of 15 inches.  
Construction drawings are provided in Appendix A.  Note that material certifications 
were required from the manufacturer and all as-received parts were inspected for 
compliance with the drawings. 

Thermocouples (TCs) (all thermocouples are 1/16-inch mineral-insulated metal-sheathed 
type-K) are attached to the inside of the outer shell (1/8-inch thick) of all three sections.  
Coincident thermocouples are attached to the inside shell (3/8-inch thick).  These 
thermocouples, with the use of ceramic fiber insulation (1-inch thick CerablanketTM), 
allow reduction of the temperature data to absorbed heat flux via 1-D inverse heat 
conduction methods [Nakos, 2004]. 

While the calorimeter design is relatively simple (only two well-characterized materials 
and no water-cooled or gas-purged instrumentation), the complex calorimeter contains 
sufficient complexity (shape, multiple layers) and instrumentation to allow meaningful 
exercise and assessment of the FUEGO/SYRINX/CALORE coupling.   

 

 
Figure 2  Complex calorimeter outer shell and support. 
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Figure 3  Complex calorimeter with outer shell removed. 

 
Figure 4  Complex calorimeter with insulation layer removed. 
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Figure 5  Complex calorimeter with inner back cylinder removed. 

 

 
Figure 6  Complex calorimeter cutaway showing blivet supports. 

blivet

Outer 
shell 

Inner 
shell 

insulation 
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Inner cylinder (inner bucket) 

 

Outer cylinder (outer bucket) 

 

Outer and inner cone 

 

 

Inner cylinder welded to support arm 

 

View inside inner cylinder with blivet 
spacers 

 

Blivet placed in the inner cylinder 
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Inner cone bottom 

 

Inner cone attached to inner cylinder 

 

Inner cone attachment close up 

 

 

 

Attaching outer cone to outer cylinder 

Assembled calorimeter 

 

 

Figure 7  Construction and shop assembly photographs. 

 

 



 

 8 

2.2 Thermocouple Locations, Painting, and Assembly 

The temperature measurements are quite extensive, consisting of data from 254 
thermocouples (TC), over all sections.    

The response variable for FUEGO validation will be some norm or measure of incident 
heat flux (not including the portion of the incident reflected away) to the calorimeter 
outer surface.  Incident heat flux is the sum of the absorbed flux plus the re-radiated flux 
and convective flux.  The heat re-radiated from the calorimeter surface can be calculated 
from the surface temperature (a product from the inverse heat conduction calculation for 
absorbed heat flux) and the surface emissivity.  The entire outer surface of the 
calorimeter is painted with a high temperature black paint (Pyromark 2500, emissivity = 
0.85±0.09, see Nakos et al. [2004b]).  

TC locations on the calorimeter inside surface of the outer shell are: outer shell bottom 
surface - three rings – 17 locations; outer shell cylindrical surface - four rows – 30 
locations; outer shell cone surface – six rows – 36 locations (three rows have 8 TCs per 
row, 45° spacing, three rows have 4 TCs per row, 90° spacing) and 1 TC at the tip of the 
outer cone.  This gives a total of 84 thermocouple locations on the outer shell. 

TC locations on the calorimeter outer surface of the inner shell are: inner shell bottom 
surface - three rings – 17 locations; inner shell cylindrical surface - four rows – 30 
locations; inner shell cone surface – three rows – 24 locations (three rows with 8 TCs 
per row, 45° spacing) and 1 TC at the tip of the inner cone.  In addition, there are 14 TC 
locations on the calorimeter inner surface of the inner shell, located on the inner shell 
cylindrical surface – two rows – seven TC’s per row, coincident with the TC’s attached 
to the blivit.  In addition, there are 17 coincident TCs attached to the flat surface of the 
inner cone and 17 coincident TCs attached to the flat surface of the inner cylinder that 
are opposite the matching two flat surfaces of the blivit, discussed below.  This gives a 
total of 120 thermocouple locations on the inner shell. 

The center section has been designed to provide primarily a radiant cavity environment to 
a central object (‘blivet’) for the CALORE simulation.  The blivit is a solid disk of 
stainless steel, 11.17 inches in diameter and 3.5 inches thick.  The blivet has three rings 
of TCs on each flat face (17 TCs, a center TC, a middle ring of eight, and an outer ring of 
eight) and two rows of TCs on the cylindrical face (16 TCs, eight per row, 45° spacing) 
for a total of 50 thermocouples.   

The total number of TCs attached to the complex calorimeter is 254 (not counting 
telltales or support arm thermocouples).  All thermocouple locations on the complex 
calorimeter are extensively documented in Appendix B. 

Extensive checks were performed on the thermocouples upon receipt from the 
manufacturer, including resistance checks (lead to lead, + to sheath, - to sheath (megger 
at 200 volts, 1 s cycle, acceptance criteria > 100 MΩ)) and a water bath with 10 TCs/test 
in a stirred chiller at  2°C and 90°C (acceptance criteria of ±1°C to a calibrated TC). 

All thermocouples were placed on the calorimeter per an operating procedure and by a 
qualified technologist.  Placements were within ±0.0625 inches of the punch mark 
located during the machining process (Appendix A).   
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All inner stainless steel surfaces that predominately radiate to the central cavity and blivet 
(including the blivet) are painted with Pyromark 2500 and then cured according to a 
recommended cure schedule.  Emissivity measurements were taken on the outer shell 
surface (pre- and post-test). Photographs of thermocouple mounting, painting, and final 
assembly are given in Figures 8-11. 

All parts of the CC (except for the 3 bolts through the blivet and the small screws 
attaching the outer cone to the outer cylinder) were fabricated using 304 SS.  High 
temperature ceramic blanket insulation (1 inch thick, 8 lb/ft3 density Cerablanket from 
Thermal Ceramics®) is placed between the concentric inner and outer shells.  The 
thermal properties for the calorimeter materials and the surface emissivity are discussed 
in detail in Section 5. 
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Figure 8  Thermocouple installation. 
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Figure 9  Pyromark paint application (pre-cure). 
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Figure 10  Pyromark paint after cure.
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Figure 11  Final assembly. 
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3. PENLIGHT TESTING 

A process was performed prior to fire testing to confirm the accuracy of the data.  Data 
validity checks include description and locations of all instrumentation, as-received 
instrument checks, and data acquisition systems (DAS) calibrations.  These are described 
in detail in following chapters. This section describes the results of the complex 
calorimeter tests in “Penlight.”  The main purpose of these tests was in-situ function tests 
of the attached thermocouples.  In addition, the data could be used to validate the 
CALORE heat transfer modeling of the complex calorimeter.   
 
3.1 Penlight Facility and Shroud 
 
The complex calorimeter was tested in the Penlight apparatus (Figure 12). 

                  
 

          
Figure 12  Heated back and side, and unheated front views of Penlight. 
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The Penlight apparatus is a radiantly heated cavity, 21.5 inches (546.1 mm) in diameter 
and 33 inches (838.2 mm) long.  The cavity (a cylindrical inconel shroud) is heated on 
the back and cylindrical sides by quartz lamps, whose power is controlled by 
thermocouples attached to the shroud, maintaining the desired shroud temperature.  The 
cavity front end is open.  The shroud is fabricated from 1/8-inch thick rolled inconel.  All 
interior surfaces of the shroud are painted with a high temperature black paint (Pyromark, 
emissivity = 0.86).  Twenty eight thermocouples are attached to the inner surface of the 
shroud cylindrical section.  From outside, looking at the open end, seven thermocouples 
are placed on each of the four orientations, top (0), right side (90), bottom (180), and 
left side (270).  Note that additional thermocouples are used to both control the power to 
the lamps and provide over-temperature protection. 

Eleven thermocouples are attached to the inner surface of the shroud back plate.  From 
outside, looking in the open end, seven thermocouples are placed on a vertical centerline, 
three thermocouples are placed on the left side (270) horizontal centerline, and one 
thermocouple is placed on the right side (90) horizontal centerline.  Note the control 
thermocouple (C) is located near the plate center. 

 

3.1.1 Penlight Shroud Extension 

A shroud extension (shown as green in Figure 13) was fabricated to accommodate the 
complex calorimeter nose up test.  Four views (side, front, top, and bottom) showing the 
calorimeter half-engulfed by the extension are presented in Figure 13. 

 

  
 

  
Figure 13  The penlight shroud extension. 
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The extension (Figure 14) consisted of four parts; a rolled cylindrical extension, and two 
flat side plates and a flat bottom plate that formed an end cap to the extension.  All parts 
were fabricated using rolled and/or cut 1/16-inch thick stainless steel plate.  All inside 
surfaces were painted with Pyromark.   

Figures 15-20 give views and locations of the thermocouples on the shroud and shroud 
extension (14 thermocouples on the shroud extension (3 on the bottom end cap, 2 on each 
side end cap, and 7 on the cylindrical section)).  The locations of the thermocouples are 
given in Table 1. 

 

Figure 14  Penlight shroud and extension – isometric view 
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Figure 15  Penlight shroud and extension – front view 

 

Figure 16  Penlight shroud and extension – back view 
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Figure 17  Penlight shroud and extension – left view 

 

Figure 18  Penlight shroud and extension – right view 
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Figure 19  Penlight shroud and extension – top view 

 

 

Figure 20  Penlight shroud and extension – bottom view 
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Table 1  Penlight Shroud and Extension Thermocouple Locations 
X solidworks (inches) Y solidworks (inches) Z solidworks (inches) name 

0 -10.25 31 Cyl Shroud 1 

0 -10.25 28 Cyl Shroud 2 

0 -10.25 22 Cyl Shroud 3 

0 -10.25 16 Cyl Shroud 4 

0 -10.25 10 Cyl Shroud 5 

0 -10.25 4 Cyl Shroud 6 

0 -10.25 1 Cyl Shroud 7 

10.25 0 31 Cyl Shroud 8 

10.25 0 28 Cyl Shroud 9 

10.25 0 22 Cyl Shroud 10 

10.25 0 16 Cyl Shroud 11 

10.25 0 10 Cyl Shroud 12 

10.25 0 4 Cyl Shroud 13 

10.25 0 1 Cyl Shroud 14 

0 10.25 31 Cyl Shroud 15 

0 10.25 28 Cyl Shroud 16 

0 10.25 22 Cyl Shroud 17 

0 10.25 16 Cyl Shroud 18 

0 10.25 10 Cyl Shroud 19 

0 10.25 4 Cyl Shroud 20 

0 10.25 1 Cyl Shroud 21 

-10.25 0 31 Cyl Shroud 22 

-10.25 0 28 Cyl Shroud 23 

-10.25 0 22 Cyl Shroud 24 

-10.25 0 16 Cyl Shroud 25 

-10.25 0 10 Cyl Shroud 26 

-10.25 0 4 Cyl Shroud 27 

-10.25 0 1 Cyl Shroud 28 

0 -9.25 0 Back Shroud 29

0 -7.69 0 Back Shroud 30



 

 21 

0 -5.125 0 Back Shroud 31

0 0 0 Back Shroud 32

0 5.125 0 Back Shroud 33

0 7.69 0 Back Shroud 34

0 9.25 0 Back Shroud 35

9.25 0 0 Back Shroud 36

-5.125 0 0 Back Shroud 37

-7.69 0 0 Back Shroud 38

-9.25 0 0 Back Shroud 39

-10.25 0 33.15 Ext Shroud 40 

-10.25 0 38.65 Ext Shroud 41 

0 -10.25 33.15 Ext Shroud 42 

0 -10.25 38.65 Ext Shroud 43 

10.25 0 33.15 Ext Shroud 44 

10.25 0 38.65 Ext Shroud 45 

0 10.25 33.55 Ext Shroud 46 

-4.386 -8.765 39.65 Ext Shroud 47 

0 -9.265 39.65 Ext Shroud 48 

4.386 -8.765 39.65 Ext Shroud 49 

-7.73 5.58 39.65 Ext Shroud 50 

-8.83 -1.8 39.65 Ext Shroud 51 

7.73 5.58 39.65 Ext Shroud 52 

8.83 -1.8 39.65 Ext Shroud 53 

 

 



 

 22 

3.2 Penlight Characterization 

The Penlight apparatus was characterized using IR emission spectroscopy (Kearney, 
2002) in the configuration shown in Figure 12.  Penlight is a large cavity with a small 
hole (diameter ratio = 21.5), so its emissivity was expected to be nearly 1.  It is believed 
that the surprisingly low value 0.85-0.86 of the measured emissivity is largely due to the 
temperature gradient along the back plate portion of the shroud. 

The shroud thermocouple data acquired during calibration experiments showed that there 
are significant temperature gradients along the surface of the Penlight shroud. These 
temperature gradients along with the much lower temperature of the front insulation-
board cap (shown in Figure 12) can cause the effective radiation temperature of the 
Penlight cavity to be lower than the set point temperature.  Axial temperature variations 
as large as several hundred Kelvin exist on the surface of the shroud.  The back plate 
exhibits an approximately 90 K temperature gradient. The impact of the very large 
temperature gradients along the lateral portion of the shroud is likely mitigated because 
the view factor from the region of highest temperature gradient to the cavity opening is 
likely to be very small.  The smaller gradient along the back plate portion of the shroud is 
likely to have a much greater impact because the view factor associated with this region 
is much larger. 

 

3.3 Penlight Testing Overview 

The entire complex calorimeter could not fit into the Penlight cavity.  The complex 
calorimeter has a cylindrical-conical shape, with a support post normal to the axis 
through which thermocouple wires run to an exterior data acquisition system.  Because of 
the post, only part of the calorimeter can be inserted into the Penlight cavity. The portions 
that will enter the cavity are the rear cylindrical end of the calorimeter up to the post, and 
the front conical end up to the post. 

Testing was performed in three orientations: 1) a “nose in” orientation, 2) a “rear in” 
orientation, and 3) a “nose up” orientation (shown in Figure 22).  In both the nose in 
(shown in Figure 21) and rear in (not shown) orientations, the calorimeter is inserted (up 
to the support arm) and centered in Penlight.  In both orientations, the support arm exits 
at the 90 side. 

The main purpose of the nose in and the rear in tests was in-situ function tests of the 
attached thermocouples.  The data from the nose up tests were used to validate the 
CALORE heat transfer modeling of the complex calorimeter.  Due to the additional rigor 
required for the data, the Penlight shroud was extended to cover the front half of the 
complex calorimeter (as discussed in detail in the previous section). 
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Figure 21  The complex calorimeter in the “nose in” orientation. 

 

 
Figure 22  The nose up test utilizing the Penlight shroud extension. 
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The penlight and complex calorimeter geometry define the orientation for three sets of 
checks:  1) with the nose section inserted into the cavity, 2) with the aft end inserted into 
the cavity, and 3) with the middle section facing the open cavity.  For the nose and aft 
end tests, the shroud temperature was increased to 300C, 600C, and 900C, with a hold 
of approximately 5-10 minutes at these temperature levels to characterize response of the 
calorimeter in different temperature regimes.   

In order to obtain a significant temperature response from the center blivet, the insulation 
strip between the inner and outer shell needed to be removed for the third test series (with 
the middle section facing the open cavity).  Hold times of 30-60 minutes were used to 
obtain a significant response from the blivet (~60ºC increase).  Note that the center 
insulation strip (between the inner and outer cylinders, opposite the blivet) was not in 
place for any of the penlight tests to minimize assembly/disassembly. 

To accurately measure the temperature distribution and obtain post-test CALORE 
simulation boundary conditions, many thermocouples were attached to the cylindrical 
shroud (28) and back plate (13) for a total of 41 thermocouples.  Instrumented and 
insulated shroud extensions were fabricated to close off all gaps to minimize air flow into 
the radiant cavity for the nose up configuration. 

