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SUMMARY

The work reported herein was conducted in support of the use of
aluminum-liquid oxygen (LOX) thermal radiation simulators (TRS) in the planned
large blast/thermal simulator (LB/TS). This facility is being considered for
development by Defense Nuclear Agency (DNA). The type of TRS is the so-called
flame or torch TRS, which consists of a set of nozzles each burning aluminum
powder in sprayed liquid oxygen (LOX). Unless otherwise noted, use of the
acronym, "TRS", means the Al-LOX flame TRS.

The tasks performed during this work consisted of the following
activities: (1) the DNA TRS predictor models were extended to account for
different burn rates, (2) conditions unique to the LB/TS were considered from
a modeling viewpoint, (3) four camera systems were used to characterize the
spectral and temperature variations of a DNA four nozzle TRS at Kirtland AFB,
NM for three TRS burns, (4) calorimeter baffles were designed, constructed,
and used to obtain source-resolved irradiance data.

Relationships to scale TRS output to fuel flow rate were hypothesized
and compared to available data. The results are encouraging but inconclusive;
the trends that have been inferred will warrant further inspection when more
data become available. In addition, with the existence of source-resolved
irradiance data, it was possible to make a basic improvement to the TRS
predictor models. This improvement also has applicability to TRS use in
predicting free-field environments.

The photographic and spectral measurement made 1in the visible
spectrum were useful in better understanding the TRS source. An attempt,
however, should also be made to model these photographic and spectral
measurement results. Further, measurements in the infrared would help
determine the nature of the flame's radiance; these could be compared with the
optical data.

The baffled calorimeter experiments that were performed are new to
TRS; these yielded useful data. It is recommended that these new baffled
calorimeter data be reacquired on a dedicated set of TRS burns and a larger
number of calorimeters be used.

There is currently no way to assess calorimeter response just prior
to a shot. A readiness condition is tested by briefly exposing each
calorimeter to the flame of a portable propane torch. Response is noted but
not quantized. To assure a common base to the data, and that certain biases
uave not been introduced, spot checks should be developed for the LB/TS and
also the field.
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PREFACE

The work reported herein was performned by Science and Engineering
Associates, Inc. (SEA) for Defense Nuclear Agency (DNA) under contract No.
DNA 001-83-C-0158 during the period 17 March 1983 - 28 February 1984. The
program manager for this work (and the SEA principal investigator) was Mr.
Burton S. Chambers III. A subcontractor, Information Sciences Incorporated
(ISI), and its subcontractor, Sandia National Laboratories in Albuquerque
(SNL/4), supported SEA on this effort. The ISI principal investigator was Cr.
Walter Dudziak. Dr. Harold Linnerud led the SEA fielding task.

This work was conducted for the Shock Physics Test Division (SPTD) at
Headquarters, DNA, in support of the Large Blast/Thermal Simulator (LB/TS)
program. It was coordinated with the Ballistics Research Laboratory (BRL) at
Aberdeen Proving Ground, Maryland. Testing support was provided by Field
Command DNA (FCDNA) and their contractor, Bendix Corporation, at the TRS site.

LTC Robert Flory, United States Army (USA), was the DNA Contract
Technical Manager (CTM). Mr. George Teel and Dr. Andy Mark were the points of
contact at BRL. Lt. Col R. Bousek and LCDR William Taylor were the points of
contact at FCDNA. Mr. Ed Welsh represented Bendix at the TRS site.

The author thanks LTC Flory, Mr. Teel, and Dr. Mark for their useful
guidance and suggestions during the technical effort and Lt. Col. Bousek, LCDR
Taylor, and Mr. Welsh for their support during the TRS testing phase. The
continuing interest of Mr. Tom Kennedy, SPTD, is also most appreciated.

Finally, the author would like to express his appreciation for the
fruitful technical discussions with Dr. Dudziak, president of ISI. The wealth
of data provided by him and his team should prove useful to modeling TRS
environments.
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CONVERSION TABLE

Conversion factors for U,S. Customary to metric (SI) units of measurement.

