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ABSTRACT 

This report  describes the characterization of the  air source and the plume source  at 
FLAME (the Fire Laboratory for Accreditation  of  Models  by  Experimentation). 
FLAME  was designed to perform large indoor fire  validation  experiments  and  similar 
engineering  sciences  research  activities.  Validation  experiments are a  special class of 
experiment in that they are specifically designed for direct  comparison  with  the 
computational  models.  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. 

To that end (controlling  and  characterizing FLAME boundary conditions), functions 
have  been  developed  to  control the blowers as a  ganged  unit  at  desired  flow  rates.  A 
function  has  been  developed to yield the desired  air  source  average  velocity  at  a 
chosen  blower  flow  rate. The diffuser source was  shown  to  be  very  uniform  across 
the  planar  exit.  Velocity  characterization date (average  velocity,  standard  deviation, 
and  standard error) were  determined for the ducts, the  air  source,  and  the  diffuser 
source. 
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INTRODUCTION 

The  Fire Laboratory for the Accreditation of Models and Experiments (FLAME) is  being  used to 
acquire data sets for buoyant, non-reacting  and  reacting flows of sufficient quality to  support 
validation of numerical simulation tools. To achieve this goal, not only  must simultaneous 
temporal  and  spatial imaging with sufficient resolution be obtained  for  the  flow of interest, but 
the  geometry, initial conditions, and boundary conditions must also be specifiable with sufficient 
resolution. 

This report  describes  boundary condition measurements taken  to characterize the air source and 
the plume source at FLAME. The purpose is twofold. First, to provide  the analysts with a 
reasonable  set of measurements for the current series of experiments utilizing  particle image 
velocimetry (PIV) for velocity  field measurements and  planar laser induced fluorescence (PLJF) 
for scalar field measurements. Second, to provide the operators and experiments of FLAME 
with a knowledge database to  allow controlling the boundary conditions with some repeatability. 
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FLAME BUILDING 

Figure 1 shows the Fire Laboratory for Accreditation of Models and Experiments (FLAME) 
facility. Overall, the facility contains a central chamber containing the experimental apparatus, a 
long chimney centered over the central chamber, and external hardware  to supply air  to the 
central chamber and cooling water to the walls. Extensive internal structures exist for air and 
plume  gas sources, with an external high-pressure gas delivery system for the plume  source. 

Figure 1. The Fire Laboratory for Accreditation of Models and Experiments (FLAME). 
(Note ducting from  the four blowers  to the base of FLAME). 

The following descriptions of the building  and experimental apparatus used in the PIVPLIF 
experiments were  taken  from Spatial and Temporal Resolution of Fluid Flows (Tieszen et al. 
1998). Figure 2 shows that the central chamber is a nominally 6.1-m (20 ft) cube. The floor of 
the facility is 2.45 m below the plume  source. The floor is flat with a subfloor in  the center of 
the chamber 0.51 m below the main floor. The subfloor is 3.05 m on a side and is centered under 
the chimney. The bottom and  four sides for the FLAME facility are enclosed except for four air 
inlets into the  lower four comers of the facility. The ceiling is not  horizontal  but tapers upward 
toward the opening to the chimney at the center of the facility. The ceiling taper  is 32 degrees 
(from  the horizontal) beginning at 3.55 m above the plume source  and ends at the opening to the 
chimney. The chimney opening is at  an elevation of 4.56 m above the plume source. The 
chimney  is  square in cross section,  nominally 2.3 m (7.5 fi) on  each side, and extends an 
additional 7.32 m (24 ft) above the central chamber. 

The facility is made principally of 0.305-111 wide  by 0.102-m deep (12 in by 4 in) channel  with a 
nominal 4.75-mm (3/16 in) wall thickness. The channels are interconnected to allow a cooling 
fluid (glycollwater mix) to be pumped though the  walls to cool them. Because of the short 
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duration of the fires in this PIVPLIF experimental  program, the channel cooling was not 
required. The ceiling and a 1.2-m  high  segment of the sidewalls where it joins the ceiling are 
protected with a 1.6 mm thick stainless steel  radiation shield. These shields are mounted  with a 
IO-cm offset into the facility to provide thermal  protection  for large, long duration fires. An 
outer structure of steel  beams  is  used to provide  additional  structural  reinforcement  to permit a 
small internal explosion without damage to the facility. Access to the facility is  through two 
large doors, 1.52 m (5 ft) wide  by 5.49 m (18 ft) high, located in the center of the south  wall. 

Figure 2. Illustration of the air source and plume source in F L A M E .  

Figure 2 shows that during normal operation, the access doors are closed and the only inlets to 
the facility are from the plume and  ambient air sources; the only exhaust (with the exception of 
negligible leaks) is through the chimney. The hardware associated with each of these sources 
will  be discussed separately in the following sections. 

Plume Source 
The plume source for these experiments is  shown in  Figure 3. The diameter of the source is 
nominally 1 m and  is  surrounded by a 0.51-m  wide sheet steel lip, which  represents  the  ground 
plane. The centerline of  plume  is coaxially located  with the center of the central chamber and 
the chimney to within approximately 5 cm.  The center of the plume  at its surface is the location 
of the coordinate system origin, (r,B,z) = (0, 90°, 0). 

In the initial PIVPLIF experiments, the material  at the surface of the plume source was a 
2.54-cm thick porous ceramic plate  with  nominal  pore size of 2.5 mm (10 pores per inch). Later 
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Figure 3.  Plume Source 

experiments used a metal  honeycomb, constructed from 304 stainless steel 0.004-inch thick. The 
honeycomb (1Binch hexagonal cells) plate was 1-inch  tall.  The  percent  open  area of the 
honeycomb  was estimated to be 92%.  The characterization of the diffuser ground plane surface 
was  performed over this  metal  honeycomb  material. 