The data collected could be used to perform CALORE simulations of the experiments to 
validate the calorimeter thermal model (prediction of conductive, radiative, and 
convective heat transfer within the calorimeter).  Boundary conditions for the thermal 
model are derived from a combination of thermocouple temperature measurement on the 
calorimeter surface, and from heat flux conditions at the surface derived from 1-D inverse 
heat transfer calculations (see [Figueroa et al., 2005]) augmented with predictions from a 
CALORE model of the shroud/insulated-extensions and presiding convective conditions.  
Before each test it was important to achieve a relatively uniform starting temperature 
throughout the calorimeter because this is the only type of initial condition (uniform 
temperature) presently allowed by CALORE. 

Table 2 presents the list of experiments.  Separate data files were needed to record both 
the penlight data and the complex calorimeter data.  In addition, the status of the fume 
hood located above penlight (see Figure 21) is listed.  There was a possibility that 
running the fume hood might affect the results of the “nose up” tests, where part of the 
calorimeter extends out of the shroud extension.   
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Table 2  List of penlight experiments. 
Test Complex  

Calorimeter Data 
File Name 

Penlight Data 
File Name 

Date: Fume 
Hood 

Notes: 

1 nose-in-cc-1 nose-in-cal-pl-1 2/10/2005 on Stick to left side 

2 nose-in-cc-2 nose-in-pl-2 2/16/2005 on Stick to left side. 

3 rear-in-cc-1 rear-cc-pl-1 2/23/2005 on Stick to left side 

4 nose-up-cc-1 nose-up-pen-1 3/9/2005 on Stick at 0 degrees 

5 nose-up-cc-2 nose-up-pen-2 3/14/2005 off Stick at 0 degrees 

6 nose-up-cc-3 nose-up-pen-3 3/16/2005 off Stick at 0 degrees 

7 nose-up-cc-4 nose-up-pen-4 3/18/2005 off Stick at 45 
degrees, to left 
side 

8 nose-up-cc-5 nose-up-pen-5 3/22/2005 off Stick at 45 
degrees, to right 
side 

 

Results are presented for the three configurations; Test 1 presents a nose in response, Test 
3 provides the rear in response, and Test 6 gives the nose up response.  Note that all of 
the penlight data are included on the DVD.  A snapshot from the animation of the time-
dependant temperature response is also shown for each test. 
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3.4 Test 1 – Nose In 1 

Test 1 (Penlight Test on February 10, 2005 (nose-in-cc-1)) was performed as an in-situ 
tests of the thermocouples attached to the cone section (both outer and inner shells).  
Figure 23 shows the orientation of the calorimeter in Penlight for Test 1.    

 

 

Figure 23  The nose in configuration for Test 1. 
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Penlight Main Shroud Temperatures - CC Nose In Penlight (stick at 270 deg)
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Figure 24  Penlight Main Shroud – 2/10/05 
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Figure 25  Penlight Back Shroud - 2/10/05 
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CC Outer Cone Temperatures - Nose In (stick at 270 deg)
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Figure 26  Outer Cone – 2/10/05 
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Figure 27  Outer Bucket - 2/10/05 
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CC Outer Bucket Bottom Plate Temperatures - Nose In (stick at 270 deg)
10 February 2005
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Figure 28  Outer Bucket Bottom Plate – 2/10/05 
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Figure 29  Inner Cone - 2/10/05 
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CC Inner Cone Bottom Plate Temperatures - Nose In (stick at 270 deg)
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Figure 30  Inner Cone Bottom Plate – 2/10/05 
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Figure 31  Inner Bucket Outer Edge - 2/10/05 
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CC Inner Bucket Inner Edge Temperatures - Nose In (stick at 270 deg)
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Figure 32  Inner Bucket Inner Edge – 2/10/05 
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Figure 33  Inner Bucket Bottom Plate - 2/10/05 
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CC Inner Bucket Blivet Plate Temperatures - Nose In (stick at 270 deg)
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Figure 34  Inner Bucket Blivet Plate – 2/10/05 
 

CC Blivet Side Temperatures - Nose In (stick at 270 deg)
10 February 2005

0

10

20

30

40

50

60

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (s)

T
e

m
p

er
at

u
re

 (
C

)

DAQ79 LOC235

DAQ80 LOC242

DAQ81 LOC231

DAQ85 LOC241

DAQ89 LOC228

DAQ91 LOC233

DAQ93 LOC232

DAQ94 LOC240

DAQ95 LOC227

DAQ96 LOC238

DAQ97 LOC234

DAQ99 LOC229

DAQ111 LOC239

DAQ118 LOC230

DAQ121 LOC236

DAQ127 LOC237

 

Figure 35  Blivet Side - 2/10/05 
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CC Blivet Top (Cone Side) Temperatures - Nose In (stick at 270 deg)
10 February 2005
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Figure 36  Blivet Top (Cone Side) – 2/10/05 
 

CC Blivet Bottom (Bucket Side) Temperatures - Nose In (stick at 270 deg)
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Figure 37  Blivet Bottom (Bucket Side) - 2/10/05 
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Figure 38  Penlight and calorimeter response (2280 s) in Test 1. 
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3.5 Test 3 – Rear In 1 

Test 3 (Penlight Test on February 23, 2005 (rear-in-cc-1)) was performed for the in-situ 
checks of the thermocouples attached to the rear section (both outer and inner shells).   

Penlight Main Shroud Temperatures - CC Rear In Penlight (stick at 270 deg)
23 February 2005
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Figure 39  Penlight Main Shroud – 2/23/05 

 

Penlight Back Shroud Temperatures - CC Rear In Penlight (stick at 270 deg)
23 February 2005
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Figure 40  Penlight Back Shroud - 2/23/05 
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CC Outer Cone Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 41  Outer Cone – 2/23/05 
 

CC Outer Bucket Temperatures - Rear In (stick at 270 deg)
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Figure 42  Outer Bucket - 2/23/05 
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CC Outer Bucket Bottom Plate Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 43  Outer Bucket Bottom Plate – 2/23/05 
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Figure 44  Inner Cone - 2/23/05 
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CC Inner Cone Bottom Plate Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 45  Inner Cone Bottom Plate – 2/23/05 
 

CC Inner Bucket Outer Edge Temperatures - Rear In (stick at 270 deg)
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Figure 46  Inner Bucket Outer Edge - 2/23/05 
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CC Inner Bucket Inner Edge Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 47  Inner Bucket Inner Edge – 2/23/05 
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Figure 48  Inner Bucket Bottom Plate - 2/23/05 
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CC Inner Bucket Blivet Plate Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 49  Inner Bucket Blivet Plate – 2/23/05 
 

CC Blivet Side Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 50  Blivet Side - 2/23/05 
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CC Blivet Top (Cone Side) Temperatures - Rear In (stick at 270 deg)
23 February 2005
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Figure 51  Blivet Top (Cone Side) – 2/23/05 
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Figure 52  Blivet Bottom (Bucket Side) - 2/23/05 
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Figure 53  Calorimeter response (3400 s) in Test 3. 
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3.6 Test 6 – Nose Up 3 

Test 6 (Penlight Test on March 16, 2005 (nose-up-cc-3)) was performed essentially to 
heat the blivet (see Figure 54 for orientation).  The data from the nose up tests were used 
to validate the CALORE heat transfer modeling of the complex calorimeter.   

 

 

Figure 54  The nose up configuration for Test 6. 

 

Penlight Main Shroud Temperatures - CC Nose Up in Penlight (stick at 0 deg)
16 March 2005
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Figure 55  Penlight Main Shroud – 3/16/05 
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Penlight Back and Extension Shroud Temperatures - CC Nose Up in Penlight (stick at 0 deg)
16 March 2005
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Figure 56  Penlight Back Shroud - 3/16/05 

CC Outer Cone Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05                
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Figure 57  Outer Cone – 3/16/05 
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CC Outer Bucket Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 58  Outer Bucket - 3/16/05 

CC Outer Bucket Bottom Plate Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 59  Outer Bucket Bottom Plate – 3/16/05 
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CC Inner Cone Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 60  Inner Cone - 3/16/05 

CC Inner Cone Bottom Plate Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 61  Inner Cone Bottom Plate – 3/16/05 
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CC Inner Bucket Outer Edge Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 62  Inner Bucket Outer Edge - 3/16/05 

CC Inner Bucket Inner Edge Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 63  Inner Bucket Inner Edge – 3/16/05 
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CC Inner Bucket Bottom Plate Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 64  Inner Bucket Bottom Plate - 3/16/05 

CC Inner Bucket Blivet Plate Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 65  Inner Bucket Blivet Plate – 3/16/05 
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CC Blivet Side Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 66  Blivet Side - 3/16/05 

CC Blivet Top (Cone Side) Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 67  Blivet Top (Cone Side) – 3/16/05 
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CC Blivet Bottom (Bucket Side) Temperatures - Nose Up - with Penlight Extension
(stick at 0 deg) - 16 Mar 05
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Figure 68  Blivet Bottom (Bucket Side) - 3/16/05 
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Figure 69  Penlight and calorimeter response (3200 s) in Test 6. 
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3.7 Summary of the Penlight Tests 

Tests 4 (on March 9), 5 (on March 14), and 6 (on March 16) (identical nose-up tests) 
were used to determine data repeatability.  Figure 70 shows temperature plots of two 
shroud locations (cylindrical shroud top centerline and back shroud center).  The time-
dependent standard error (standard deviation/average) at both locations is <1% during the 
steady portion of the curves, with increase to about 5% during the ramps. 
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Figure 70  Repeatability of penlight shroud temperatures. 
 

Figure 71 shows a plot of the time-dependent standard error for all of the thermocouples 
attached to the outer bucket. The standard error ranges from 6% at the start of the test to 
about 3% at test completion.  Some of the difference is due to starting the heat ramp steps 
at slightly different time (~10 s, with manual control) and slightly different initial 
conditions (~3°C).  Similar results were obtained for the repeatability of the blivet 
temperature measurements. 
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CC Outer Bucket Temperatures - Nose Up - with Penlight Extension (stick at 0 deg) 
Standard Error (std.dev/average) for Penlight Tests on March 9, 14, and 16, 2005
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Figure 71  Computed standard error for the outer bucket over 3 penlight tests. 
 

The penlight tests were extremely useful in that they provided a means of verifying the 
thermocouple attachment and operation “in-situ”.  In addition, data sets for future thermal 
conduction and radiation simulations for the Calore code were produced as the 
calorimeter outer surfaces provided known temperature boundary conditions for various 
configurations. 
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4. FLAME TESTING 

4.1 Experimental Facility Description  

The experiments were performed at FLAME using a 2-m pool filled with JP-8 jet fuel 
(shown in Figure 72).  The dimensions of the facility (Figure 73) are approximately 6 m x 
6 m x 10 m.  The inlet air, conditioned by honeycomb and controllable by adjusting fan 
speed, enters through a ring on the floor.  The fuel pan is located approximately 2.5 m 
from the floor allowing the air to be entrained radially at the base of the fire.  The walls 
of the facility are water-filled for passive cooling temperature moderation.  The water-
cooled doors open to the south and are closed during testing.  

While the air ring is centered in the facility, the pedestal and fuel pan are slightly offset 
from centerline, 7.5 inches to the west and 1 inch to the north. 

 

  

 

Figure 72  Complex calorimeter on support stand in FLAME. 
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Figure 73  Side and top views of the flame facility with major dimensions. 

Previous experiments [Brown and Blanchat, 2003] using a 2-m pan with 35 gallons of JP-
8 determined that there is about a 200 s start up to steady-state conditions and about a  
200 s fire termination period with water/fuel interactions, with a total burn time of about  
1200 s.  Also, the fuel recession ranged between 2-4 mm/minute, with an average 
recession of 2.6 mm/min during the steady burn period.  Note: for a 2-m diameter pan,  
1 mm of fuel corresponds to about 0.83 gallons.     

The experiment duration required a minimum steady-state period of about 10 minutes.  
Note that the heat flux data obtained during first few minutes after ignition (while the fire 
is not fully developed) are typically not used for validation purposes; likewise, nor are the 
data during the last few minutes while the fuel is nearly exhausted and the fire is burning 
out. 

In all tests, 35 gallons of JP8 fuel was floated on 4 inches of water (yielding a fuel height 
of 1 5/8 inches. 

 

4.2 Experiment Measurements and Instrumentation  

The boundary and initial condition measurements for all tests included: 

 ambient air temperature 
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 ambient air pressure 

 ambient wind speed 

 ambient wind direction 

 blower speed (4) 

 duct flow rate (4) 

 hot-wire anemometer measurements at air source exit (4) 

 water depth 

 fuel depth 

 fuel amount 

 fuel specific gravity 

 fuel temperature/recession by thermocouple array 

 fuel recession by differential pressure 

 wall temperature (6) 

 wall heat flux (8) 

 heat flux to the pool surface (just outside the pool lip) (4) 

 video coverage with time/date stamp (2) 

 calorimeter temperature 

 calorimeter surface emissivity 

Where more than one instrument is required, that number is indicated in parenthesis.  
Locations of all instruments was determined and recorded prior to performing the 
experiments. 

 

4.2.1 Facility Air Flow 

In support of the gas burner particle image velocimetry (PIV) experiments [Tieszen et al., 
1998], the duct FLAME facility flow and inlet air ring source was characterized using 
hot-wire anemometry [Blanchat, 2001].  It was determined that the standard error in 
velocity in the four inlet ducts feeding the air source was quite small (about 5%) for each 
speed and each blower.  A curve was determined that yielded the volumetric flow rate as 
a function of the voltage measured by the permanently installed Kurz anemometer for 
each blower and associated duct.  These curves were installed in the LabView blower 
operation program at FLAME, enabling accurate and stable flow rates from each blower.   

The air source (sixteen connected trapezoidal panels in Figure 74 fed by four blowers and 
attached ductwork) was fully characterized using an automated data collection process 
(672 measurements taken about 1 inch above the honeycomb, using an automated 
measurement process based on a LabView software program controlling a 2-m by 2-m  
x-y translator table).  Velocity data was taken at five different blower flow rates.  A 
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standard deviation and the standard error were computed for each measurement point.  
The data was used to compute average velocity for each panel and then for the entire 
ring.  A first order regression showed that the air source velocity in FLAME was a linear 
function of the ganged (all 4 operating at the same flow rate) blower flow rates and the 
velocity across a ring panel was found to be fairly uniform at different speeds and 
relatively independent of height (between 1 and 4 inches above the honeycomb).   

The standard error for the average velocity of the air source ranged between 12-
25% over the five blower flows.  Fabrication tolerances caused small “hot spots” 
(small-scale features on the order of square centimeters around joints and edges of 
the 3-mm cell diameter, 5-cm deep honeycomb panels at the exit of the air ducts).   

Table 3 shows that discarding the “hot spot” data yielded a spatial velocity distribution 
within about +/-10% of the air source ring average for the five flows. 

 

Table 3  Average Air Source Velocity as a function of the ganged blower speed. 