MOULTIPLY - BY TO GET
TO GET « BY DIVIDE
angstrom . 1.000 000 X E ~10 meters (m)
atmosphere (normal) 1.013 25 X E +2 kilo pascal (kPa)
bar 1.000 000 X E +2 kilo gucal (kPa) !
barn 1.000 000 X E =28 meter? (m3) :
British thermal unit 1.054 350 X E +3 joule (J) :
(thermochemical) .
calorie (thermochemical) 4.184 000 joule (J) X
cal (thermochemical)/cnm? 4.184 000 X E -2 mega joule/m? (MJ/m?) :
curie 3.700 000 X E +1 giga becquerel (GBq)* 4
degree (angle) 1,745 329 X E =2 radian (rad) 1
degres Fahrenheit T ~(t°£+459.67)/1.8 degree kelvin (K) X
electron volt 15602 19 X E ~19 joule (J) A
org 1.000 000 X E ~7 joule (J) A
erg/second 1.000 000 X E ~7 vact (W) ,
foot 3.048 000 X E -1 meter (m)
foot-pound~-force 1.355 818 joule (J)
gallon (U.S. liquid) 3.785 412 X E -3 meter’ (m3)
inch 2.540 000 X E -2 neter (m)
jerk 1.000 000 X E +9 joule (J)
joule/kilogram (J/kg) 1.000 000 Gray (Gy)*=
(radiation dose absorbaed)
kilotouns 4,183 terajoules
kip (1000 1bf) 4,448 222 X E +3 newton (N) .
kip/inch? (ksi) 6.894 757 X E +3 kilo pascal (kPa)
ktap 1.000 000 X E +2 nevton-second /m?
(N-s/u?)
aicron 1.000 000 X E -6 meter (m)
eil 2,540 000 X E -5 meter (m)
mile (international) 1.609 344 X E +3 neter (m)
ounce 2.834 952 X E -2 kilogram (kg)
pound-force (lbf avoirdupois) | 4.448 222 newton (N)
pound=-force inch 1.129 848 X E -1 newvton-neter (N+m)
pound-force/inch 1.751 268 X E +2 nevton/meter (N/m)
pound-forca/foot? 4.788 026 X E -2 kilo pascal (kPa)
pound-force/inch? (psi) 6.894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535 924 X E -1 kilogram (kg)
pound-mass-foot? 4.216 011 X E =2 kilogram-mecer?
(moment of inertia) (kg*m3)
. pound-mass/foot? 1.601 846 X E +1 kilogram/meter?
ﬁ (kg/m?)
‘ rad (radiation dose absorbed) 1.000 000 X E =2 Gray (Gy)#*»
m roentgen 2.579 760 X E =4 coulomb/kilogram
] (C/kg)
.‘:S: shake 1.000 000 X E -8 second (s)
g slug 1.459 390 X E +1 kilogram (kg)
‘-f_'.:-: torr (mm Hg, 0°C) 1.333 22 X E -1 kilo pascal (kPa)

* The becquerel (8q) is cthe SI unit of radicactivity; | Bq = 1 evenc/s.
#*The Gray (Gy) is the SI unit of absorbed radiation.
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SECTION 1
INTRCDUCTION

The United States Army has nuclear weapon effects (MWE) reguirecents
that must be met in order for the Army to effectively assure its csysters
survivability in the undesirable event of a limited nuclear war. In orcer tc
assess system survivability, the Army has identified a need for a larje stock
tube to deliver realistic air blast loads on fairly large drag-censitive
targets. Since it is also recognized that synergistic air blast and thermzl
effects can be important to these system survivability assessments (Feference
1), thermal loads also need to be delivered within the shock tube.

Therefore, the Army is proceeding with a program that may lead to a
decision to develop, design, construct and calibrzte a large blast sigulator
with an ipternal thermal simulator. In support of the Army requirenments,
Defense Nuclear Agency (DNA) is participating in this Large Blasi/Therpal
Simulator (LB/TS) progran by providing research and developmert support ir.
critical technology areas.

This report presents the results of one such effort where DHNA is
providing suppert to the LB/TS program. This effort was conducted to extend
existing tools for calculating the irradiance at locations in front of thermal
simulators planned to be placed in the LB/TS.

1.1 THERMAL RADIATION SIMULATOR (TRS).

One of the most important differences between a puclear explosion
(NE) and a chemical high explosive (HE) is the relatively larze amount of
energy released during the nuclear explcoion im the form of thermal radiation.