The surface of the  ground  plane surrounding the plume source  is made of 4-mm  plate  steel  and is 
uniform  to  within  about 6 mm. The ground plane is supported on a 2.9-cm  thick steel grating 
backup  held on unistrut supports which carry the weight into a welded  steel frame used for 
support. With the exception of one square cutout, the surface of the ground  plane  is continuous 
with aluminized tape  to  seal joints within the lip, and between the lip and the plume. The square 
cutout is located  at  the edge of the plume source at  an angle of 270". The hole is 0.05 rn 
circumferentially by 0.09  m radially and permits access to the plume for an ignitor system 
mounted  under the ground  plane. 

The plume source rests upon a large diffuser that is  part of the gas flow system for the plume. 
The diffuser shown  in Figure 4 is approximately 3-meters tall and extends down 0.51 m below 
the main floor of the facility to a subfloor at  the center of the chamber. The diffuser is nominally 
1 .O m in diameter for 1 m below the plume source. A pressure relief vent in the waist of the 
diffuser increases its diameter to 1.2 m for 0.27  m.  Below the relief valve, the diffuser has a 
diameter of 0.95 m to the floor level. Below floor level, it  has a hemispherical  lower  head. The 
material in the upper  part  of the diffuser is 3-mm thick steel sheet  stock while in the lower  part it 
is  18-mm thick stainless steel. Note that ring air source is visible in the foreground of Figure 4. 



Figure 4. Plume source plane  and diffuser. 

The gas composition of the plume  is  created  from two independent gas lines leading  from 
compressed  gas bottle farms. Each line is  supplied by six or twelve 43.8-liter compressed gas 
cylinders each containing nominally 7.7 m3  of gas at local ambient conditions. The two high- 
pressure flows are regulated to intermediate pressure,  measured,  choked to produce 
independence, mixed, and then diffused to produce a low velocity (less than one meter  per 
second) flow across a one-meter source. 

High-pressure gases flow into the manifold from the bottle farms at a maximum of 14 MPa.  The 
lines are  valved so that the “diluent” side  can flow into the “fuel” side  to  allow purging of the 
system when combustible gases are used, although the two lines normally flow independently 
during a test. The flows are passed through filters to remove dust from  gas bottle storage and 
then  the pressure is dropped to  nominally 1.4 MPa by high-flow-rate (Circle Seal SRSOO) 
pressure regulators. As with all gas systems, manual  and pressure relief  valves are present for 
safety purposes. The pressure, temperature, and  flow  rate of the gas in each  line  are  measured. 
High  and low range flowmeters are used to ensure accuracy across a broad range of flows. The 
flow  in  each line then passes through a flow controller valve  (Jordan Mk 708). These valves are 
run under choked conditions such  that  the  upstream  flow  is  independent of the downstream  flow. 
Downstream of the flow controller valves,  the two gas streams are merged into a single gas 
stream in a 5-cm diameter pipe. Running the flow controller valves in a choked state decouples 
the pressure regulators  from turbulent mixing instabilities as the lines merge, thus preventing 
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'dueling  regulators.'  Mixing  of  the flows occurs in the  5-cm  diameter  pipe  which  runs  through 
nominally 4.5  m  and three 90" elbows  before being dumped into the  diffuser. 

The final  element  within  the  primary gas flow system is the  diffuser. The flow  exiting the top  of 
the diffuser is the plume  source. The gas enters the base  of  the  diffuser  through  the 5-cm tube in 
the center of, and  aligned coaxially with, the  diffuser.  Depending on the flow  rates,  the  pressure 
in the 5-cm  tube  may  be  sufficiently  high to  choke at its exit into the  0.91-m  internal  diameter  of 
the lower  part  of  the  diffuser.  In any case, the diffuser  area is so large that the  pressure  in the 
diffuser  is  nearly  ambient. The resulting jet flow into the lower portion  diffuser  is  broadened  out 
by  a  series  of  four  plates  with  decreasing  hole diameters (2.5 cm, 1.9 cm, 1.3 cm, and 0.95 crn) 
hut  relatively  fixed  blockage  ratio  of approximately 0.5. The plates  and spacing between  them  is 
taken  from  a  proven diffuser design  used  in Sandia's wind  tunnels.  Each  of  the  plates is backed 
up  by  grating  to  provide  support for the drag  loads  placed  on the plates  by the diverging jet. The 
final  plate is backed  up  by IO-cm thick  grating. It is bolted into the  diffuser  with  spring-loaded 
bolts  such that if the  plate  becomes  plugged (for any reason),  the  pressure  in  the  lower  part  of  the 
diffuser  will  vent at 0.2 MPa. Above the lower  diffuser  head,  the diffuser broadens  from  0.91  m 
to 1.00 m  via  a  short  5-cm  taper. To resettle the flow  after  the  expansion,  two  24  by  24  mesh 
screens with  0.25-mm  wire  diameter  (57.9% open area) are used, one immediately  following  the 
expansion  and the second  2  cm downstream. Two layers  of  2.54-cm  thick  stainless  steel 
honeycomb  directly over a 5.08-cm thick aluminum honeycomb  are  used  to  reduce  the 
turbulence in the  flow. The honeycomb  has  a  nominal cell size  of 3 mm. The top of the 
honeycomb defines the  diffuser exit plane. 

Air Source 

Numerical  simulation of the flow patterns  within the FLAME facility  was  used  to design the 
manner  in  which  air  was  distributed  in  the  facility. To achieve the  desired  radial  inflow,  it  was 
necessary to introduce the air  symmetrically into the facility. Since air  enters  the  walls at only 
four  0.61-m square openings at the  base  of  the east and  west  walls  in  the  north  and  south comers, 
substantial  ductwork  had  to be created. In the resultant  design,  the  duct  work  channels the air so 
that it enters the central chamber with only  a  vertical  velocity component from an annular 
surface  with  an inner radius of 2.30  m  and an outer radius  of  2.91  m. The top  surface  of the air 
source  is  located  1.74  m  below  the ground plane,  0.71  m above the facility  floor. The annulus  is 
fabricated  from  sixteen  45"  segments, four to each quadrant of the facility. The segments are  not 
rounded but flat on each  side so as to be  easy to  fabricate and yet  adequately  approximate an 
annulus. 