(without “hot spots” at the panel ID and OD and side edges) 

Blower Speed 

(scfm) 

Average Velocity 

(standard m/s) 

Standard Deviation 

(m/s) 

Standard Error 

600 0.123 0.008 0.065 

1000 0.184 0.016 0.084 

1500 0.266 0.024 0.088 

2000 0.339 0.032 0.095 

4000 0.679 0.084 0.124 

Re-characterization after rebuild, May 23 2002  

4000 0.678 0.089 0.132 

 

The air source ring in FLAME was rebuilt in late 2001 to include stainless steel screen 
and moveable baffle plates placed at the air inlets (blower ductwork exhausts) in the four 
corners.  The air source ring plenum was designed using rolled steel bar stock (19-foot 
OD and a 15.33-foot ID).  To further smooth and evenly distribute the airflow, layers of 
stainless steel screen were placed at the inlet to the ring (opening at the bottom of the OD 
ring plenum).  Finally, a layer of steel baffle plate, stainless steel screen (80x80 mesh, 
0.007 inch wire diameter, 19.4 % opening), and 8-inch tall aluminum honeycomb at the 
ring outlet completed the air source modifications.  The completed air source ring is 
shown in Figure 72, along with the fuel pan and pedestal. 

 



 

 59 

 

 

Figure 74  The air source ring, fuel pan, and pedestal in FLAME. 

The inlet air ring source was re-characterized at ganged blower speeds of 4000 standard 
cubic feet per minute (scfm) and 7000 scfm using hot-wire anemometry with the same 
methodology as described in [Blanchat, 2001].  Figure 75 compares the air ring velocity 
before and after the rebuild with ganged blowers operating at 4000 scfm.  Table 3 shows 
that the average air velocity post-rebuild (May 2002) is essentially identical to the 2001 
characterization (discarding the outer ‘cold spot’ ring of data at the source outer edge, 
similar to the data reduction performed with the 2001 data). 
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Figure 75  The air source ring, fuel pan, and pedestal in FLAME. 

 

The inlet air ring source was monitored at four locations using TSI hot-wires shown in 
Figure 76. 
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Figure 76  TSI hot-wire velocity probes at the NE and SW locations. 

 

4.2.2 Fuel Recession 

Fuel regression rate was determined using a Setra model 239 differential pressure (DP) 
gauge positioned below the fuel pan with the high pressure tap connected to the base of 
the pan, and the low pressure tap just above the lip (to counteract fluctuations caused by 
the fire ‘puffing’).  Liquid level in the pan was monitored through a simple hydrostatic 
correlation (based on the measured fuel’s specific gravity) between the pressure and 
height of fuel.  The fuel was poured on top of an underlying water layer to aid in fuel 
leveling and to prevent pan distortion (note that water boiling has been observed to affect 
the recession rate near the end of a test). 

Figure 77 presents the fuel differential pressure (inches JP-8), regression rate (mm/min), 
and pool mass loss rate (kg/m2s, regression x fuel density, 802 kg/m3) for two recent tests 
in a 2-m pan in FLAME.  After adding water to the pool and zeroing the gauge, about 
0.45 inches of fuel were added (10 gallons).  The fuel recession and mass loss rate were 
determined for the quasi-static period between 100 and 200 s into the burn.  The average 
pool recession and the average mass loss rate were very similar for both tests, at about 1.8 
mm/min and about 0.024 kg/m2s, respectively.  Note that fuel recession increased during 
the burn.  Average regression rates of 2.55 mm/min were reported for similar tests in 
FLAME, with the difference being longer duration tests that utilized 35 gallons of JP-8 
[Brown et al., 2003]. 

 



 

 61 

-0.1

0

0.1

0.2

0.3

0.4

0.5

-1200 -1000 -800 -600 -400 -200 0 200 400 600

Time (s)

F
u

el
 D

P
 (

in
ch

es
 J

P
8)

Test 1

Test 2

  

0

0.5

1

1.5

2

2.5

0 50 100 150 200 250

Time (s)

P
o

o
l R

e
g

re
s

s
io

n
 R

a
te

 (
m

m
/m

in
)

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

P
o

o
l M

a
s

s
 L

o
s

s
 r

a
te

 (
k

g
/m

^
2

s
)

T1 regression (mm/min)

T2 regression (mm/min)

T1 mass loss rate (kg/m2s)

T2 mass loss rate (kg/m2s)

 

Figure 77  Fuel differential pressure, regression rate, and pool mass loss rate. 

 

4.2.3 Fuel Temperature Measurements 

Thermocouple arrays monitor the local fuel temperature and can also be used to verify 
the fuel recession rate.  Correlation between the measured fuel temperature, recession 
rate, heat flux to the fuel surface, and the energy needed to gasify the fuel (as given by 
the sensible and latent heat requirements) provide a basis for understanding the thermal 
and mass transport within the fuel.  Relevant transport includes heat transfer within the 
fuel, heat transfer to the underlying substrate (pan), convective mixing of the fuel, and 
horizontal transport of the fuel from regions of high to low heat flux (note that these 
transport mechanisms are not being measured in this work).  This information would 
enhance the understanding of the fire-induced vaporization of the fuel, and is essential in 
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developing a realistic fuel recession sub-model for fire models.  Given an understanding 
of the mechanisms, significant progress can be achieved toward defining fire 
environments where fuels are spilled or form pools on other substrates.  Results from 
previous test series show that heating of the fuel is limited to the 0.5 inch layer near the 
top of the fuel surface.   

Figure 78 shows the fuel temperature/recession thermocouple rake array (10 type-K, 
1/16-inch diameter, inconel sheathed thermocouples are mounted on a steel pedestal 0.5 
cm spacing).  The recession measurement is based on isotherms between adjacent 
thermocouples on the fuel rake.   The fuel thermocouples span part of the water layer, the 
entire fuel width (top to bottom), and extend into the flame zone.  Immediately prior to a 
given test, the exact elevations of the thermocouples with respect to the fuel level are 
measured. 

    

Figure 78  Thermocouple array for fuel recession. 

 

4.2.4 FLAME Wall Temperature 

The magnitude and distribution of heat flux and temperature on the FLAME interior 
surfaces is a principle measurement for the boundary condition.  Re-radiation from the 
walls is not expected to be a major contributor, due to the low wall temperature (<373 K).  
Note that the walls of FLAME are heavily oxidized and blackened from years of 
experiments using JP-8 fuel.   

The inside surface temperature of the water-cooled walls is monitored by a vertical array 
of six thermocouples attached the west wall (elevations of -1.1 m, -0.4 m, 0.6 m, 1.6 m, 
2.6 m, and 3.6 m, all referenced to the fuel pan lip).  In addition, two thermocouples 
measure water temperature near the bottom and near the top of one of the rectangular 
water tubes that comprise the walls of FLAME. Figure 79 shows the wall thermocouples, 
each covered with a thin stainless steel foil radiation shield. 
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Figure 79  Thermocouples on the FLAME West Wall. 

 

 

4.2.5 FLAME Wall Heat Flux and Fire Plume Heat Flux 

Incident heat flux to the inside surface is measured with a vertical array of four heat flux 
gauges attached to the east wall of FLAME (elevations of 0.1 m, 1.2 m, 2.2 m, and 3 m, 
all referenced to the pool surface ).  At each elevation resides a calibrated water cooled 
Schmidt-Boelter thermopile total hemispherical (180°) heat flux gauge.   

In addition, a calibrated water-cooled Schmidt-Boelter thermopile narrow view (5°) 
radiometer was located on the east wall of FLAME (elevation of 1.2 m, referenced to the 
pool surface).  With the narrow view angle, a spot size of ~0.27 m (10.5 inches) provided 
a surface emissive power of the flame.  Figure 80 shows the thermopile array.  Note one 
of the water cooled enclosures for a camera is shown mounted above the radiometer at 
the 1.2 m elevation. 
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Figure 80  FLAME East wall heat flux array. 

 

4.2.6 Heat Flux to the Pool Surface 

Four SNL heat flux gauges were attached outside and near the pool outer edge (facing 
upward, 90 degrees apart, vertically oriented) to measure the incident heat flux returning 
to the pool surface.  Figure 81 shows the HFGs.  Note the two horizontal rails welded on 
the pan south side (open door) and the north side.  These rails (used in a previous 
experiment) and the HFGs were removed (Figure 82) after the first two tests were 
performed, as they appeared to be a source for flame attachment and would potentially 
hinder modeling of the data with the fire codes.   

 

  

Figure 81  Fuel pan showing SNL HFGs, igniters, and rails. 
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Figure 82  Fuel pan rails, HFGs, and igniter shields removed. 

 

The SNL HFG (Figure 83), showing a dual-sided gauge, is primarily a thin metal plate 
with one side facing the fire environment and the other side insulated.  The metal plate 
(sensor surface) responds to the heat flux from the half space in front of the exposed face.  
If it is assumed the plate is in thermal equilibrium with a radiation-dominated 
environment, the plate temperature can 1) be converted to an incident flux characteristic 
of the half space, or 2) be interpreted as an effective temperature of the half space.  The 
plate temperature is measured using a thermocouple attached to the insulated face of the 
metal plate.  All HFG temperature data were processed post-test to provide an estimate of 
the instantaneous incident heat flux.  A description of the gauge construction, the thermal 
response model used to reduce the HFG data, and the uncertainty analysis of the thermal 
response model is given in [Blanchat et al., 2000]. 

 

Thermocouples
Front Plate

Insulation

Sensor Surface

Insulation

Back Plate

Assembly Bolt

Body

 

 

Figure 83  The Sandia HFG. 
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4.2.7 Photometric Fire Coverage 

Two video cameras (in water-cooled enclosures) were attached to the FLAME north and 
east walls at the centerline position 1-m above the pool.  The cameras recorded a normal 
view of the calorimeter.  The vertical field of view of all the cameras was adjusted prior 
to the test to encompass the entire height of the continuous flame zone.  A stadia 
indicator was used to calibrate camera field-of-view.  Still photos were taken to record 
the instrumentation setup.  Two additional video cameras (in water-cooled enclosures, 
Figure 84) were attached to the FLAME north and east walls at the wall-to-roof transition 
looking down at the fuel pan. 

 

 

Figure 84  Video cameras on the North Wall. 

 

4.2.8 Wind Speed and Direction Measurement 

Even though enclosed, wind could affect FLAME boundary conditions as it blows across 
the chimney.  Wind speed and direction are measured sufficiently far from FLAME in 
order to reduce the influence of the surrounding environment.  Wind measurements are 
obtained with a YOUNG 81000 Ultrasonic Anemometer.  The 81000 measures wind 
velocity based on the transit time of ultrasonic signals sent between the transducers.  
Depending on its orientation and magnitude, airflow alters the sonic signal transit time.  
By measuring the transit time in each direction along all three paths, the three 
dimensional wind velocity and speed of sound may be calculated.  
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4.2.9 Fuel Ignition 

Ignition of the fuel is accomplished using two propane torches attached to the east and 
west sides of the pan.  The torch consists of a standard propane “BBQ” gas cylinder, a 
spray nozzle, electrically-heated furnace coil, and a flame deflector plate.   A fire set 
controls both the fuel and the coil heater.  The propane fuel gas exiting the nozzle is 
ignited by the hot glowing coil and sprayed onto the fuel surface.  Using dual igniters, the 
entire fuel surface is ignited quite rapidly and uniformly.  Figure 85 shows the setup.  
Note the deflector plates attached to the nozzle exits were deemed unnecessary and 
removed after the 2nd test when the HFGs and the horizontal rails were removed. 

 

  

Figure 85  Fuel igniter setup 
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4.2.10 Summary of Instrumentation 

Table 4 summarizes the instrumentation for the complex calorimeter experiments. 

Table 4  Instrumentation List 

Measurement/Sensor Type 
No.  of 
Locations 

Sensors 
per  
location 

No.  of Sensors or 
TCs or Flux 
Gauges 

CC Outer Shell Temperature 84 1 84 TC 

CC Inner Shell Temperature 86 1 86 TC 

CC Blivet Temperature 50 1 50 TC 

CC Blivet Face Environment 
Temperature 

34 1 34 TC 

FLAME Wall Temperature 6 1 6 TC 

FLAME Wall Heat Flux 4 2 4 S-B thermopiles 

Near Pan Heat Flux 4 1 4 SNL HFGs 

Wind (vane gauge)(Speed/Direction) 1 1 1 

FLAME Blower Flow rate 4 1 4 Anemometers 

FLAME Blower RPM 4 1 4 Voltage 

FLAME Ring Air Velocity 4 4 4 Anemometers 

Ambient Pressure 1 1 AP 

Ambient Temperature 1 1 1 TC 

Fuel Recession (DP) 1 1 1 DP 

Fuel Temperature 10 1 10 TC 

Video 4 1 4 camera 

Misc.  Temperature (telltales, equipment, 
ambient, etc.) 

10-20 1 10-20 TC 

TOTALS    

Thermocouples (Type K)   300 

SNL Heat Flux Gauges   4 

Schmidt-Boelter Heat Flux Gauges   4 

Wind (speed, direction)   1 

Absolute Pressure   1 

Differential Pressure   1 

Video Cameras   2 
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4.3 Data Acquisition (DAQ) 

The Burn Site data acquisition systems is installed in a Mobile Instrumentation Trailer 
(MIU) (Figure 86) located on site between the large open pool facility and the FLAME 
facility.  This greatly expands capabilities and provides rapid turnaround of experiments. 

 

 

Figure 86  The mobile instrumentation trailer. 

 

The Burn Site data acquisition system consists of a master control computer located in 
the MIU and a mobile slave system located either in the FLAME facility or at the Large 
Pool area.  The slave system controls the FLAME blowers and monitors the permanent 
instrumentation (thermocouples, etc.) in FLAME.  The master system controls the test, 
acquires some additional test data, and provides data conversion and user interface.  The 
systems are linked by a local area network (LAN).  The master system consists of a dual 
processor PC with a 4-monitor display and at least 512 Mbytes memory.  The test data 
can be displayed in real time.  The slave system consists of a PC with a 16-bit data 
acquisition card connected to a SCXI chassis.  The slave system collects test data and 
transfers it to the master system.   

The DAQ system has twelve 1102 cards with 1303 blocks for TCs and four 1104 cards 
with 1300 blocks for analog signals.  This system provides flexibility in the number of 
analog signals or TC signals that can be recorded.  Note that the SCXI-1001 presently 
holds 12 cards, yielding a total channel count of 384 channels if all slots are used for data 
acquisition.  The system is upgradeable simply by adding an additional SCXI-1001 DAQ 
card and more multiplexer units (MUXs). 

The data acquisition system can acquire temperature, heat flux, pressure, and wind vane 
data.  The integrity of all thermocouple channels is evaluated prior to each experiment 
with an Ectron thermocouple simulator which inputs a controlled signal into each channel 
at the thermocouple device connection point and provides a check on the integrity of the 
channel hardware and software from that point to the final magnetic storage location.  
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The thermocouple simulators are calibrated yearly in the Sandia National Laboratories 
(SNL) Primary Standards Lab that is traceable to a National Institute of Standards 
Technology (NIST) standard. 

Data are sampled simultaneously for all channels, typically at 1000 Hz with a running 
average recorded at a rate of at least one sample per second, starting approximately two 
minutes (+/- 1 min.) prior to ignition of the fuel, and continuing until two minutes (+/- 1 
min.) after all the fuel is consumed, or longer if cool down data is desired.   

Data acquisition systems are protected from power failure by an uninterruptible power 
supply (UPS) capable of sustaining data acquisition for up to 24 hours without 
commercial power.  Temperatures are provided in Kelvin, pressures in Pascal, wind 
speed in m/s, and wind direction in degrees relative to the facility orientation.  Following 
any test, all data (temperature, wind, and video) are normalized to include a common 
timing (e.g., time of fuel ignition) and backed up immediately. 