Synergistic effects, resulting from the combination of air blast and thermal
loads, have been seen in the nuclear case; they have been known to exist for
many years., Unfortunately, these effects have been difficult to obtain in the
field primarily due to lack of large scale thermal simulation devices that
produce significant radiative output.

Therefore, DNA has been investigating ways to improve its thermal
simulation capability. One such approach was developed by Science
Applications, Inc. (SAI) and resulted in a large scale thermal radiation
simulator (TRS), the Al-LOX system. A number of these simulators have been
fielded on the last three DNA HE events: MILL RACE, DIRICT COURSE, and MINCR
SCALE. They are planned to be used in the LB/TS in nrder to investigate
synergistic thermal air blast effects.

The type of TRS being considered will consist of a set of nozzles
aligned in a row. Each nozzle will work like current TRS nozzles in that it
will spray aluminur powder, fluidized in a nitrogen bed, rapidly upward into
the air while liquid oxygen is being ejected into this two phase flow. The
mixture will be ignited and will produce an intense flame that can burn until
the constituents are throttled or exhausted. Each current TRS flaue typically
reaches a height of four to eight neters. The height of the TRS in the LB/TS
will be determined by how it is operzted and details ¢f the flow within the
LB/TS.

For use in the LB/TS, the consumed products of conmbustion are
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The petivation fur (.odeling TFS radizted envioro
conditions as scon as possible s to allew planning *o occur. The
develcped for NA thus far dc a reasonably good job in replicating
taker in the field. The zodel paraceters are determined by cal bratirg
field data. The calibratec models have valie in that their existence zllowcs
reliatle interpclations to te made for planning field experirerts.

IS
i

s
th

currert TRS zodels, however, need to be extended., Account ¢f wal
reflections that wiil naturally exist in the LB/TS must te made. The pnysics

Todels alisc have tc be adiusted for different flow rates.

“re current planning for LB/7S assumes a reliable thermal es'ina
w1ll be available tc nelp irn its cdesign. This effort was therefore direct
teward extending the current DNA models “o LE/TS conditions with plans to
rerform calculations that the LB/TS community could use for preliminarg
rianning. MNevertheless, it is expected that these models will be further
refined and calibrated as additional experimental data become available.

13 BRIEF hISTCRY (OF MODEL DEVELOPMENT.

When the first TRS zodeling efforts were started for DNA, the
intention was to provide empirical fits to the data as it was being collected.
Nevertheless, the zcdeler chose physically plausible models and petentiaily
zearingful adjustable parameters in the hope that the model parameters would
sonmeday be correlatable to actual physical data. As it turned out years
later, correlations were established and a generzl calitration to the TRS
source, with a 5 kilogram per second flow rate of aluminum, produced results
ir reasonable agreement with the database. Furthermore, ncdel parameters that
Wwould represent visual flame dimensions agreed approximately with the
photographed flame shape.

This success pronpted the limited field of view experiment in zn
attempt to improve tre understanding of height dependency of some of the other
model fparaceters. The results have been encourzging and analysis has led to

i

}ﬁ an improved representaticn of the flame. Additionezl details about the nodel
-~ carn be found ir Reference 2.

¢ 1.4 EXPERIMENTS NEEDED TO MODEL THERMAL IN LB/TS

4

The coriginal poirt source TBS rodel has been improved through several
iterations to reach the current bulging inverted cone model (Feference 2.
Hlodel improvements have generally been supported by the limited data acquired
on TRE test firings. Even with these improvements, there are still
significant differences between predicted and measured irradiance levels at

me positions. These differences can have several sources including botl
rnodel error and peasurerent error. These are related because the mocel hac
been develcped and validated with the aid of the existing measurcoent dzta
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It is however, Jjust such a detailed rodel which must be develcped for
the LB/TS. To date, the TR3 has chiefly been used in field experiments. In
that case, the gprimary reflective surface is the ground. In the LB/IS, the TFES
will be largely confined and the walls of tne structure may influence the
thermal load delivered to a target. Additionally, a deteziled kncowledge of TES
source characteristics will assist in the selection of LE/TS construction
materials and also perhaps in physical design. To support the development anc
validation of a detailed model, the TRS must be characterized with a higher
degree of spatial and spectral resolution.