While the facility  can be operated in a free draw mode, four fans  (Dayton  No.  3C109  with  5 HP 
motor)  with  a  maximum  capacity  of  4.7  m3/sec (10,000 scfm) each can  also  supply  air to the 
facility. The surface  area  of  the  annular  air source is 9.66 m2, resulting in a  maximum  velocity 
of about  1.9 d s .  The fans are infinitely  variable  between zero and  their  maximum  value so that 
the air  inlet  velocity can be adjusted. 

The numerical  simulations  indicated that as long as the flow rate from the air  ducts is less than  a 
critical  value for a  given plume flow, a  trapped  vortex  will form beneath the ground  plane. The 
vortex  will stay trapped  below the plane  of  the plume and  radial  inflow into the plume  will  result. 
If the airflow rate is  too  high, the top  of  the  trapped  vortex  will climb above  the  plane  of  the 
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plume and a region  of downflow will  occur  along  the  plume. This downflow  results in a fairly 
complex  flow  pattern in which  counterflow exists along  the sides of the plume except at its base 
where the solid  lip forces radial  inflow  at  the  base.  Hence,  the  flow rate of  the  air  needs to be 
adjusted  below a set value for each plume  flow in order for radial  inflow to result  in the facility. 

The numerical simulations also showed that the  air  velocities  were  sufficiently  high at the 
surface  of the air  ducts  that  radial  inflow  was  not  possible  in the square FLAME facility  without 
providing  overall  radial symmetry to  an  elevation just above the surface of the burner. 
Therefore,  sixteen 0.61-mm thick,  3.05-m  tall,  steel sheets were  hung  vertically on unistrut 
frames such that  they provided the  cylindrical  shield  wall  shown (cutaway) in Figure 2. These 
sheets prevent comer flows from  disrupting  the  radial  symmetry. The bases of the sheets begin 
in the  air ducts 0.30 m  above  the floor (an  elevation of -2.15  m)  and  run  to an elevation of 
0.90 m. The sheets can be  seen  in  the  background in Figure 3. 

To facilitate  air  flow from the  air inlets in the four comers of the FLAME facility to the annular 
air vent, the entire area between the cylindrical  shield  wall and square FLAME facility  walls  has 
been tumed into an air duct. Essentially, a false floor has  been  created 0.79 m above the  facility 
floor (1.61 m below  the  ground  plane).  Baffles  are  used to channel the air  between  the false 
floor and the facility floor from  the  four comers into the  annular  vents. Six baffles  are  used  in 
each quadrant, four to the vertices  of  the four segments  making  up the annulus and two 
additional baffles to subdivide the  middle  segments. 

In a manner  similar  to the gas  plume  diffuser,  the  air ducts have horizontally  mounted plates and 
screens to create a uniform  flow exiting the  top of the  ducts. Two plates, two screens,  and a 
honeycomb are used. The lowest  plate  is  mounted above the lower edge of  the  shield  wall,  at 
0.51 m above the floor. In 5-cm  increments, the next  plate,  two screens and  the  0.5-cm  high 
honeycomb are mounted. The plates  have a fixed  blockage  ratio  of approximately 0.5; with the 
lower one having  2.5-cm  holes and the upper one having 1.3-cm holes. The screens are  24  by  24 
mesh  with a 0.25-mm  wire  diameter  yielding a 57.9%  open  area. The aluminum  honeycomb  has 
3-mm  cells. 

Chimney Exhaust 

The only  outlet  of  the  facility  is  through  the  chimney. The square chimney has  insulation mats 
on the  inside faces and  remains  nominally  2.3 m on each  side  throughout its height  except at the 
exit. The chimney height  is  nominally  7.32  m. At the exit, the  north  and  south  faces  taper 
inward  at  nominally  45-degree  angles to leave a 1.2-m  (4  ft)  by  2.4-m (8 ft) opening at the exit. 
Nominal  1.2-m (4 ft) long by  2.4-m  (8-ft) doors, hinged on the east and west side, open  outward 
at  nominally 135 degrees from the exit plane  during a test. The chimney is  deliberately 
obstructed  by  pipes  throughout  its  length. The pipes  induce  mixing in the duct channel while  the 
flow is still  hot. The additional  mixing  partially  oxidizes the soot (smoke) from  the  fire in the 
central chamber. Because of the pipes,  the  chimney  is  not  as  efficient as  it could  be  in  drafting. 
However, the pipes  provide some buffering  between  the  central chamber and the exit, so that 
slight  changes in air pressure at the exit due to light  breezes are not  directly  felt  within  the  central 
chamber. 
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BLOWER  AND DUCTWORK CHARACTERIZATION AT FLAME 

Introduction 

Characterization of the four blowers  and  associated ductworks at FLAME was a necessary first 
step for  the  upcoming  large-scale PIV flame plume experiments. A calibration curve (average 
duct volumetric flow rate as a function of the  installed  Kurz  anemometer  voltage)  for  each 
blower  was  necessary to allow accurate setting and  matching of the airflow  in the air exhaust 
ring over the four quadrants. 