Three general forms of data are required: 1) pre-test data which describes the 
organization information related to each test; 2) data collected during the test event; and 
3) post-test data describing overall results or consequences.  Pre-test data includes 
general information such as test number, configuration, ambient conditions, critical 
instrument settings, and the like.  Post-test data describes any damage that might have 
occurred and provides an anecdotal summary of the test event.  Pre- and post-test 
information are recorded on the Test Data Sheet.   

A formal checklist for conducting the test is created and used to record actions during the 
test event.  Test event data includes both actions taken during the test (i.e., a completed 
checklist) and data gathered electronically from the instrumentation.  The data from the 
instrumentation is organized via a Data Channel Summary Sheet and with sketches 
showing instrumentation location.  This summary sheet contains a channel-by-channel 
listing of the instrumentation with details such as expected range, sampling rate, 
calibration date and source, instrument location, and the data sample rate.  Post-test, all 
data is collected and converted to electronic format for purposes of archiving and 
dissemination via PC multimedia (i.e., CD or equivalent) and also is logged into the  
Area III Data Management System. 

 

4.4 Data Validation 

A data validation process was instituted to confirm the validity of the data.  The integrity 
of all channels were evaluated before the first experiment and checks made between 
subsequent experiments.  An “end-to-end” calibration (thermocouple plug board to the 
output of the DAQ system) was made on each channel with a calibrated Ectron at 300C 
and 900C (a thermocouple simulator that inputs a known value into the TC plug-board).  
The acceptance criteria for the channles was ±2°C. 

Data validity checks include checking for thermocouple shunting and obvious failures.   

Additionally, upon receipt, each new TC was checked against a calibrated thermometer 
with stirred baths using ice-water and boiling-water.  
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All channels had an uncertainty to within  1.7 K.  Data validity checks such as checking 
for thermocouple shunting1 and obvious failures were performed on all channels.  
Obvious faults (e.g., physically impossible values, non-readings, readings inconsistent 
with other similar readings) were used to eliminate faulty channels. 

Additionally, each calorimeter TC was heated with a heat gun after attachment to ensure 
each channel was properly identified and to assess the homogeneity of the exposed 
portions of the TC.  

 

4.5 Experiment Configuration and Matrix of Experiments in FLAME 

The complex calorimeter was mounted to a rigid support, only allowing movement 
between fires, shown in Figure 72.  Several repeat experiments were performed for each 
calorimeter location and fire size and type.  Table 5 presents the experimental matrix. 

 

Table 5  Experiment Matrix for FLAME Tests 

 Facility Air Flow 

 4000 SCFM/blower 3000 SCFM/blower 

Calorimeter Location Location 

Orientation 
CENTER 

LINE 
½ R R 

CENTER 

LINE 

½ 
R 

R 

Up 

WO  
1,2,3,13,
14,15,16,
17,18 

     

Up 
W     
19,20 

     

Horizontal 
WO 

4,6 

WO   
8,12 

WO  
9,10,11 

WO     
5,7 

  

Horizontal 
W 

21, 22 
     

Down       

 

Notes:  

                                                 
1 Shunting is a phenomena that occurs when the magnesium oxide insulation inside the TC reaches a high 
enough temperature so that its electrical resistivity decreases significantly.  When this occurs “virtual” 
junctions for so the TC shorts or “shunts” and incorrect readings occur. 
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1. Three calorimeter locations: pan centerline, pan ½ radius, and at R (pan edge) 

2. All test at one height above pool (1-m from JP8 surface to calorimeter bottom 
surface for any orientation) 

3. Two calorimeter orientations: nose up and nose horizontal (nose down was not 
performed).  In the horizontal tests, the nose was pointed to the FLAME West 
wall. 

4. W - with insulation ring at center blivet location 

5. WO - without insulation ring at center blivet location 

6. All WO tests were performed prior to W tests 

While horizontal orientation tests are deemed the most relevant to weapon in a fire 
scenario, the vertical (up) orientation tests are assumed to provide the best candidate data 
sets to yield good simulation comparisons.  The W (with insulation surrounding the 
blivet) tests should reduce the uncertainty on the heat flux to the surface over the blivet 
region when using 1D inverse heat conduction analyses to reduce the thermocouple data. 

Test numbers highlighted in red denote problems that occurred in those tests.  In test #5, 
the fuel recession data by the DP transducer was bad (note that fuel recession could still 
be determined using the fuel thermocouple rake).  There was an abnormally slow burn 
rate near the end of the fire (after t = 700 s) in tests 13 and 14 (it was determined later 
that the most likely cause was there was a thick fuel/water interface (water or rust or 
some other contaminant at the interface due to insufficient time for the fuel to separate 
from the water after adding to the pan).  In test #9, the automatic control of the blowers 
was set shortly after the fuel was ignited (not before as in all other tests).  In test #16, all 
thermocouples on the complex calorimeter read low due to a grounding problem (the data 
was kept for the fuel recession and plume heat flux). 

Table 6  Boundary Conditions for the FLAME experiments. 
Test Test Date Cal 

Position 
Radial 
From 

Center 
Line 

Cal 
Orientation 

 

center 
strip 

insulation 

Pressure 

inHG 

RH 
(%) 

Ambient 
Temp 

(C) 

JP8 
SGx100 
@ Temp 

(F) 

Burn 
Rate 

(mm/min) 

Blower 
Speed 
(cfm) 

CC 1 6/28/2005 Centered 1m ver without 23.98 31 25 800 2.81 4000 

CC 2 6/30/2005 centered 1m ver without 23.93 8 32 790 @ 92 2.95 4000 

CC 3 7/6/2005 Centered 1m ver without 23.94 9 36 792 @ 92 2.91 4000 

CC 4 7/8/2005 Centered 1m hor without 23.99 20 26 795 @ 89 2.85 4000 

CC 5 7/12/2005 Centered 1m hor without 24.08 23 29 797@ 85 2.75 3000 

CC 6 7/14/2005 Centered 1m hor without 23.97 17 31 800 @ 78 2.93 4000 

CC 7 7/18/2005 Centered 1m hor without 24.06 26 31 794 @ 92 3.17 3000 

CC 8 7/20/2005 1/2 R 1m hor without 23.96 18 35 794 @ 97 3.09 4000 

CC 9 7/22/2005 1R 1m hor without 24.08 45 26 800 @ 79 2.99 4000 

CC 10 7/26/2005 1R 1m hor without 23.95 37 28 794 @ 90 3.13 4000 

CC 11 7/28/2005 1R 1m hor without 24.06 55 18 805 @ 66 2.96 4000 
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CC 12 8/9/2005 1/2 R 1m hor without 23.98  22 
Not 

measured 
2.92 4000 

CC 13 8/15/2005 Centered 1m ver without 23.99 66 22 801 @ 75 2.85 4000 

CC 14 8/17/2005 Centered 1m ver without 23.95 37 27 796 @ 89 3.01 4000 

CC 15 8/19/2005 Centered 1m ver without 23.94 56 21 804 @ 74 2.82 4000 

CC 16 8/24/2005 Centered 1m ver without 23.9 59 23 805 @ 70 2.82 4000 

CC 17 8/29/2005 Centered 1m ver without 23.9 51 26 799 @ 87 2.94 4000 

CC 18 8/31/2005 Centered 1m ver without 23.9 20 27 800 @ 85 3.00 4000 

CC 19 9/16/2005 Centered 1m ver with 24 58 29 808 @ 62 2.87 4000 

CC 20 9/19/2005 Centered 1m ver with 24.07 30 26 804 @ 74 2.99 4000 

CC 21 9/26/2005 Centered 1m hor with 24.01 11 29 794 @ 96 3.16 4000 

CC 22 9/28/2005 Centered 1m hor \with 23.92 50 19 805 @ 71 2.95 4000 

 

Due to the vast amount of data, only Test 15 data will be presented in full.  Note that the 
data from Tests 15, 17, and 18 (pan centerline, vertical orientation, without insulation at 
blivet) were used for the FUEGO ASC code data validation exercise (Black et al., 2007).  
All of the experimental datasets are archived on the DVD.   

 

4.6 Presentation of FLAME Facility Data from Test 15 – Nose Up 

Test 15 (FLAME Test on March 16, 2005 (nose-up-cc-3)) was performed to determine 
the calorimeter response due to an engulfing JP-8 fire.  The calorimeter was oriented in a 
vertical configuration at pan centerline.  The base of the calorimeter was positioned 1 m 
above the fuel surface.  The top of the fuel was ~2 inches below the pan lip at the start of 
the test.  The insulation strip surrounding the blivet (between the inner and outer shell) 
was removed to maximize the blivet response. 

Two separate, independent data acquisitions systems (DAS) were used to conduct each 
experiment.  One was dedicated to the thermocouples on the complex calorimeter.  The 
other DAS recorded the FLAME facility support instrumentation.  As such, two separate 
Excel files are included on the DVD for each experiment archiving the data from each 
DAS. 

The FLAME DAS recorded the data: 

1. Monitor temperatures.   Unshielded thermocouple measuring ambient 
temperature, one placed near a TSI hot-wire anemometer probe, one placed inside 
the pan cylindrical pedestal stand, and one placed near the radiometer on the wall 
at the 1m height. 

2. Fuel temperatures.  The thermocouple rake monitoring fuel temperature and 
regression. 

3. Pan HFGs.  The thermocouples attached to the four Sandia HFGs.  Note the data 
is only valid for tests 1 and 2 (the HFGS were removed and dummy TCs were 
installed in the DAS slots). 
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4. Support arm temperatures.  Seven thermocouples were attached to the complex 
calorimeter support arm.  The four TCs labeled 0”, 12”, 24”, and 36” were 
attached to the top of the horizontal square tube (4 inch) supporting the 
calorimeter (0” is at the calorimeter-to-arm transition).  The arm was then 
insulated with 2 layers: 1 inch of high temperature blanket insulation covered with 
a stainless steel foil, then an additional 1 inch blanket with a final foil wrap.  
Three thermocouples were placed inside the square tube monitoring the 
temperature of the complex calorimeter thermocouple bundles.  One was placed 
~2 inches inside the calorimeter, one at the calorimeter-to-arm transition, and one 
was placed at the mid arm location. 

5. Fiducial and ignition.  To allow time synchronization of each DAS, a 5 volt 
fiducial signal was sent to each DAS immediately prior to fuel ignition.  In 
addition, a thermocouple was placed directly in front of one of the igniters that 
showed the start of the fuel ignition. 

6. Wall temperatures.  In addition to the six thermocouples attached to the West 
wall, four thermocouples monitor the temperature of the water inside the walls.  
Internal top and bottom monitor inside one of the rectangular tubes in the vertical 
section, and transition supply and return monitor the water feeding the water-
cooled transition between the vertical walls and the roof. 

7. TSI velocity probes.  The velocity of the air exiting the air ring using four TSI 
hot-wire anemometers are recorded.  This is essentially a check that the four 
blowers are operating nominally.  Note that the readings slightly decrease during 
the fire, as the probes are affected by the radiant heat from the fire. 

8. Ultrasonic wind probe.  The raw voltage for the U, V, and W wind components 
and the sonic gas temperature from the Young ultrasonic (US) anemometer 
located near the FLAME chimney exit. 

9. Wind.  The reduced wind data (azimuthal direction and speed) from the Young 
anemometer in addition to two standard wind (whirl vane) anemometers. 

10. Laser.  The voltage output from the instrument monitoring the smoke exiting the 
chimney.  The reduction in the laser signal is used with a soot extinction 
parameter to allow data reduction to a soot concentration measurement. 

11. DP.  The differential pressure signal from the transducer monitoring the liquid 
level in the fuel pan. 

12. Wall Medtherms.  The calibrated output from the heat flux gauges (total and 
radiometer) mounted on the East wall of FLAME. 

 

Figures 87-98 present the data from the Excel spreadsheet (CC 15 FLAME 081905.xls) 
for the CC 15 test performed on August 19, 2005. 
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Figure 87  Ambient air monitor temperatures. 
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Figure 88  Fuel pan array temperatures. 
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Figure 89  Monitor temperatures for the CC support arm. 
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Figure 90  Fiducial signal for igniter. 
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Figure 91  FLAME wall and coolant temperatures. 
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Figure 92  Air ring velocity from the TSI anemometers. 
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Figure 93  Wind Speed and Direction near FLAME chimney. 
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Figure 94  Laser signal for soot concentration analysis. 
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Figure 95  Fuel pan differential pressure measurement. 
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Figure 96  Heat flux measurements from the wall-mounted gauges. 
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Figure 97  Flow rate from the four blowers supplying the air ring. 

 

4.7 Presentation of Complex Calorimeter Data from Test 15 – Nose Up 

As previously mentioned, a dedicated DAS monitored and recorded those thermocouples 
that were only on the complex calorimeter.  Figures 98-109 present the data from the 
Excel spreadsheet (CC 15 081905.xls) for the CC 15 test performed on August 19, 2005. 

Each figure presents the data with a grouping based on the location of TCs on each 
separate CC part.  Refer to Appendix B for the section and the TC location on that 
section.  The data in the plots are grouped by: 

1. Outer cone 

2. Outer bucket (also referred to as cylinder) 

3. Outer bucket bottom plate 

4. Inner cone 

5. Inner cone bottom plate 

6. Inner bucket outer edge (or surface) 

7. Inner bucket inner edge (or surface) 

8. Inner bucket bottom plate 

9. Inner bucket blivet plate 

10. Blivet side 
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11. Blivet top (inner cone side) 

12. Blivet bottom (bucket blivet plate side) 

13. Fiducial signal and igniter temperature (same instrumentation as recorded by the 
facility DAS). 
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Figure 98  CC-15 outer cone temperatures. 
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Figure 99  CC-15 outer bucket temperatures. 
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Figure 100  CC-15 outer bucket bottom plate temperatures. 
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Figure 101  CC-15 inner cone temperatures. 
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Figure 102  CC-15 inner cone bottom plate temperatures. 
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Figure 103  CC-15 inner bucket outer edge temperatures. 
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Figure 104  CC-15 inner bucket inner edge temperatures. 
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Figure 105  CC-15 inner bucket bottom plate temperatures. 
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Figure 106  CC-15 inner bucket blivet plate temperatures. 
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Figure 107  CC-15 blivet side temperatures. 
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Figure 108  CC-15 blivet top (cone side) temperatures. 
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Figure 109  CC-15 blivet bottom (bucket side) temperatures. 

 

As previously mentioned, while the pan is centered on the pedestal, the pedestal and fuel 
pan are slightly offset from centerline, 7.5 inches to the west and 1 inch to the north. 

The fire tends to center itself in the facility and the chimney (i.e. leans slightly to the 
east).  Figure 98 shows that the thermocouple locations 8, 9, and 10 (on the southeast 
side) yielded the highest temperature response. 

A few thermocouples yielded unusual responses.  Thermocouple location 38 on the outer 
bucket (Figure 99) yielded a low temperature response because it was covered by 
insulation wrapping the support arm, shown in Figure 110 (2 wraps of 1 inch thick high 
temperature blanket with a layer of stainless steel foil on top of each insulation layer).  
The support arm (and/or the support arm insulation) likely contributed to low temperature 
response on the two thermocouples on the blivet (locations 233 and 234) that directly 
faced the arm.  

On the inner cone (Figure 101), high temperatures were seen at thermocouple location 73 
(tip) and locations 83, 84, and 85 due to the method for installing the insulation between 
the inner and outer cone.  The insulation was cut and wrapped around the inner cone with 
a seam running along the inside (arm side) edge (see Figure 11, Final assembly). 
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Figure 110  Insulation wrapping the support arm. 
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4.8 Animation of the CC-15 Test Temperature Data – Nose Up 

Selected snapshots at 200 s intervals in time from the animation of the time-dependant 
temperature response are provided below. 

As discussed previously, the calorimeter is positioned slightly offset toward the west wall 
results in higher heating to the calorimeter side that is facing the east wall.  For reference, 
refer to the outer shell contour at lower left in Figure 111 (with the support arm toward 
the viewer).  The side facing the east wall is on the right side.  In the figures that follow, 
it is readily apparent that the east side heats faster.  Note that the inner shell also responds 
faster in the region that covers the blivet due to the removal of the insulation between the 
inner and outer shells in that area.  Note the delayed response in the blivet, and that the 
blivet continues to heat after the fire is out (due to the heat from the outer and inner shell, 
even though they are cooling down, they are still at a much higher temperature).  Lastly, 
the hot spots on the inner cone are readily apparent on the tip and where the seam of the 
insulation occurs. 

 

 

  

Figure 111  CC-15 surface temperature contours at 0 s. 
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Figure 112  CC-15 surface temperature contours at 200 s. 

 

 

Figure 113  CC-15 surface temperature contours at 400 s. 
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Figure 114  CC-15 surface temperature contours at 600 s. 

 

 

Figure 115  CC-15 surface temperature contours at 800 s. 
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Figure 116  CC-15 surface temperature contours at 1000 s. 

 

 

Figure 117  CC-15 surface temperature contours at 1200 s. 
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Figure 118  CC-15 surface temperature contours at 1400 s. 

 

 

Figure 119  CC-15 surface temperature contours at 1600 s. 
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Figure 120  CC-15 surface temperature contours at 1800 s. 

 

4.9 Animation of the CC-15 Test Surface Heat Flux Data – Nose Up 

The Sandia HFG Analyzer [Blanchat, Humphries, and Gill, 2000] and the temperature-
dependent material property data (provided in the following section) was used to reduce 
the calorimeter surface temperature data to an incident heat flux at on the calorimeter 
surface.  Selected snapshots at 50 s intervals in time from the animation of the time-
dependant surface heat flux response are provided below.   

As discussed previously, the calorimeter is positioned slightly offset toward the west wall 
that results in higher heating to the calorimeter side that is facing the east wall.   

The heat flux data from the locations on the bottom cylinder covering the blivet are 
unrealistic and should be discounted, as the insulation was removed (Figure 121) to 
maximize the heat input and thermal response of the blivet (the analyzer assumes all 
surfaces are in contact with insulation). 
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Figure 121  Calorimeter cutaway showing blivet supports and no mid insulation. 

 

   

Figure 122  CC-15 surface incident heat flux contours at 0 s and 50 s. 
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Figure 123  CC-15 surface incident heat flux contours at 100 s and 150 s. 

 

   

Figure 124  CC-15 surface incident heat flux contours at 200 s and 250 s. 
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Figure 125  CC-15 surface incident heat flux contours at 300 s and 350 s. 

 

   

Figure 126  CC-15 surface incident heat flux contours at 400 s and 450 s. 
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Figure 127  CC-15 surface incident heat flux contours at 500 s and 550 s. 

 

   

Figure 128  CC-15 surface temperature contours at 600 s and 650 s. 
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Figure 129  CC-15 surface incident heat flux contours at 700 s and 750 s. 

 

   

Figure 130  CC-15 surface incident heat flux contours at 800 s and 850 s. 
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Figure 131  CC-15 surface incident heat flux contours at 900 s and 950 s. 

 

Figure 132 provides four views from the lower north wall camera (the 1-minute “time-
exposure” was at 4-5 minutes).  Note the flame offset (tilts toward the east wall, due to 
the slight offset of the pan toward the west wall), so that the CC would be occasionally 
seen in the video.  

  

  

Figure 132  Lower north wall camera: prestart, ignition, 4 minutes, 1 min average. 
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5. MEASUREMENTS OF BOUNDARY CONDITIONS AND MATERIAL 
PROPERTIES 

5.1 Pan Heat Flux 

Heat flux from the fire back to the pan outer edge was measured in the 1st two tests by 
SNL HFGs.  Figures 133 and 134 present the temperature and reduced heat flux data 
from CC-1; respectively.  Results were similar for test CC-2.   With the pedestal and pan 
slightly offset to the west and north side, the fire tended to lean to the east and south, as 
indicated by the higher heat fluxes on those sides of the pan.  
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Figure 133  Temperature from pan SNL HFGs Pan in CC-1. 
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Figure 134  Incident heat flux from pan SNL HFGs Pan in CC-1. 
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5.2 Fuel Regression 

Figure 135 shows the typical raw data as measured by the real-time Rosemount 
differential pressure gauge recording the liquid head (inches water x 1000) in the fuel 
pan.  Thirty-five gallons typically produced ~1.3 inches of water head.  Zeroing the data 
to the start of the test, and dividing by the measured specific gravity (measured during 
fueling prior to each test) yielded the fuel regression (mm/min).   

Figure 136 shows the typical JP-8 regression profiles from the reduced data.  Note the 
fire takes ~150 s before the regression approaches a steady-state condition, and is 
completely steady at ~300s.  The peak at the end of each test is due to the somewhat 
violent interaction of the thin layer of fuel with the water layer.  The minor “wiggle” in 
the steady-state portion is not real but caused by the curve fit routine.   

The average fuel regression (with 1 std.dev.) at steady-state (300-700 s) for the 22 tests 
was 2.95 ± 0.11 mm/min.  Table 6 present the fuel regression for each test.  The 
measurement uncertainty is 0.6 % (contributors are pressure, time, and fuel SG).  The 
average mass loss rate was 0.039 kg/m2s (assuming an average specific gravity of 0.8).   
The average vapor velocity was 0.012 m/s (assuming a liquid density of 800 kg/m3, an 
ambient pressure (in HG) of 23.98, a fuel boiling temperature of 500K, and a molecular 
weight (MW) of 167).    
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Figure 135  Fuel DP data.  
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Figure 136  Fuel regression profiles. 
 

5.3 Test-to-Test Variance in Calorimeter Surface Emissivity 

As mentioned in Chapter 2, Pyromark® paint was applied to all exterior and accessible 
interior surfaces per manufacturer paint application and bake out schedules.  Emissivity 
measurements using a calibrated Pyrofiber Model E10 were taken in the field to 
determine the extent of emissivity change over the course of the experiments.   

A template (Figure 137) was fabricated that allowed probing the same 37 external surface 
locations in-situ after each test. The Pyrofiber Model E10 cup sensor fits in the holes, and 
the sample point is a 6 mm spot in the center of the circle. 

After the test, a light layer of soot was found on the complex calorimeter (in many 
instances, the soot would have flaked off over large portions as the calorimeter cooled).  
When the calorimeter cooled to ambient temperature, measurements were taken twice; 
once before wiping it down (the “sooty” data) and after lightly wiping with a soft cloth.  
The measured spot emissivity (Figure 138) ranged from ~0.82-0.98.  Note that the 
Pyrofiber Model E10 measured the emissivity at single wavelength of 0.95 μm and at a 
small angle, with a stated accuracy of ±0.01.  This shows that the emissivity was not 
changing greatly from test to test.  For analysis purposes, a mean emissivity 0.86 ± 0.09 
should be used as a boundary condition, based on the total directional data for cured 
Pyromark on 304 stainless steel [Figueroa 2005]. 

The average surface emissivity over the course of the experiments is shown in Figure 
139.  The average surface emissivity for the entire series (both sooty and wiped) was 
0.92.  Note that the average surface emissivity before any of the tests was 0.96. 
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The FLAME internal wall emissivity may be of interest.  The facility has been used for 
over 10 years, and the mild steel walls are heavily oxidized and sooted.  One may assume 
an emissivity of 0.8 (never measured); however, this should not be a factor in radiation 
calculations as the walls are water-cooled and temperatures never exceed 100°C. 

 

   

Figure 137  Templates for emissivity measurements. 
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Figure 138  Complex Calorimeter surface spot emissivity. 
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Figure 139  Average surface emissivity 
 

5.4 Combustion Air Flow 

As mentioned earlier, the FLAME air source was refurbished and characterized in 2001.  
During a test, the velocity is monitored with calibrated hot-wire anemometry (TSI Model 
8455) at four points (Figure 92).  Figure 140 shows the transient combined blower flow 
rate from seven tests (all blowers operating at a nominal 4000 scfm) that show a stable 
and consistent flow.  Figure 141 plots the actual and standard velocity from the inlet air 
ring for all tests, based on  

 

standard

actual

actual

standard
standardactual T

T

P

P
VV   

 

with Pstandard = 14.7 psia and Tstandard = 294 K.  Table 7 tabulates the parameters used to 
reduce the blower flow rate data.  Note the air ring flow area is 9.19 m2 (98.95 ft2). 
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Figure 140  Combined transient blower flow rate. 
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Figure 141  Air ring standard and actual air velocity (all tests). 
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Table 7  Air Ring Flow and Velocity 
 Total Flow (scfm) Pact (psia) Tact (K) Vstd (m/s) Vact (m/s) 

CC-1 16242 11.77 298 0.834 1.056 

CC-2 16238 11.75 305 0.834 1.082 

CC-3 16233 11.75 309 0.834 1.096 

CC-4 16241 11.77 299 0.834 1.059 

CC-5 12181 11.82 302 0.625 0.799 

CC-6 16237 11.77 304 0.834 1.077 

CC-7 12178 11.81 304 0.625 0.805 

CC-8 16254 11.76 308 0.835 1.093 

CC-9 16040 11.82 299 0.823 1.042 

CC-10 16246 11.76 301 0.834 1.068 

CC-11 16245 11.81 291 0.834 1.028 

CC-12 16252 11.77 295 0.834 1.046 

CC-13 16243 11.77 295 0.834 1.045 

CC-14 16238 11.76 300 0.834 1.064 

CC-15 16244 11.75 294 0.834 1.043 

CC-16 16251 11.74 296 0.834 1.052 

CC-17 16243 11.74 299 0.834 1.062 

CC-18 16241 11.74 300 0.834 1.065 

CC-19 16255 11.78 302 0.834 1.070 

CC-20 16243 11.81 299 0.834 1.055 

CC-21 16231 11.78 302 0.833 1.068 

CC-22 16262 11.74 292 0.835 1.038 

4000 scfm      

average 16234 11.767 299 0.834 1.060 

std.dev. 46 0.024 5 0.003 0.018 

3000 scfm      

average 12179 11.815 303 0.625 0.802 

std.dev. 2 0.007 1 0.000 0.004 

 

 

5.5 Insulation and Stainless Steel Thermal Properties 

Reducing the temperature data to incident heat flux to the calorimeter surface requires 
knowing the insulation thermal properties.  The values for the insulation thermal 
conductivity listed in the Thermal Ceramics product literature for 8 PCF Cerablanket is 
based on the test standard ASTM Method C201.  This method uses three thermocouples 
in variable thickness samples and reports results in effective conductivity versus mean 
wall temperature and is consistent with industrial use of product, but inconsistent with 
SNL transient use.  The effective values were converted to point (local temperature 
dependent) values [Oxford 2005].  The results are point values that are consistent with 
SNL use in thermal models.  Note that the corrected values are higher by as much as 
30%.   
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Figure 142 presents the thermal conductivity and the specific heat for the blanket 
insulation.   The specific heat data is from bulk Kaolin; Kaolin is the raw, mineral 
material melted to form the fibers of the Cerablanket® insulation.   

The body of the calorimeter was fabricated using 304 stainless steel.  Figure 143 presents 
the temperature dependent thermal conductivity and the specific heat for the 304 SS.   
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Figure 142  Thermal properties for 8 pcf Cerablanket. 
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Figure 143  Thermal properties for 304 stainless steel. 
 



 

 109 

5.6 Properties of JP-8 Jet Fuel 

Table 8 presents fuel properties based on handbook and referenced data, laboratory 
measurements, and previous experiments with 2 m diameter fuel pans. 

Table 8  Properties of JP-8 Jet Fuel 
Properties Properties Units JP8 

Name Formula - C11.5H22.8 

molecular weight MW - 160.8 

Boiling point 
handbook 

Tb C 215 

smoke point ls m 0.019 

heat of vaporization hv kJ/kg 280.0 

specific heat cp kJ/kg K 2.01 

heat of gasification hg kJ/kg 670 

density  kg/m3 808 

heat of combustion hc kJ/kg 44100 

heat of combustion 
(measured) hc kJ/kg 

45854 
carbon monoxide 

component hcCO kJ/kg 12200 

carbon dioxide 
component hcCO2 kJ/kg 14100 

oxygen   component hcO2 kJ/kg 12700 

burning rate∞ max m"-dot kg/m2 s 0.04 

HRR QT kW 5542 

flame height   m 5.3 

radiative flux to wall (8.48 m) kW/m2 2.0 

radiant fraction r - 0.32 

smoke yield s g/g 0.06 

References: 
Aviation Fuel Properties, Coordinating Research Council, Inc. 
1988 

  

Distillation Range  177-266 C 

kerosene 
2m complex 

calorimeter data   

SFPE ed. 3, Table 3-4.10 

Galbraith Labs 

6.  
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7. MEASUREMENT UNCERTAINTY 

7.1 Uncertainty of Overall System 

In order to qualify weapon systems performance or validate computer models, the 
uncertainty of the experimental data used for that purpose must be determined.  The 
following summarizes the description and uncertainty estimates for TC data acquisition 
systems (DASs) for two of Sandia’s experimental facilities that routinely gather data 
from normal and abnormal thermal environment experiments, the Radiant Heat Facility 
(RHF) and Lurance Canyon Burn Site (LCBS) [Nakos, 2004]. 

Figure 144 gives an example of a typical DAS used for thermal experimentation, 
separated into the following components: 

1) Thermocouple (TC) 

2) TC connectors 

3) TC extension cable 

4) TC plug board inside weatherproof steel box 

5) National Instruments DAQ system including SCXI-1102 (Signal Conditioning 
 extensions for Instrumentation) 

6) Fiber-optic cable 

7) Data reduction computer 
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Figure 144  Schematic of a typical TC data acquisition system. 

Nakos performed uncertainty analyses for several TC data acquisition systems used at the 
RHF and LCBS.  These analyses apply to Type K, chromel-alumel thermocouples of 
various types: fiberglass sheathed TC wire; mineral-insulated metal-sheathed (MIMS) TC 
assemblies; and other types.  Several DASs were analyzed, one Hewlett-Packard (HP) 
3852A system, and several National Instrument (NI) systems.  The uncertainty analyses 
were performed on the entire system from the TC to the DAS output file.  Uncertainty 
sources include TC mounting errors, ANSI standard calibration uncertainty for Type K 
TC wire, potential errors due to temperature gradients inside connectors, extension wire 
effects, DAS hardware uncertainties including noise, common mode rejection ratio, 
digital voltmeter accuracy, mV to temperature conversion, analog to digital conversion, 
and other possible sources.  Typical results for “normal” environments (e.g., maximum of 
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300-400K) showed the total uncertainty to be about ±1% of the reading in absolute 
temperature.  In high temperature or high heat flux (“abnormal”) thermal environments, 
total uncertainties range up to ±2-3% of the reading (maximum of 1300K).  The higher 
uncertainties in abnormal thermal environments are caused by increased errors due to the 
effects of imperfect TC attachment to the test item. 