Procedure 
A 16-point  scan  using a TSI hot-wire anemometer (Model 8455) was  performed on each  blower 
duct  at FLAME. The TSI Air  Velocity Transducer Model 8455 is  NIST traceable and  includes a 
calibration certificate. The  TSI hot-wire probe specifications include: 

1.  Minimum Accuracy is +2.0%  of reading or MS% of full scale of selected  range 
2. Repeatability <+1.0% of reading (based on one minute average from 0.5 to 5.0 d s )  
3. Response Time to Flow  is 0.2 sec (for 63% of final value, tested  at 7.5 m/s) 
4.  Field Selectable Velocity  Ranges (0.125 m/s to 1.0, 1.25, 1.50,  2.0, 2.5, 4.0, 5.0, 7.5, 10.0, 

5. Minimum Resolution  is 0.07% of selected fu l l  scale 
6.  Output Time Constant (field selectable) ranges from  0.05 to 10 seconds 
7. Temperature Compensation Range:O to 60°C Sensor and Electronics Operation  and Storage: 

12.5, 5.0, 10.0,  25.0, 30.0,40.0, 50.0 d s )  

0 to 93°C. 

Figure 5 shows the spatial locations where  velocity  was  measured  in each of the four  inlet ducts. 
The PID controller for each  blower  was first set to 1 volt and, after the flow stabilized, the TSI 
scan  commenced. A data point consisted of manually inserting the TSI probe to the  selected 
position, waiting  about 15 s for the  measurement to stabilize, and then recording  data (at 
1 samplels) for the next 15 s. The  recorded velocity data for each  blower is listed  in Tables Al,  
A3,  A5,  and  A7 in Appendix A for each blower. The scan was  repeated  at PID controller 
settings of 2,  3,4, and 5 volts. 

Results 
Tables A2,  A4, A6, and  A8  (Appendix  A)  give  the  average  and  standard  deviation of the  duct 
velocity (in standard d s )  and the duct  flow  rate  (in SCFM) as a function of the  installed  4-probe 
Kurz  hot-wire anemometer voltage. A linear average was  performed since each scan  area  was 
uniform (6 by 6 inch square). Flow  rate  was  determined by multiplying  the  average  duct 
velocity by the duct  area (24 by  24 inch square). 
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Figure 5. Blower Duct  Scan  Layout - 16 points - Equal  Area (6 x 6 inch squares) 

Figure 6 presents the carpet plots of spatial velocity at the  five PID controller voltages for each 
duct. The velocity standard error (standard deviatiodaverage) was about 5% for each speed and 
each blower. Figure 7 presents the volumetric flow rate as  a function of the voltage measured by I 

the permanently installed Kurz anemometer for each blower  and associated duct. The first-order 
regression fit parameters are  given in Table 1. These fit parameters have been installed in the 
LabViewO blower operation program  at  FLAME, enabling accurate and stable flow rates from 
each blower. 
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Figure 6 .  Velocity profiles in each duct at five blower  speeds. 
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Figure 7. Duct volumetric flow rate as a function of the installed Kurz anemometer. 

Table 1. Blower regression fit parameters. 
parameter SW SE NW NE 

b[Ol 
U l l  

-50.8635 -37.4521 -50.2852 20.0094 

r z  0.9993 0.9989 0.9990 0.9989 
1844.2864 1968.0061 2046.2006 1980.6333 
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SCOPING  MEA SUREMENTS ON THE  AIR  INLET  RING 

Introduction 
Characterization of the air source, or air inlet ring, flow  at FLAME is necessary for Previous  and 
upcoming large-scale PIV flame and  plume experiments in order to provide  boundary conditions 
to code modelers. Scoping measurements were made on the  air  inlet  ring to determine the data 
and  methodology  required to fully characterize the flow field. 

Procedure  And  Results 
Figure 8 gives a plan  of the air inlet ring layout  at FLAME. Eleven traverses were  performed on 
the #2 segment or panel (SW quadrant) using a TSI hot-wire anemometer (Model 8455). Table 2 
indicates that the blower  speed (a function of PID controller voltage)  and  the  probe  height above 
the honeycomb  were  varied  between traverses. Figure 9 shows that each traverse consisted of 
eleven  measurements (3 inches apart) starting from the  back  wall of the ring to the  segment front 
(the last  two  measurements  were  past the ring). 

Figure 8. Air  Inlet Ring Layout (4 quadrants, 16 panels) 

Table 2. Parameters for the Eleven Traverses of Ring Segment #2. 
Height  Above  Ring Segment 
(inches) 

Run Number 

1 

10 11 9 4 
I 8 6 2 
3 4 5 2 1 

Blower Volts 3 4 5 2 1 
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The front door to K A M E  was  closed  and  the chimney vents were fully opened. The first 
traverse started with all blower PID controllers set to 1 volt and, after the flow stabilized, the TSI 
scan  commenced. A data point  consisted  of  moving  the TSI probe to  the  selected position, 
waiting about 15 s for  the  measurement  to stabilize, and then recording data (at I sampleh) for 
the  next 15 s. The scan  was  repeated  at PID controller settings of 2 ,3 ,4 ,  and 5 volts. 
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Figure 9. The TSI hot-wire  traverse measurements across segment #2. 

Figure 10 shows air velocity above the  ring segment is shown as a function of position  and 
blower speed. Figure 11 gives  the flow rate from the SW blower, determined from the 
previously determined fit of the Kurz anemometer. The velocity was fairly uniform across the 
panel segment and  appeared  to  be relatively unaffected  by  the  variation  in  height. Note that  a 
measurable air speed was found outside the  direct  path of the segment (the direction of flow was 
not determined). 

24 



1 .O 1.0 

0.9 0.9 

0.8 0.8 

0.7 0.7 
Height Above. Blower Speed 

E 0.6 -0- I inch, 1 volt - 1 Inch, 3Kll  

$ 0.4 0.4 t 2 inch, 3 volt 
t 2 inch, 1 volt 

3 0.3 o,3 t 2 inch, Svolt 

0.2 0.2 t 4 inch, 3 v a  
-e 4 inch, 1 YO 

t 4 inch. 5 YO 

- 0.5 0.5 t 1 lnch.6voll 

- 

0.1 0.1 

0.0 0.0 

.0.1 -0.1 
0 3 8 9 12 1 5 ~  18 21 24 27 30 

Posltion (inches) 

s ipre  10. Velocity  Profile  above  ring  segment #2 as  a  function of height  and  blower sped. 

4MxI 4wo 

E 
%? 
3 
LT 2nno 2 inch. 1 voii 

i i  2 i d ,  5 mil 

Helghl Above, B l m r  speed 
0 3000 3000 I indl, 1 “Dl1 

1 inch. 3 volt 
1 inch, 5 yon 

2 inch, 3 volt 

4 imh, 1 volt 
4 inch, 3 voll 
4 inch. 5 Yoit 

2ooo 

loo0 

0 0 
0 3 ‘6 9 12 15 I8 21 24  27 30 

Position  (inches) 

Figure 1 1 .  Blower flow rate during the ring  segment #2 traverses. 

The SW average duct  velocity was previously found to be about I .O, 3.0. and 4.9 m/s  (standard) 
for a PID controller  voltage of 1, 3, and 5 volts, respectively. Simple ratios (duct  area / 4 x panel 
area)  suggest that the panel  exhaust  velocity would  be about 0.15,0.46, and 0.75 m/s at the three 
blower settings. This was close to the measured  values. 

A quick  scoping  measurement of velocity  uniformity between all  panels  was  desired. To that 
end, a flow concentrator  was  fabricated  using sheet metal  (see Figure 12). 



Figure 12. The flow  concentrator over a ring segment. 

The concentrator or cone was  three  feet  tall. The inlet of the  flow  concentrator had the same 
dimensions  as a ring segment panel,  yielding an  inlet  area of 936 in’. The concentrator  outlet 
was a centered 4 by 4-inch  square. The inlet to outlet  area  ratio  was 58.5. The blower  program 
at FLAME was  modified  to  allow  setting and controlling  all  blowers to a selected flow rate. The 
air  velocity at the concentrator exit was  measured  at  14  ring  panels with all blower controllers  set 
at 600, 1000, 2000, and 4000 SCFM. Two ring  panels  could  not be measure due to a physical 
interference.  Table 3 presents  the  mean and standard  deviation of the four blower flow  rates  and 
the cone exit velocity. 

Table 3. Results of th 

Figure 13  shows the cone exit velocity  measurements. The velocity was remarkably  uniform; 
the  standard error (standard  deviationlaverage) of the  velocity of all  panels  was  within  3-5%. 
Figure 14 shows that the blower control was  very  stable  and uniform at all speeds up to 2000 
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SCFM (the low  flow rate and larger  deviations at 4000 SCFM were caused by  the PID 
controllers and  were subsequently fixed by increasing the proportional band). 
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Figure. 13. Velocity (mean and standard deviation) of 14 panels using the cone concentrator. 
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Figure.  14. Blower flow rates during the  cone test. 
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Conclusions 

The blowers  can now be ganged to yield identical flow rates. The velocity across a ring panel 
appeared to be fairly uniform  at  different speeds and  relatively  unaffected by height  (with the 
TSI probe  positioned  between 1 and 4 inches above the honeycomb). It appeared quite feasible 
to attempt a characterization of the entire air source ring using  the TSI hot-wire probe.  The 
characterization should utilize about 1000 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. 
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CHARACTERIZATION OF THE AIR  SOURCE 

Introduction 
The manual scoping measurements on the air inlet ring demonstrated a desirability to automate 
the characterization process. In order  to automate the  data collection for the air source, the TSI 
hot-wire anemometer was mounted onto  a  two-axis X-Y table. The table  movement  and data 
acquisition was controlled using PC based software. Thomson Industries made the  x-y table and 
attached hardware. The rails are  PN 2RB-Ml6-ODM and have 2  m of travel. The rails use a 
lead  screw  with a resolution of 0.0025 mm. The system uses OMNIDRIVE QDM-010i drives 
controlling BLX232 servomotors. The hardware control and  data acquisition software was 
written using LabView 5.1. 

Procedure and Results 

All 16 panels were scanned using the pattern shown in Figure 15, starting in  the lower left  corner 
and finishing in the upper right corner, giving a total of 42 scan locations per panel.  Data  from 
each point within a small trapezoidal area was collected as follows. First a move to  the point 
followed by a wait of 5 sec. Then 300 samples were taken (at 1500 sampledsec  sample rate), 
from  which a mean velocity and its standard deviation were calculated. 

z I 
> 

-1 

Figure 15. Locations for profiling one panel  of the FLAME air source. 
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Table 4 shows the data collected for Panel lwith the blowers operated at 600 scfm. Table 4 
gives for each scan  location the position (in Cartesian  and  cylindrical coordinates with 0,O 
centered on the diffuser), the area of the trapazoid, and the velocity and  the  standard  deviation. 
The X-Y table was reset to position 1 and  the process was repeated at blower flow  rates of lo00 
scfm, 1500 scfm, 2000 scfm,  and 4000 scfm. Ambient wind speed, direction, and  temperature 
were also collected and  archived.  All  16  panels  were characterized in this manner,  as  shown  in 
Figure 16. 

X (m) - South Wall 

Figure 16.  Hot-wire  positions for air source characterization. 
. 

30 



31 



The mean  panel  velocity (weighed by area) was calculated using the trapezoidal area 
surrounding each measurement point (as shown in Figure 15). 

All panels had  the same area, 0.6039 m2. Table 5 gives the average velocity, standard deviation, 
and standard error  for each panel with the blowers set  at 600 scfm. The calculations for the 
entire air source ring (All Panels below) were similar (assuming 42x16 individual points, not 
separated by panels). 

. 

. 

Flows 

All panels I 0.123 0.018 0.145 

Appendix B provides similar tables (Bl-B10) for all 16 panels at blower flow rates of 1000, 
1500, 2000, and 4000 SCFM. Blower flow  rate information, and  wind speed and direction are 
also included in Appendix B. The blower controllers functioned extremely well  with little 
deviation from  the desired flow rates. 