The uncertainty of the entire TC DAS is determined by evaluating the individual 
uncertainties of each contribution, then adding them using the root-sum-square method 
(ASME PTC 19.1-1998, “Test Uncertainty, Instruments and Apparatus”).  Any 
systematic bias errors that can be modeled, such as that due to thermocouple attachment 
imperfection, are algebraically subtracted from the TC reading, and any modeling 
uncertainty about the nominal mean estimate of the bias is included in the root-sum-
square calculation [Romero et al., AIAA-2004]. 

 

7.2 Uncertainty of Calorimeter Sheathed Temperatures 

In addition to the overall TC DAQ system, the systematic error associated with the TC 
measurements on the inside (unheated) surface of the calorimeter has to be included.   

The TCs are 1/16” (1.6 mm) diameter, inconel sheathed, Type K and have a time 
response on the order of 1-5 seconds.   

The TCs are sampled via an NI DAS system with a 2 Hz low pass filter at a maximum 
rate of about 1 sample/sec/channel (i.e., all channels are sampled at approximately 1000 
Hz but averaged (and recorded) over 1 second).  The TCs cannot respond fast enough to 
capture information at rates faster than about 1 Hz, so these transients cannot be 
measured with the DAS.  The temperature measured is an average.  One might capture 
some high and low temperatures, but likely not the highest or lowest.  TCs of this size 
and type are used because smaller, less protected ones do not survive the fire – they melt 
and fail. 

Uncertainties of the sheathed TCs inside the calorimeters are affected by the systematic 
uncertainty because the measuring junction inside the sheath is not the same temperature 
as the insulation blanket surrounding it (note that the insulation temperature changes 
relatively slowly).  Assuming a relatively large value of 2K, the error from this source is 
about 0.16% at 1273K and 0.54% at 373K, and is a systematic uncertainty.  If this source 
is added to other systematic uncertainties the overall error at 1273K does not change 
significantly.  The uncertainty at 373K increases slightly to 1.6%  [Nakos, 2004]. 

In summary, an overall uncertainty of ± 2-3% of the reading of the TC data will be 
assumed.  For the calorimeter tests, this yields values of ~30ºC for outer shell 
temperatures and ~3ºC for the blivet temperatures. 

 

7.3 MIMS Thermocouple Bias Errors  

Figueroa [2005] analyzed the potential for bias errors from mineral-insulated, metal-
sheathed (MIMS) thermocouples.  Surface temperature measurement errors can vary 
from 1.5% to 6% at 1300K (as compared to intrinsic thermocouple measurements).  The 
large range is believed to be the results of significantly different radiation boundary 
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conditions seen by the thermocouple (1.5% for TCs with embedded surrounding 
insulation, 6% for TCs on a hot surface in an open cavity that has the potential to radiate 
to a cold surface. 

 

7.4 Heat Flux Measurements made by Sandia HFG Analyzer 

The Sandia HFG Analyzer has a feature that estimates the uncertainty or error in incident 
heat flux.  As indicated in [Blanchat, Humphries, and Gill, 2000], HFGs are suitable for 
use during mostly steady environments.  The gauge is less suitable for rapidly varying 
transient heat flux environments because of the slow response of the sheathed 
thermocouples mounted on the sensing plate.  Therefore, the uncertainty of the heat flux 
measurements is much higher during periods of rapidly varying heat flux, and lower 
during periods where the flux is slowly varying or steady. 

Average heat flux error with SNL HFGs is about 10-20% if the fire is fairly steady.  
During the time when the heat flux is high and fluctuating rapidly, the flux error can be 
high, about  50%.  These results are a reality of heat flux measurements in fires; such 
measurements are very difficult to accomplish with low uncertainty due to the severe 
environment, soot deposition, limited material properties, etc.   

 

7.5 Heat Flux Measurements made by Beck Engineering IHCP1D Code 

Rugged and inexpensive calorimeters are fabricated to measure heat flux.  These 
calorimeters employ thermocouples to measure temperature, and inverse heat-conduction 
methods to infer heat flux.  Inverse heat-conduction methods estimate heat flux at 
specific material interfaces using temperature-boundary conditions, material properties, 
and usually an assumption of one-dimensional (1-D) heat flow.  This method is in 
common use at Sandia’s fire test facilities.   

An uncertainty analysis was performed to better understand the effect of input parameter 
variation on calculated heat flux when using the inverse heat conduction method 
[Figueroa et al., 2005].  A typical calorimeter (a device used to infer heat flux) was 
examined.  The calorimeter was a cylinder about 40.6 cm (16-in.) in diameter and 0.32-
cm-thick (1/8-in.), made of 304 stainless-steel filled with 2.5-cm-thick (1-in.) ceramic 
fiber insulation.  Parameter variations were examined to establish the effect on heat flux 
uncertainty.  The parameters that varied were steel-wall thickness, thermal conductivity, 
and volumetric heat capacity; insulation thickness, thermal conductivity, and volumetric 
heat capacity; temperature uncertainty, type of cold side boundary condition, temperature 
sample rate, number of computational nodes per region, number of calculated per 
measured time steps, and the number of future time steps.  One-dimensional heat transfer 
was assumed in all cases.   

Results of the analysis show that at the maximum heat flux, the most important 
parameters were temperature uncertainty, and steel thickness and volumetric heat 
capacity.  The use of a constant thermal conductivity rather than temperature-dependent 
values also made a significant difference in the resultant heat flux.  As an example, 
several parameters were changed to predict a scenario with typical parameter 
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uncertainties.  The resulting total uncertainty to 95% confidence estimation was 
approximately 15-19% at the highest flux, not counting 2- or 3-dimensional effects.  
Estimates of error that is introduced when 1-D inverse heat transfer techniques are 
applied to multidimensional problems was investigated by Lopez et al. [2000].  They 
determined maximum errors of 3%, 7%, and 18% for a non-uniform flux applied to a 
surface covering 360°, 180°, and 90° of a cylinder, respectively. 

 

7.6 Fuel Regression Measurements 

An uncertainty analysis was performed using the method described by Coleman and 
Steele [1999].  The uncertainty for fuel regression concentrates on the Type B 
uncertainty, or systematic uncertainty.  Parameters contributing to the Type B uncertainty 
are primarily based on manufacturer’s specifications.  Contributions to the error include 
the pressure measurement uncertainty (0.4%), the time measurement uncertainty (0.03%), 
and the fuel specific gravity measurement uncertainty (0.5%).  The calculated total 
uncertainty in the fuel regression measurement due to Type B uncertainty is 0.6%.   

 

7.7 Measurement Uncertainty Summary 

Table 9 summarizes the measurement uncertainties for these types of experiments.  Due 
to the many approximations made, the calculated uncertainties are rounded up to add 
some conservatism. 
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Table 9  Measurement Uncertainty Summary 

Measurement Type Maximum Total 
Uncertainty 

Comments 

1) Generic TC 
measurements 

 2.6K at 373K or  5.5K at 
1273K 

Approximate by 2% at 
all temperatures 

Does not include systematic 
errors due to mounting, etc. 

2) Calorimeter temperatures  2.5K at 373K or  5.5K at 
1273K 

Approximate by 2% at 
all temperatures 

 

3) SNL HFG heat flux 
estimates 

For periods of steady flux 
10-20% average errors 

50% error during 
maximum fluctuations 

4) IHCP1D heat flux 
estimates 

For periods of steady flux, 
total uncertainty 10-14% (to 95% confidence 

estimate) 

5) Schmidt-Boelter HFGs Accuracy: ±3% rms (Others report ±9% rms) 

6) Fuel Regression Uncertainty: ±1% 0-15 inches WC 

7) Wind Speed Accuracy: ±1% rms ±0.05 
m/s 

0 to 30 m/s 

8) Wind Direction Accuracy: ±2° (1 to 30 m/s) 1 to 30 m/s 

9) Wind Temperature Accuracy: ±2ºC 0 to 30 m/s 
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8. QUANTIFY THE EXPERIMENTAL UNCERTAINTY – A POSTTEST VISIT 
WITH ANALYSTS 

When the experiments were completed, coupled fire-environment/thermal-response 
models were validated using the above described data for the complex calorimeter 
engulfed in a JP8 hydrocarbon fuel fire.  Fire model predictions of heat flux from 
FUEGO (shown in Figure 145) were coupled with thermal response model predictions 
from CALORE to predict the transient internal temperature distribution of the blivet.  
Three-dimensional, transient calculations were compared with the experimental data 
obtained in the FLAME facility.  The measurement/prediction comparisons were 
quantified using appropriate validation metrics and parameter variations were used to 
assess output variability in support of uncertainty quantification [Black et al., 2005].  

 

   

Figure 145  Cross section and fine mesh TFNS solution for the calorimeter in the 
FLAME facility. 

 

Predictions of transient external shell temperatures as well as the surface temperatures of 
the embedded mass were averaged spatially and compared to an average of data from 
three experiments, CC-15, CC-17, and CC-18.  The comparisons showed that the 
response variable was more sensitive to fire model parameters than to thermal model 
parameters. The observed relative difference in measurements and model predictions was 
also compared to the model uncertainty. The comparisons showed that the model plus 
uncertainty bounded the experimental data. 

Over the course of the comparisons, the analysts revisited a number of thermal 
experimental parameters to fully understand their effect on the experiment uncertainty. 
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8.1 Insulation – Posttest Status and Variability in the Thermal Properties 

After ~23 tests (including scoping) the calorimeter was disassembled.  Figure 146 
compares pretest conditions to posttest conditions.   On the cone, where the seam was 
formed parallel to the arm, a large gap is seen near the base of the cone.  In addition, a 
small cap of insulation placed on the cone tip was missing.  The insulation appeared to 
shrink somewhat and also was susceptible to falling apart when handled.   Inspection of 
insulation in the cylinder section showed the disk of insulation on the bottom of the 
“bucket” was fairly well intact; however, a tear was noted on one side of the cylinder 
wrap.  It is unknown if this tear occurred during testing or during disassembly. 

 

Figure 146  Post test status of insulation. 
 

As noted earlier, the manufacturer’s values for thermal conductivity properties was based 
on the ASTM C201 Test Standard.  This method for measuring properties uses steep 
thermal gradients in 1” thick samples and reports results in terms of average temperature 
(a method consistent with industrial use of product, but inconsistent with SNL use).  The 
ASTM C201 average values were corrected to point values for use in the model 
prediction.  We noted that the corrected values are higher by as much as 30%.   

A experimental effort was initiated to check the correction.  Figure 147 shows some 
preliminary experimental results for thermal conductivity that indicates the correction 
may be too small.  In addition, it was confirmed that the blanket insulation shrinks when 
heated.  In the model predictions, the uncertainty on the thermal property values bounds 
the experimental data and the sensitivity studies show no impact. 

 

 

Complex calorimeter cutaway

Pretest

Posttest
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Figure 147  Testing of thermal properties of ceramic fiber insulation. 
 

 

8.2 Pyromark® Paint Emissivity – Large Uncertainty 

The analysts were given a mean total direction calorimeter surface emissivity of 0.86 ± 
0.09 for use in model predictions.  This drives large uncertainty in temperature 
predictions.  They asked why such large uncertainty? 

As part of a separate study, an experimental effort was initiated to obtain a set of 
emittance data for five commonly used materials in experiments: Inconel 600, 304 
Stainless Steel, 7-4PH Stainless Steel, Aluminum 7075, and Mk 4 Aeroshell material 
[Figueroa 2005]. 

Two emissivity measurement devices (Figure 148) were used.  The first was a Cary-
Integrating Sphere (CIS) Reflectometer that measures emissivity at angles from 10° to 
80° and at wavelengths from 0.3 to 2 microns (room temperature only).  The 2nd device 
was a SOC-100 Hemispherical Directional Reflectometer that measures emissivity at 
angles from 10° to 80° and at wavelengths from 2 to 25 microns and at temperatures up 
to ~540°C. 

The discussion here focuses on the 304 stainless steel samples painted with Pyromark 
2500 cured at 1000° and a test suite of measurement angles of 10°, 40°, 60°, and 80°, all 
at room temperature and at 540°C.  Figure 149 presents the directional spectral and total 
emissivity data for Pyromark 2500 on 304 stainless steel, clearly showing the effects 
angle, wavelength, and temperature.  Note also the small angle, ambient temperature 



 

 120 

emissivity value of ~0.95 at 1 micron, corresponding fairly well with the in-situ Pyrofiber 
Model E10 measurement average value of 0.92 over the course of the experiments.   

 

Sample Beam Sensor Reference Beam Sensor

Source

Sample

Reflecting Sphere  

To Sensor

r

Overhead Mirror

SourceSample

Reflecting Hemisphere

 

Figure 148  The Cary-Integrating Sphere and SOC-100 Hemispherical Directional 
Reflectometers. 

 

 

Figure 149  Emissivity data for 304SS with Pyromark paint. 
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In summary, baked Pyromark 2500 on 304 stainless steel has a hemispherical total  
emittance of ~0.77 at room temperature.  The emittance increase with temperature to a 
value of 0.84 at 540ºC.  Single wavelength (0.95 micron) and small angles yields ε ~ 0.9 
– 1.0 

Sources of uncertainty for emissivity include: 

 Measurement 

o CIS: less than ±1.5% 

o SOC-100: ±1% in the angles between 0° and 70° and ±3% beyond 70° 

 Integration of Data Points 

o Small for wavelength integration 

o Significant for angle integration 

 Few angle points ~ ±1-3% 

 Temperature ~ ±5% 

The combination of all sources yields a total uncertainty of  ~ ±10% 

 

8.3 Thermocouple Bias Errors 

In order for a true comparison between model predictions and experimental data, the 
thermocouple (TC) measurements were bias corrected to account for differences between 
the temperature at the thermocouple junction or bead and the temperature at the attached 
surface or outer calorimeter shell.  The surface temperature is higher than the 
thermocouple bead temperature when the thermocouple is mounted on a surface that 
faces away from the heat source as shown in Figure 150. 
 

 

Figure 150  Schematic of thermocouple mounted on outer shell. 
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Figure 150 shows the thermocouple backed by insulation, which reduces bias error 
caused by heat loss.  Without insulation the thermocouple acts like a fin and causes the 
bead temperature to be lower than the shell temperature.  For 60 mil diameter 
thermocouples without insulated backing, the outer shell temperature is expected to be 
1351 K when the bead is at 1273 K [Nakos et al., 2004b].  In other words, the inner 
surface of the outer shell is 6.1% higher (78° higher) than the thermocouple bead 
temperature.  The temperature difference is smaller when the thermocouple is insulated. 
For thermocouples with insulated backing, the temperature of the inner surface of the 
outer shell is expected to be 1288 K when the bead is at 1273 K.2  The outer shell 
temperature is 1.2% higher (15° higher) than the thermocouple bead. 

The bias correction for the thermocouples on the inside of the outer shell of the complex 
calorimeter is expected to vary linearly with temperature.  The correction is assumed to 
be zero at 300 K and 6.1% of the absolute temperature at 1273 K for thermocouples 
without insulated backing.  For the thermocouples with insulated backing, the correction 
is assumed to be zero at 300 K and 1.2% of the absolute temperature at 1273 K.  The 
temperature of the inner surface of the outer shell was determined as follows: 
 

  300102.61 5  
mm TTT ,   for TC’s without insulated backings and (1) 

 
  300102.11 5  

mm TTT ,   for TC’s with insulated backings, (2) 

 
where T (K) and Tm (K) represent the temperature of the inner surface of the outer shell 
and the measure temperature of the thermocouple bead, respectively. 

Table 10 shows the bias correction from Nakos [2004b] for TCs not backed by insulation 
as well as the bias correction from equation 1 and 2.  Most of the correction occurs at 
higher temperatures as shown in Figure 151 which shows the measured temperature for 
flame experiment CC-15 at location 53.  The thermocouple at location 53 is a 
thermocouple without insulation backing (on the outer cylindrical shell opposite the 
blivet).. 
 

Table 10  Percent correction of absolute temperature for given plate temperatures. 
Plate temp 

(K) 
Ref. Nakos 

2004b 6.2 x 10-5 (Tm – 300) 1.2 x 10-5 (Tm – 300) 

1173 5.7 5.4 1.0 

1273 6.1 6.1 1.2 

1373 6.8 6.8 1.3 

 

                                                 
2 Table obtained from Nakos et al., 2004b.   The correction for insulation backed thermocouples is based 
on data from SNL HFG studies that used intrinsic, 20 and 63 mil TCs on insulated 10 mil plate [Blanchat et 
al., 2000]. The intrinsic error was assumed to be negligible. 
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Figure 151  Measured and corrected temperatures at location 53 for CC-15. 
 

8.4 Posttest Thermocouple Attachment and Survivability 

One concern that arose following the completion of the test series was the robustness of 
the thermocouple attachments after being subjected to twenty-three engulfing fuel fires.  
Figure 152 shows pictures of pristine TC attachments and attachments posttest during 
disassembly. 

Posttest

Pretest

 

Figure 152  Pretest and posttest views of thermocouple attachments. 
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A unique experimental technique was developed to quantify attachment error.  Each 
thermocouple was turned into a miniature heater by applying a known and fixed power 
profile and the resulting thermal response (temperature decay) was measured.  Figure 153 
illustrates the steps: 1) Take raw TC voltage check data during the temperature decay 
after applying the power, 2) Normalize with minimum and maximum values, and 3) Fit a 
lumped model to the normalized response.  
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Figure 153  Procedure to analyze thermocouple attachment. 
 

The final step was to determine if a TC is “significantly different (larger)” from other 
TCs by determining a τ -value such that 

 
  2







std

mean
z i  

where mean(τ) and std(τ) (standard deviation) are calculated for a set of TCs.  Note that z 
> 2 is an arbitrary cut-off value based on a standard normal distribution P(z > 2) = 2.5%. 

An analysis of all TCs was performed.  Figure 154 pictorially shows that data analysis 
from only the inner shell TCs. 
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Figure 154  Inner shell thermocouple attachment analysis. 
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Table 11 lists eleven TCs (4% of the 254 total) that fall outside 2 standard deviations of 
the mean.  Point-to-point comparisons with model predictions should not be performed at 
these locations. 

Table 11  Thermocouples failing attachment criteria. 
Region Mean(τ) 

sec 
Std(τ) 
sec 

Identified TCs 
(z>2) 

Blivet (all) 7.0 1.2 209, 210, 221 

Outer Shell 7.8 1.5 21, 22, 82, 32, 39, 67 

Inner Shell 7.3 1.5 91, 79 

 

8.5 Experiment Repeatability 

Data repeatability is an important factor when performing model prediction for validation 
purposes.  The code predictions of the complex calorimeter focused on the three later 
“nose up” experiments performed at the pan centerline, CC-15, CC-17, and CC-18. 

Slight variability in boundary conditions could affect the data, those are noted below.  
The CC-15 test was performed at ambient temperatures ~5ºC colder than CC-18.  It also 
had a ~6% lower regression rate (from 300-700 s, as noted in Figure 155 by the smaller 
slope in fuel DP measurements) and a ~2% lower actual air velocity. 

 CC-15, 2.82 mm/min regression rate, 1.043 m/s air velocity 

 CC-17, 2.94 mm/min regression rate, 1.062 m/s air velocity 

 CC-18, 3.00 mm/min regression rate, 1.063 m/s air velocity 

We did note small differences in thermal response, as indicated in Figures 156 and 157 
for the blivet and the cone/cylinder sections, respectively. 
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Figure 155  Comparison of fuel regression in CC-15, CC-17, and CC-18. 
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Figure 156  Blivet response repeatability. 
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Figure 157  Cone and cylinder response repeatability. 
 

In summary, three nominally identical experiments were conducted and the variability 
among the experiments was studied.  The relative difference of each experiment from the 
mean and standard deviation in this difference was quantified.  The bottom of the 
calorimeter had the least variation, ~ ± 5%.  The cone and cylinder varied by ~ ± 10%.  
Finally, the average blivet temperature had the largest variance, ~ ± 19%.  Figure 158 
shows the relative difference (based on the difference of experiments from the mean) of 
the three experiments for different sections of the calorimeter at early (2.5 minutes) and 
late (5 minutes) times.  The bars are 2 standard deviations of the three experiments. 
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Figure 158  Relative difference of the experiments used for model prediction. 
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9. CONCLUSION 

Validation quality data sets are the standard by which modeling and simulation 
uncertainty can be quantified.  For the first time in 50 years of fire testing, heat flux to an 
object and its thermal response in a fire with well-controlled and well-characterized 
boundary conditions has been measured with archival datasets.  A data loss rate of only 
4% over 23 tests in notoriously harsh environments was achieved.  These datasets include 
the most comprehensive experimental uncertainty of a fire to date.  Emissivity of the 
object surface, determined pretest to be the source of the largest experimental uncertainty, 
was very well characterized.   

This data set is the 6th data set funded by Campaign 6 and ESRF in support of fire model 
validation.  The published datasets include: 

 Study of a Turbulent Buoyant Helium Plume (O’Hern et al., 2005) 

 Study of a 1 Meter Diameter Methane Fire (Tieszen et al., 2002) 

 Study of Soot and Species in a JP8 Fire (Jensen et al., 2007) 

 Study of Mixed Convection from a Horizontal Cylinder in Crossflow 
(Laskowskia et al., 2007) 

 Study of Radiation/Convection Partitioning (Blanchat et al., 2009) 

The authors appreciate management’s continued support for diagnostics development and 
validation quality data sets.  Finally, we note that Engineering Sciences has a clear 
commitment to science in support of our weapons programs and is committed to 
supporting the research community through publication of its data sets where appropriate. 
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APPENDIX A  ENGINEERING DRAWINGS OF THE COMPLEX CALORIMETER 
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APPENDIX B  COMPLEX CALORIMETER THERMOCOUPLE LOCATIONS 

 

Figure 1.  Outer shell (-z side) 

 

Figure 2.  Outer shell (+z side) 
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Figure 3.  Outer shell cone (inside view) 

 

Figure 4.  Outer shell bottom plate (outside view) 
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Figure 5.  Inner shell (top view) 

 

Figure 6.  Inner shell (bottom view) 
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Figure 7.  Inner shell (-z side) 

 

 

Figure 8.  Inner shell inner surface (-z side) 
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Figure 9.  Inner shell (+z side) 

 

 

Figure 10.  Inner shell inner surface (+z side) 
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Figure 11.  Inner shell cone (outside view) 

 

Figure 12.  Inner shell bottom plate (outside view) 
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Figure 13.  Blivet cone side 

 

Figure 14.  Blivet cylinder side 
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Figure 15.  Blivet top side 

 

 

Figure 16.  Blivet bottom side 
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Figure 17.  Blivet (-z side) 

 

 

Figure 18.  Blivet (+z side) 
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Figure 19.  Inner shell cylinder plate to blivet 

 

Figure 20.  Inner shell cone plate to blivet 
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The following table gives the name of each thermocouple (TC), color coded to a surface.  
Each TC has a corresponding data acquisition (DAQ) number, a TC number, and a 
location number matching to the above drawings.  The coordinate system (in inches) is 
the same as the global Cartesian coordinate system used in the CALORE model.   

 
y

x
z o

outer shell cone

support tube

outer shell assembly

screw connection (24 places) 

z

y



R

 
Coordinate systems for complex calorimeter 

 

   