Figures 17 through 21 present 3-D and planar velocity contours of all panels at the 5 blower flow 
rates. Contour levels are centered on the average velocity with a  contour  range  set at 3 standard 
deviations (from Table 8). Figure 22 compares the  3-D velocity profiles at the 5 blower flow 
rates. 

32 



L . slocity 

0.128 
0.126 
0.123 
0.121 

0.116 
0.118 

c 

0.113 
0.1  11 

V. 1Y.t  

0.101 1 0.099 

Figure 17. Air source velocity contours with  blowers  at 600 scfm. 
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Figure 18. Air source velocity contours with blowers at lo00 scfm. 
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Figure 19. Air source velocity contours with blowers at 1500 scfm 
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Figure 20. A i r  source velocity contours with blowers at 2000 scfm. 
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Figure 21. Air  source  velocity  contours with blowers at 4000 scfrn. 
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Figure 22. Air  source panel velocity  profiles at 5 blower speeds. 
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Figure 23 plots the standard error of the velocity for each panel  at the various  blower  flow  rates. 
The  standard error for the panels  ranges  from 15% to 25%. 

“Hot”  and  “cold” spots in the flow, shown in Figures 18-21 (predominately in  panels 1 and  16), 
tended to skew  the ring average error somewhat. Due to  fabrication tolerances, 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 caused the variation. Analysis of the 
spatial distribution without  these  hot spots showed  that  segment-to-segment  variation  over the 16 
segments that make up  the air duct is +/- 10%. Figures 24 and 25 and Tables 7 and 8 show the 
results  when  discarding the sensor data for each panel  ID, OD, and  side edges (see Figure 15 for 
sensor locations). 
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Figure 24. The standard error of the 
velocity for each panel (without panel ID 

and OD edges). 

Figure 25. The standard error of the 
velocity for each panel (without panel ID 

and OD and side edges). 

Table 7. Average Air Source Velocity as a function of the ganged blower  speed. 
(without panel ID and OD edges) 

Blower Speed 
(scfm) 

Average  Velocity 
(smps) 

Standard Deviation Standard Error 

600 
( Ids )  

0.123 0.009 
0.183 

0.074 

1500 
0.019  0.103 

0.263  0.030 
2000  0.337 

0.114 
0.043 

4000 
0.126 

0.679  0.098 0.145 

lo00 

Table 8. Average  Air  Source  Velocity as a function of the  ganged  blower  speed. 
(without panel ID and OD and  side edges) 

Blower Speed Average  Velocity Standard Deviation 
(scfm) (smps) 

Standard Error 
( d s )  

600  0.123 0.008 
1000 0.184 

0.065 

1500 
0.016 0.084 

0.266  0.024 
2000  0.339 

0.088 
0.032 

4000 
0.095 

0.679 0.084 0.124 

* 
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An  excellent fit (?=0.998) of  the  velocity data can be made using  a Is' order regression,  with the 
fit  parameters and 95% confidence  interval  shown in Figure 26. 

0.8 I I I I I I t 

500 1 w O  1500 2MKI 2500 3000 3500 IOW 

Blower Flowrate (scfm) 

Figure  26. FLAME air source velocity as a function  of  the  ganged  blower  flow  rates. 

Conclusions 
The air source (sixteen  separate  panels  fed  by four blowers  and  attached  ductwork)  was fully 
characterized  using an automated data collection process.  Velocity data was  taken at 672 
circumferential  locations  across the entire air source ring and at five different  blower  flow  rates. 
A standard  deviation and the standard error were computed for each  measurement  point.  This 
point  data  was  used  to compute average velocity for each panel  and  therefore  the  entire  ring. A 
first order regression  showed  that  the  air source velocity in FLAME was  a  linear  function  of  the 
ganged  blower  flow  rates: 

V(smps)=0.000168~BZowerFlowrute(scfm)+0.014605 
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CHARACTERIZATION OF THE  PLUME  SOURCE 

Introduction 

Characterization of the plume  source  was  performed  mainly to determine the uniformity of the 
plume exit flow for previous  and upcoming PIVPLF experiments. The  plume source 

the  only exceptions being four TSI probes were  mounted to the X-Y table  and the scan  was 
performed  in  only  one direction. 

* characterization was  performed  in a similar manner  as  with the air source characterization, with 

Gas manifold  pressure  regulators  and associated flow controllers control  the  plume source exit 
velocity. With only twelve 44 L high-pressure gas cylinders capable of being  mounted to the gas 
manifold,  time  was of the essence in data collection. It  was desired to take  data for three average 
velocities, 0.1, 0.2, and 0.3 d s ;  it would be necessary to  take  the data within 12 min., 6 min., 
and 3 min., respectively, before the gas  would  be  depleted. 

Procedure and Results 

Figure 27 shows the test setup for characterization of the plume source. Twelve  air cylinders 
were  attached to the  high-pressure gas manifold.  The  flow  was  measured  using calibrated 
FlowMetrics FM-16M50 turbine meters, Endevco 8530B strain gage pressure transducers,  and 
K-type  thermocouples. For the 0.1 m / s  plume source characterization, flow  was controlled by 
the fuel line  regulator  and  its Jordan valve (approximately 73% open). 

a 
Figure 27. Scanning the plume source with 4 TSI hot-wire  probes on 6-ft X-Y table. 
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Figure 28 shows that for the 0.1 m/s scan  measurement points were 5 cm apart in the y  direction 
(+55 cm to -55 cm). The spacing in x was  12.5 cm.  The probes were  located  between 5-10 cm 
above the  source exit. Two separate  scans  (left and right  sides  of  the diffuser) were  performed, 
yielding  a  total of 184 measurement  locations. 

P48 p3a p2a p1a 
P4b p3b p2b p lb  

135' 

$0' 

-0.500 -0.375 -0250 -0.125 0.WO 0.125 0.250 0.375 0.500 

X (m) - South Wall 

Figure  28. TSI probe positions for 0.1 m/s  velocity  characterization  of plume source. 

The data reduction  is  of  interest. Figures 29 through 31 show the measured  gas  volumetric flow, 
pressure, and temperature in the  fuel  line for the 0.1 m/s plume (similar data was  taken for the 
0.2 and the 0.3 m/s plume flows). The volumetric flowmeters and  the  gas  manifold  pressure 
transducers  were  calibrated just prior to the  testing. 

Gas temperature  at  the  diffuser exit is also shown  in Figure 31. Figures 32 and 33 present the 
calculated gas densities  in the gas line  and  at  the  diffuser exit and also the calculated gas mass 
flow  rate. These values  are  then  used to estimate  the  actual and the standard gas  velocity  at  the 
diffuser exit (standard  velocity  is  calculated to allow  direct  comparison  with  the TSI probe 
measured  values). 
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Figure 29. Gas line volumetric flow rate in the 0.1 d s  plume source characterization. 
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Figure 30. Gas line pressure in the 0.1 d s  plume source characterization. 

* 2 h.bI 

Figure 31. Gas line and diffuser  exit  temperatures in the 0.1 d s  plume source characterization. 
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Figure 32. 
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Gas line and diffuser exit densities in the 0.1 m/s plume  source characterization. 

Figure 33. Mass flow rate (line and  diffuser) in the 0.1 m/s plume  source  characterization. 

The  equations  below give the data  reduction methodolop: 
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line gas  density,  (kg/m3) 
diffuser exit gas  density, (kg/m3) 
line gas  temperature, (K) 
diffuser exit gas  temperature, (K) 
TSI probe  standard  temperature, 2 1.1 "C, (294 K) 
line pressure, (psia) 
diffuser exit pressure (psia), assumed  equal  to Pornhien, 
807 mbar, ( 1  1.7  psia) 
TSI probe standard pressure,  1013  mbar,  (14.7  psia) 
line volume  flow  rate, (actual m3/s) 

0.785 m2 (1-m diameter) * 0.92 

line  mass  flow rate (kg/s), assumed equal  to r id i f is , ,  

diffuser exit gas  velocity,  (actual m/s) 

diffuser exit gas  velocity,  (standard m / s )  

universal gas constant, (0.008314 bar m3 / kg.mol K) 
air gas molar  mass,  (28.97 kg/ kgmol) 

Gas constant = LL , (0.0416 psia  m3 / kg K). 
R 
M 

The diffuser  area was reduced  by  correction factor of 0.08 to account for the  honeycomb (304 
stainless  steel  foil  ribbon  construction). Figure 34 compares the TSI probe  measured  velocity 
(standard m/s) to the calculated  velocity  (standard m/s) based on gas line  parameters. For this 
condition, the TSI probe  is  slightly  below its operating range and the associated  uncertainty may 
be  larger  than * 2%. It is immediately  evident that the flow  field  changed  with  time  (and  hence 
location).  This  was  caused  by the pressure regulator,  which  could  not quite maintain  the  set 
pressure (200 psia)  as the source  gas  depleted and the upstream  manifold  pressure decreased. 

Ignoring this effect  would  introduce error when  calculating the uniformity  of the flow  field. The 
velocity  measurement  taken at the  diffuser South end (later in time  than  the  North end 
measurements)  would  be  skewed lower. To correct this,  the slope of  the  calculated  standard 
velocity  (during the TSI probe  measurement time) was  determined. This slope was  then sub- 
tracted  from  the  calculated  standard  velocity as well as the  measured  data.  This  correction  is  not 
shown in Figure  34.  After  correcting for the  pressure drop, the  calculated  average  air  velocity, 
standard  deviation,  and  standard error were 0.097 m/s (standard), 0.0005 m/s, and 0.005, 
respectively,  using  the 508 gas line measurements that were taken  only  when  the  probe  was 
within  the  diffuser  plane. 

Figure 35 presents  velocity  contourn  of  the TSI probe data after adjusting for pressure decay in 
the  gas line. The measured average air velocity,  standard  deviation, and standard error were 
0.119 m/s (standard), 0.004 m/s, and 0.032, respectively, using 117 measurements  located  inside 



the diffuser plane. The measured  velocity  was about 23% greater than calculated using gas line 
data. 
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Figure 34. Calculated Vact  and  Vstd compared to TSI Vstd data for 0.1 m/s plume source. 
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Figure 35. The 0.1 m/s plume source adjusted for line pressure  decay. 
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Figure 36 shows that the 0.2 d s  characterization  was  performed using only one North to South 
scan;  the  spacing in x was  increased.  Measurement  points  were 5 cm  apart in the y  direction 
(+55 cm to -55 cm). The spacing in x was 20 cm. The Jordan valve  was  opened  about  93%. 
Figure  37 compares the TSI measured  velocity compared to the calculated  velocity  (uncorrected 
for pressure  decay). 

The calculated  average  air  velocity,  standard deviation, and  standard  error  were  0.177 d s  
(standard), 0.0003 d s ,  and 0.001, respectively,  using the 148  gas  line  measurements  that  were 
taken  only  when  the  probe  was  within the diffuser  plane. 