name daq # tc # loc # 
x 

calore 
y 

calore 
z 

calore 
Inner bucket/outer surface 
unrolled DAQ1 128 LOC128 2.87 -6.30 0.00
Inner bucket/outer surface 
unrolled DAQ2 130 LOC130 8.06 -4.46 -4.46
Inner bucket/surface below blivit DAQ3 162 LOC162 5.89 -2.30 -2.30
Inner bucket/outer surface 
unrolled DAQ4 125 LOC125 4.18 -4.46 4.46
Inner bucket/surface below blivit DAQ5 161 LOC161 5.89 -4.50 0.00
Inner bucket/surface below blivit DAQ6 171 LOC171 5.89 3.18 3.18
Inner bucket/inner surface 
unrolled DAQ7 149 LOC149 9.23 -4.20 -4.20
Inner bucket/outer surface 
unrolled DAQ8 134 LOC134 8.06 0.00 -6.30
Inner bucket/Bottom Side DAQ9 182 LOC182 1.19 0.00 4.50
Inner bucket/outer surface 
unrolled DAQ10 115 LOC115 9.23 4.46 4.46
Inner bucket/surface below blivit DAQ11 169 LOC169 5.89 4.50 0.00
Inner bucket/outer surface 
unrolled DAQ12 143 LOC143 4.18 6.30 0.00
Inner bucket/inner surface 
unrolled DAQ13 157 LOC157 9.23 5.94 0.00
Inner bucket/outer surface DAQ14 142 LOC142 8.06 6.30 0.00
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unrolled 
Inner bucket/outer surface 
unrolled DAQ15 139 LOC139 4.18 4.46 -4.46
Inner bucket/outer surface 
unrolled DAQ16 141 LOC141 9.23 6.30 0.00
Inner bucket/inner surface 
unrolled DAQ17 152 LOC152 8.06 -4.20 4.20
Inner bucket/Bottom Side DAQ18 185 LOC185 1.19 3.25 0.00
Inner bucket/surface below blivit DAQ19 163 LOC163 5.89 -3.18 -3.18
Inner bucket/Bottom Side DAQ20 176 LOC176 1.19 0.00 0.00
Inner bucket/inner surface 
unrolled DAQ21 158 LOC158 8.06 5.94 0.00
Inner bucket/inner surface 
unrolled DAQ22 145 LOC145 9.23 4.20 -4.20
Inner bucket/outer surface 
unrolled DAQ23 138 LOC138 8.06 4.46 -4.46
Inner bucket/outer surface 
unrolled DAQ24 135 LOC135 4.18 0.00 -6.30
Inner bucket/Bottom Side DAQ25 186 LOC186 1.19 4.50 0.00
Inner bucket/outer surface 
unrolled DAQ26 133 LOC133 9.23 0.00 -6.30
Inner bucket/outer surface 
unrolled DAQ27 144 LOC144 2.87 6.30 0.00
Inner bucket/Bottom Side DAQ28 184 LOC184 1.19 3.18 3.18
Inner bucket/Bottom Side DAQ29 191 LOC191 1.19 -2.30 -2.30
Inner bucket/outer surface 
unrolled DAQ30 118 LOC118 2.87 4.46 4.46
Inner bucket/Bottom Side DAQ31 189 LOC189 1.19 0.00 -3.25
Inner bucket/surface below blivit DAQ32 168 LOC168 5.89 3.25 0.00
Inner bucket/surface below blivit DAQ33 173 LOC173 5.89 0.00 4.50
Inner bucket/inner surface 
unrolled DAQ34 155 LOC155 9.23 4.20 4.20
Inner bucket/outer surface 
unrolled DAQ35 136 LOC136 2.87 0.00 -6.30
Inner bucket/inner surface 
unrolled DAQ36 154 LOC154 8.06 0.00 5.94
Inner bucket/outer surface 
unrolled DAQ37 140 LOC140 2.87 4.46 -4.46
Inner bucket/outer surface 
unrolled DAQ38 137 LOC137 9.23 4.46 -4.46
Inner bucket/inner surface 
unrolled DAQ39 156 LOC156 8.06 4.20 4.20
Inner bucket/Bottom Side DAQ40 181 LOC181 1.19 0.00 3.25
Inner bucket/Bottom Side DAQ41 190 LOC190 1.19 0.00 -4.50
Inner bucket/inner surface 
unrolled DAQ42 153 LOC153 9.23 0.00 5.94
Inner bucket/outer surface 
unrolled DAQ43 119 LOC119 9.23 0.00 6.30
Inner bucket/outer surface 
unrolled DAQ44 116 LOC116 8.06 4.46 4.46
Inner bucket/Bottom Side DAQ45 183 LOC183 1.19 2.30 2.30
Inner bucket/Bottom Side DAQ46 177 LOC177 1.19 -3.25 0.00
Inner bucket/inner surface 
unrolled DAQ47 147 LOC147 9.23 0.00 -5.94
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Inner bucket/Bottom Side DAQ48 178 LOC178 1.38 -4.50 0.00
Inner bucket/Bottom Side DAQ49 188 LOC188 1.19 3.18 -3.18
Inner bucket/surface below blivit DAQ50 170 LOC170 5.89 2.30 2.30
Inner bucket/Bottom Side DAQ51 187 LOC187 1.19 2.30 -2.30
Inner bucket/inner surface 
unrolled DAQ52 146 LOC146 8.06 4.20 -4.20
Inner bucket/surface below blivit DAQ53 167 LOC167 5.89 3.18 -3.18
Inner bucket/surface below blivit DAQ54 174 LOC174 5.89 -2.30 2.30
Inner bucket/inner surface 
unrolled DAQ55 151 LOC151 9.23 -4.20 4.20
Inner bucket/outer surface 
unrolled DAQ56 122 LOC122 2.87 0.00 6.30
Inner bucket/outer surface 
unrolled DAQ57 126 LOC126 2.87 -4.46 4.46
Inner bucket/surface below blivit DAQ58 165 LOC165 5.89 0.00 -4.50
Inner bucket/surface below blivit DAQ59 166 LOC166 5.89 2.30 -2.30
Inner bucket/Bottom Side DAQ60 192 LOC192 1.19 -3.18 -3.18
Inner bucket/surface below blivit DAQ61 164 LOC164 5.89 0.00 -3.25
Inner bucket/outer surface 
unrolled DAQ62 117 LOC117 4.18 4.46 4.46
Inner bucket/Bottom Side DAQ63 180 LOC180 1.19 -3.18 3.18
Inner bucket/surface below blivit DAQ64 160 LOC160 5.89 -3.25 0.00
Inner bucket/Bottom Side DAQ65 179 LOC179 1.19 -2.30 2.30
Inner bucket/inner surface 
unrolled DAQ66 148 LOC148 8.06 0.00 -5.94
Inner bucket/outer surface 
unrolled DAQ67 121 LOC121 4.18 0.00 6.30
Inner bucket/outer surface 
unrolled DAQ68 132 LOC132 2.87 -4.46 -4.46
Inner bucket/outer surface 
unrolled DAQ69 123 LOC123 9.23 -4.46 4.46
Inner bucket/surface below blivit DAQ70 159 LOC159 5.89 0.00 0.00
Inner bucket/surface below blivit DAQ71 172 LOC172 5.89 0.00 3.25
Inner bucket/inner surface 
unrolled DAQ72 150 LOC150 8.06 -4.20 -4.20
Inner bucket/outer surface 
unrolled DAQ73 131 LOC131 4.18 -4.46 -4.46
Inner bucket/outer surface 
unrolled DAQ74 120 LOC120 8.06 0.00 6.30
Inner bucket/outer surface 
unrolled DAQ75 129 LOC129 9.23 -4.46 -4.46
Inner bucket/outer surface 
unrolled DAQ76 124 LOC124 8.06 -4.46 4.46
Inner bucket/outer surface 
unrolled DAQ77 127 LOC127 4.18 -6.30 0.00
Inner bucket/surface below blivit DAQ78 175 LOC175 5.89 -3.18 3.18
Blivit/Side DAQ79 235 LOC235 9.23 -3.95 3.95
Blivit/Side DAQ80 242 LOC242 8.06 5.58 0.00
Blivit/Side DAQ81 231 LOC231 9.23 -3.95 -3.95
Blivit/Bottom DAQ82 225 LOC225 6.90 -2.30 -2.30
Blivit/Top DAQ83 195 LOC195 10.39 -4.50 0.00
Blivit/Top DAQ84 194 LOC194 10.39 -3.25 0.00
Blivit/Side DAQ85 241 LOC241 9.23 5.58 0.00
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Blivit/Bottom DAQ86 224 LOC224 6.90 0.00 -4.50
Blivit/Top DAQ87 197 LOC197 10.39 -3.18 -3.18
Blivit/Bottom DAQ88 220 LOC220 6.90 4.50 0.00
Blivit/Side DAQ89 227 LOC228 9.23 3.95 -3.95
Blivit/Top DAQ90 193 LOC193 10.39 0.00 0.00
Blivit/Side DAQ91 234 LOC233 9.23 -5.58 0.00
Blivit/Top DAQ92 196 LOC196 10.39 -2.30 -2.30
Blivit/Side DAQ93 232 LOC232 8.06 -3.95 -3.95
Blivit/Side DAQ94 240 LOC240 8.06 3.95 3.95
Blivit/Side DAQ95 228 LOC227 8.06 3.95 -3.95
Blivit/Side DAQ96 238 LOC238 8.06 0.00 5.58
Blivit/Side DAQ97 233 LOC234 8.06 -5.58 0.00
Blivit/Top DAQ98 209 LOC209 10.39 -3.18 3.18
Blivit/Side DAQ99 230 LOC229 9.23 0.00 -5.58
Blivit/Top DAQ100 198 LOC198 10.39 0.00 -3.25
Blivit/Bottom DAQ101 222 LOC222 6.90 3.18 -3.18
Blivit/Top DAQ102 203 LOC204 10.39 4.50 0.00
Blivit/Top DAQ103 202 LOC202 10.39 3.25 0.00
Blivit/Top DAQ104 208 LOC208 10.39 -2.30 2.30
Blivit/Top DAQ105 201 LOC201 10.39 3.18 -3.18
Blivit/Bottom DAQ106 219 LOC219 6.90 3.25 0.00
Blivit/Bottom DAQ107 217 LOC217 6.90 2.30 2.30
Blivit/Top DAQ108 200 LOC200 10.39 2.30 -2.30
Blivit/Top DAQ109 205 LOC205 10.39 3.18 3.18
Blivit/Bottom DAQ110 216 LOC216 6.90 0.00 4.50
Blivit/Side DAQ111 239 LOC239 9.23 3.95 3.95
Blivit/Top DAQ112 206 LOC207 10.39 0.00 3.25
Blivit/Top DAQ113 207 LOC206 10.39 0.00 4.50
Blivit/Top DAQ114 204 LOC203 10.39 2.30 2.30
Blivit/Bottom DAQ115 211 LOC211 6.90 -3.25 0.00
Blivit/Bottom DAQ116 218 LOC218 6.90 3.18 3.18
Blivit/Bottom DAQ117 214 LOC214 6.90 -3.18 3.18
Blivit/Side DAQ118 229 LOC230 8.06 0.00 -5.58
Blivit/Top DAQ119 199 LOC199 10.39 0.00 -4.50
Blivit/Bottom DAQ120 215 LOC215 6.90 0.00 3.25
Blivit/Side DAQ121 236 LOC236 8.06 -3.95 3.95
Blivit/Bottom DAQ122 226 LOC226 6.90 -3.18 -3.18
Blivit/Bottom DAQ123 210 LOC210 6.90 0.00 0.00
Blivit/Bottom DAQ124 221 LOC221 6.90 2.30 -2.30
Blivit/Bottom DAQ125 213 LOC213 6.90 -2.30 2.30
Blivit/Bottom DAQ126 223 LOC223 6.90 0.00 -3.25
Blivit/Side DAQ127 237 LOC237 9.23 0.00 5.58
Blivit/Bottom DAQ128 212 LOC212 6.90 -4.50 0.00
Inner Cone DAQ129 253 LOC253 25.79 1.75 1.75
Inner Cone DAQ130 244 LOC244 25.79 1.75 -1.75
Inner Cone DAQ131 254 LOC254 20.97 2.69 2.69
Inner Cone DAQ132 95 LOC95 25.79 2.48 0.00
Inner Cone DAQ133 255 LOC255 16.15 3.62 3.62
Inner Cone DAQ134 248 LOC248 20.97 -2.69 -2.69
Inner Cone DAQ135 83 LOC83 25.79 -2.48 0.00
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Inner Cone DAQ136 252 LOC252 16.15 -3.62 3.62
Inner Cone DAQ137 77 LOC77 25.79 0.00 2.48
Inner Cone/Bottom Plate DAQ138 99 LOC99 11.42 -3.25 0.00
Inner Cone DAQ139 97 LOC97 16.15 5.12 0.00
Inner Cone DAQ140 96 LOC96 20.97 3.80 0.00
Inner Cone DAQ141 245 LOC245 20.97 2.69 -2.69
Inner Cone DAQ142 73 LOC73 32.55 0.00 0.00
Inner Cone DAQ143 79 LOC79 16.15 0.00 5.12
Inner Cone DAQ144 250 LOC250 25.79 -1.75 1.75
Inner Cone DAQ145 78 LOC78 20.97 0.00 3.80
Inner Cone DAQ146 247 LOC247 25.79 -1.75 -1.75
Inner Cone/Bottom Plate DAQ147 104 LOC104 11.42 0.00 4.54
Inner Cone/Bottom Plate DAQ148 111 LOC111 11.42 0.00 -3.25
Inner Cone DAQ149 84 LOC84 20.97 -3.80 0.00
Inner Cone DAQ150 249 LOC249 16.15 -3.62 -3.62
Inner Cone DAQ151 89 LOC89 25.79 0.00 -2.48
Inner Cone DAQ152 246 LOC246 16.15 3.62 -3.62
Inner Cone/Bottom Plate DAQ153 98 LOC98 11.42 0.00 0.00
Inner Cone DAQ154 90 LOC90 20.97 0.00 -3.80
Inner Cone DAQ155 91 LOC91 16.15 0.00 -5.12
Inner Cone/Bottom Plate DAQ156 112 LOC112 11.42 0.00 -4.54
Inner Cone/Bottom Plate DAQ157 107 LOC107 11.42 3.25 0.00
Inner Cone/Bottom Plate DAQ158 113 LOC113 11.42 -2.30 -2.30
Inner Cone/Bottom Plate DAQ159 103 LOC103 11.42 0.00 3.25
Inner Cone DAQ160 251 LOC251 20.97 -2.69 2.69
Inner Cone DAQ161 85 LOC85 16.15 -5.12 0.00
Inner Cone/Bottom Plate DAQ162 243 LOC101 11.42 -2.30 2.30
Inner Cone/Bottom Plate DAQ163 114 LOC114 11.42 -3.21 -3.21
Inner Cone/Bottom Plate DAQ164 105 LOC105 11.42 2.30 2.30
Inner Cone/Bottom Plate DAQ165 100 LOC100 11.42 -4.54 0.00
Inner Cone/Bottom Plate DAQ166 110 LOC110 11.42 3.21 -3.21
Inner Cone/Bottom Plate DAQ167 108 LOC108 11.42 4.54 0.00
Inner Cone/Bottom Plate DAQ168 102 LOC102 11.42 -3.21 3.21
Inner Cone/Bottom Plate DAQ169 109 LOC109 11.42 2.30 -2.30
Inner Cone/Bottom Plate DAQ170 106 LOC106 11.42 3.21 3.21
Outer Bucket/Bottom plate DAQ171 65 LOC65 0.19 3.25 0.00
Outer Bucket/Bottom plate DAQ172 63 LOC63 0.19 2.30 -2.30
Outer Bucket/inner surface 
unrolled DAQ173 55 LOC55 2.87 7.31 0.00
Outer Bucket/inner surface 
unrolled DAQ174 29 LOC29 2.87 5.17 -5.17
Outer Bucket/Bottom plate DAQ175 66 LOC66 0.19 4.50 0.00
Outer Bucket/inner surface 
unrolled DAQ176 36 LOC36 4.18 -5.17 -5.17
Outer Bucket/inner surface 
unrolled DAQ177 47 LOC47 2.87 0.00 7.31
Outer Bucket/inner surface 
unrolled DAQ178 54 LOC54 4.18 7.31 0.00
Outer Bucket/inner surface 
unrolled DAQ179 32 LOC32 4.18 0.00 -7.31
Outer Bucket/Bottom plate DAQ180 69 LOC69 0.19 0.00 3.25
Outer Bucket/inner surface DAQ181 46 LOC46 4.18 0.00 7.31
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unrolled 
Outer Bucket/inner surface 
unrolled DAQ182 27 LOC27 8.06 5.17 -5.17
Outer Bucket/inner surface 
unrolled DAQ183 48 LOC48 9.23 5.17 5.17
Outer Bucket/inner surface 
unrolled DAQ184 42 LOC42 4.18 -5.17 5.17
Outer Bucket/inner surface 
unrolled DAQ185 33 LOC33 2.87 0.00 -7.31
Outer Bucket/inner surface 
unrolled DAQ186 30 LOC30 9.23 0.00 -7.31
Outer Bucket/inner surface 
unrolled DAQ187 28 LOC28 4.18 5.17 -5.17
Outer Bucket/inner surface 
unrolled DAQ188 39 LOC39 2.87 -7.31 0.00
Outer Bucket/Bottom plate DAQ189 71 LOC71 0.19 -2.30 2.30
Outer Bucket/inner surface 
unrolled DAQ190 37 LOC37 2.87 -5.17 -5.17
Outer Bucket/inner surface 
unrolled DAQ191 52 LOC52 9.23 7.31 0.00
Outer Bucket/inner surface 
unrolled DAQ192 43 LOC43 2.87 -5.17 5.17
Outer Bucket/Bottom plate DAQ193 56 LOC56 0.19 0.00 0.00
Outer Bucket/inner surface 
unrolled DAQ194 53 LOC53 8.06 7.31 0.00
Outer Bucket/inner surface 
unrolled DAQ195 34 LOC34 9.23 -5.17 -5.17
Outer Bucket/inner surface 
unrolled DAQ196 40 LOC40 9.23 -5.17 5.17
Outer Bucket/Bottom plate DAQ197 62 LOC62 0.19 0.00 -4.50
Outer Bucket/Bottom plate DAQ198 59 LOC59 0.19 -2.30 -2.30
Outer Bucket/Bottom plate DAQ199 67 LOC67 0.19 2.30 2.30
Outer Bucket/Bottom plate DAQ200 61 LOC61 0.19 0.00 -3.25
Outer Bucket/inner surface 
unrolled DAQ201 41 LOC41 8.06 -5.17 5.17
Outer Bucket/inner surface 
unrolled DAQ202 35 LOC35 8.06 -5.17 -5.17
Outer Bucket/inner surface 
unrolled DAQ203 38 LOC38 4.18 -7.31 0.00
Outer Bucket/inner surface 
unrolled DAQ204 51 LOC51 2.87 5.17 5.17
Outer Bucket/Bottom plate DAQ205 68 LOC68 0.19 3.18 3.18
Outer Bucket/Bottom plate DAQ206 72 LOC72 0.19 -3.18 3.18
Outer Bucket/Bottom plate DAQ207 64 LOC64 0.19 3.18 -3.18
Outer Bucket/inner surface 
unrolled DAQ208 26 LOC26 9.23 5.17 -5.17
Outer Bucket/Bottom plate DAQ209 57 LOC57 0.19 -3.25 0.00
Outer Bucket/inner surface 
unrolled DAQ210 50 LOC50 4.18 5.17 5.17
Outer Bucket/Bottom plate DAQ211 58 LOC58 0.19 -4.50 0.00
Outer Bucket/inner surface 
unrolled DAQ212 44 LOC44 9.23 0.00 7.31
Outer Bucket/inner surface 
unrolled DAQ213 31 LOC31 8.06 0.00 -7.31
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Outer Bucket/Bottom plate DAQ214 60 LOC60 0.19 -3.18 -3.18
Outer Bucket/Bottom plate DAQ215 70 LOC70 0.19 0.00 4.50
Outer Bucket/inner surface 
unrolled DAQ216 45 LOC45 8.06 0.00 7.31
Outer Bucket/inner surface 
unrolled DAQ217 49 LOC49 8.06 5.17 5.17
Outer Cone DAQ218 86 LOC86 28.44 0.00 2.76
Outer Cone DAQ219 23 LOC23 26.03 3.42 0.00
Outer Cone DAQ220 92 LOC92 28.44 2.76 0.00
Outer Cone DAQ221 24 LOC24 21.21 4.76 0.00
Outer Cone DAQ222 21 LOC21 21.21 3.37 3.37
Outer Cone DAQ223 1 LOC1 36.10 0.00 0.00
Outer Cone DAQ224 5 LOC5 26.03 0.00 -3.42
Outer Cone DAQ225 18 LOC18 21.21 0.00 4.76
Outer Cone DAQ226 20 LOC20 26.03 2.42 2.42
Outer Cone DAQ227 2 LOC2 26.03 2.42 -2.42
Outer Cone DAQ228 14 LOC14 26.03 -2.42 2.42
Outer Cone DAQ229 25 LOC25 16.39 6.10 0.00
Outer Cone DAQ230 74 LOC74 28.44 0.00 -2.76
Outer Cone DAQ231 22 LOC22 16.39 4.31 4.31
Outer Cone DAQ232 93 LOC93 23.62 4.09 0.00
Outer Cone DAQ233 7 LOC7 16.39 0.00 -6.10
Outer Cone DAQ234 17 LOC17 26.03 0.00 3.42
Outer Cone DAQ235 13 LOC13 16.39 -6.10 0.00
Outer Cone DAQ236 15 LOC15 21.21 -3.37 3.37
Outer Cone DAQ237 4 LOC4 16.39 4.31 -4.31
Outer Cone DAQ238 76 LOC76 18.80 0.00 -5.43
Outer Cone DAQ239 87 LOC87 23.62 0.00 4.09
Outer Cone DAQ240 16 LOC16 16.39 -4.31 4.31
Outer Cone DAQ241 19 LOC19 16.39 0.00 6.10
Outer Cone DAQ242 10 LOC10 16.39 -4.31 -4.31
Outer Cone DAQ243 3 LOC3 21.21 3.37 -3.37
Outer Cone DAQ244 94 LOC94 18.80 5.43 0.00
Outer Cone DAQ245 80 LOC80 28.44 -2.76 0.00
Outer Cone DAQ246 75 LOC75 23.62 0.00 -4.09
Outer Cone DAQ247 12 LOC12 21.21 -4.76 0.00
Outer Cone DAQ248 11 LOC11 26.03 -3.42 0.00
Outer Cone DAQ249 9 LOC9 21.21 -3.37 -3.37
Outer Cone DAQ250 88 LOC88 18.80 0.00 5.43
Outer Cone DAQ251 82 LOC82 18.80 -5.43 0.00
Outer Cone DAQ252 6 LOC6 21.21 0.00 -4.76
Outer Cone DAQ253 8 LOC8 26.03 -2.42 -2.42
Outer Cone DAQ254 81 LOC81 23.62 -4.09 0.00
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