Figure 38 presents  velocity  contours of the TSI probe data after  adjusting for pressure decay in 
the gas line. The measured average air  velocity,  standard  deviation,  and  standard error were 
0.189 d s  (standard), 0.008 d s ,  and 0.044, respectively, using 68 measurements  located  inside 
the  diffuser  plane. The measured  velocity  was  about 7% greater  than  calculated using gas line 
data. 
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Figure  36. TSI probe  positions for 0.2 mls velocity  characterization  of  plume  source. 
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Figure 37. Calculated  Vact  and  Vstd  compared to TSI Vstd  data  for 0.2 m/s plume  source. 
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Figure 38. The 0.2 m/s plume  source  adjusted  for line pressure decay. 
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Figure 39 shows that the 0.3 m/s characterization was also performed using only one North to 
South scan. Measurement points were 10 cm apart in the  y direction (+60 cm to -50 cm). The 
spacing in x was 20  cm. The Jordan valve for the fuel line manifold was  opened about 98%. 
Because additional gas flow time was needed, the diluent line was also made operational. The 
Jordan  valve for the diluent line manifold was opened about 60%. Figure 40 compares the  TSI 
measured velocity compared to the calculated velocity (uncorrected for pressure decay). 

The  calculated average air velocity, standard deviation, and standard error were  0.254 m / s  
(standard), 0.0006 d s ,  and 0.002, respectively, using the 143 gas  line measurements that were 
taken only when the probe was  within the diffuser plane. 

Figure 41 present velocity contours made using the  TSI probe data after adjusting for pressure 
decay in the  gas line.  The measured average air velocity, standard deviation, and standard error 
were 0.288 d s  (standard), 0.012 m/s, and 0.042, respectively, using 32 measurements located 
inside  the  diffuser plane. The measured velocity was  about 13% greater  than calculated using 
gas line data. 
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Figure 40. Calculated Vact and Vstd  compared to TSI Vstd data for 0.3 m/s plume source. 
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Figure 41. The 0.3 d s  plume source adjusted for line  pressure decay. 
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Conclusions 

The  plume source was characterized at  three  nominal velocities, 0.1, 0.2, and 0.3 d s .  Table 9 
presents the comparisons. 

Table 9. Plume Source Results 
Nominal  Velocity 0.1 0.2 0.3 

Calculated  Velocity 0.097 0.177 0.254 

Measured Velocity 0.119 0.189 0.288 

Standard  Deviation 0.004 0.008 0.012 

Standard Error 0.032 0.044 0.042 

(standard d s )  

(standard d s )  

(standard d s )  

(ds) 

The first, and  most important observation, is that  the plume source  is quite uniform.  The 
standard error shows  only  about 3-4% variation in velocity across the entire diffuser exit plane, 
at  the  three velocities characterized. 

The second observation is that the measured  velocity  is  always greater than  that calculated based 
on line measurements,  varying  between 23% and  7%  (with the largest difference at  the  lowest 
velocity). Studies of discharge coefficients through perforated  plates  at  low  Reynolds  numbers 
(Smith et al.  1958) indicate that  the discharge coefficient for the aluminum honeycomb  may be 
on the  order  of 0.8-0.9 (increasing with the Re number). Applying  these coefficients would 
increase the calculated  velocity  by  25-11%. It must  be  noted  that  the  above estimates for the 
honeycomb  discharge coefficients are outside the correlation (correlation parameters: minimum 
Re  number = 400, plate thickness-to-hole diameter = 2, pitch-to-hole diameter = 2; honeycomb 
parameters: minimum Re  number = 25, plate thickness-to-hole diameter = 27, pitch-to-hole 
diameter - 1). 
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SUMMARY 

The Fire Laboratory for the Accreditation of Models and Experiments (FLAME) is  being  used to 
acquire data sets for buoyant, non-reacting, and reacting flows of sufficient quality to support 
validation of numerical simulation tools. To achieve this goal, not  only  must simultaneous 
temporal  and  spatial imaging with sufficient resolution  be  obtained for the flow  of  interest,  but 
the geometry, initial conditions, and  boundary conditions must also be specifiable with sufficient 
resolution. 

First, 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 K u n  anemometer for each blower and associated duct. These curves were  installed in 
the LabViewO blower operation program at FLAME, enabling accurate  and stable flow rates 
from each  blower. 

Second, with the blowers ganged to yield identical flow  rates, the velocity  across a ring panel 
was  found to be fairly uniform  at different speeds and relatively unaffected by  height  (between 1 
and 4 inches above the honeycomb). The air source (sixteen separate panels 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 flows rates. A standard deviation and the 
standard error were computed for each measurement  point. This point  data  was  used to compute 
average velocity for each panel  and therefore the entire ring. A first order regression  showed 
that the air source velocity in FLAME was a linear function of the ganged  blower  flow rates. 
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). Discarding the “hot spot” data yielded a spatial 
velocity distribution within +/- 10% of the air source ring average. 

The  plume source was characterized using the automated characterization technique. A detailed 
posttest analysis of the spatial velocity distribution (average measurement  spacing - 0.09 m) of 
the  burner (using an aifflow) shows that the velocity profile is flat. The standard error shows 
only about 3 4 %  variation in velocity across the entire diffuser exit plane, at the three velocities 
characterized. 

Analysts  can now  be provided  with a reasonable set of boundary condition  measurements for the 
current and future series of experiments utilizing particle image velocimetry (PIV) for velocity 
field measurements  and  planar laser induced fluorescence (PLIF) for scalar field measurements. 
Also, operators and experimenters of FLAME have been given a knowledge-based database to 
allow controlling the boundary conditions with some repeatability. 
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APPENDIX A 
Blower  and  Duct  Characterization  Data 

4 

Table A2. NW Blower  Duct Parameters at Five B 
I Controller I Kurz  Kurz I Velocity I Velocity 

Volts (volts) (volt) (smps) (smps) 
average std. dev. average std. dev. 

1  0.377  0.008  0.92  0.08 
2  0.755  0.019  1.88 0.09 
3  1.199  0.017  2.89  0.15 
4  1.575  0.015  3.90  0.21 
5  2.014  0.019  5.07  0.26 

(scfm) (scfm) 
std.  dev. 

727.8 
1479.9 
2273.5  117.2 
3068.3  169.1 
3988.6  207.1 
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APPENDIX B 
Air  Source  Characterization  Data 
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