Such an experimental program was conducted with the objective tc
significantly increase the existing database on TRS source characteristics.
This objective was partially achieved by using radiometrically calibrated
scientific .notography and also by using calorimeters with restricted fields-
of-view.

Scientific photography was used to generate detailed two-dimensicnal
mappings of the TRS radiating source. The films to be used were calibrated to
provide a measure of film response (measured density) to incident energy
(exposure). The curve generated (the E&D curve) was then used to convert film
density measurenents to source radiance levels and detailed two-dimensicnal
source characterizations resulted. Additionally, by using a diffractive
medium (prism) in the optical path, data were simultaneously acquired on
radiance levels and spectral content along selected traverses of the TRS
source., A field-of-view tilted across four TRS flames acquired data on botl
vertical radiance levels and on spectral content for effective "temperzture"
correlations.

Such detailed mapping was supported by using calorimeters baffled to
limit their f eld-of-view. Such measurements provide information on
irradiance levels from selected portions of the TRS flame (e.g., from
horizontal slices across the flame). Ideally, the film and caloriceter
measurements can be correlated to provide increased confidence in both the
model and the measurement techniques.
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SECTION &
USING TRS IN LB/TS AND AVAILABLE DATA

This secticn discusses the models that need to be modified in order
tobte used for LE/TS. The LB/TS conditions that differ from the field when
operating the TRS are then presented. These are followed by an overview of
data used, but not generated, during this eftort. Finally, earlier estinates
of energy incident on a shock tube wall are shown to illustrate the need for
that type of data.

2.1 INVERTED COMNE TRS MODEL.

The model, which existed at the beginning of this effort, numerically
simulates each flare and its shadowing effect on any others. It then
calculates the peak irradiance incident upon a surface that is facing the
flames and is oriented in some specified direction. The irradiance is the
amount of thermal energy (heat and light) crossing this surface per unit area
and time. Each flame is represented by a cone with apex at thre nozzle
(referred to here as an inverted cone). Account is made of =z height
dependence of the flame's radiated power per each unit length. The appreach
is to use a2 linearly changing power per unit length up to some height
approximating the flame.

In this model, each flame is treated as a linear array of poirt
sources except when a flame is partially obscured. The number of points
depends on the distance between the flame and field point so as to maintain
acceptable accuracy. The closer the detector (the receiving surface) is to
the flame, the larger the number of points. This approach has been verified
and accurately represents the output from a line source (Reference 2).

When a flame is shadowed, it is treated as an array of stacked discs,
each with radius corresponding to the flame width at that height. The
contribution to the flux from each shadowed disk is adjusted by the amourt of
shadowing and an appropriate change in view angle. The radiating portion of
the flame is approximated as a diffuse source for shadowed flanes.

Capping each flame with an opaque cylinder approximates the influence
from smoke generated by the flames and completes the model.

A more detailed discussion of the inverted cone and earlier TRS
predictor models can be found in Reference 3. 1In orcder to use the model, its
parameters must be determined by a process called calibration; Reference 3
contains a discussion of this process. Much of the data used to calibrate the
5 kilogram per second source model is in References 2 and 3.

2.2 LB/TS CONDITIONS.

Conditions within the LB/TS will be different than pricr use of the
TRS in the field and can be expected to influence the generated environnment.
The conditions are: (1) existence of walls, (2) existence of vents, and (3)
air curtains near the flames. Any influence targets may have-on TRS
performance was not evaluated in this effort.

The existence of walls will cause some of the energy that would
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otherviise be radiasted away fron the target to be zcattered back and will tend
to enhance the environpent. The existence of vents will reduce zozewhat this
enhancement. Both the walls and vents will affect the flow, which is irto the
fiages, and therefore rmay affect TRS perforrance. Figure 1 sphows a simplifiled
view of one LE/TS concept; it shows the relztionship betweern scurce, wall, znd
target (detector).

A concept to help vent the residue from TRS burning is to install air
curteins to help direct the combustion products ocut the top of the tube.
These are not shown in Figure 1, but would flow frorx the bottom of tie tube,
along the flame, and through the vent, The influence of the forced flow,
originating at the air curtains, on the entrained flow along the turbulent
flame edge is expected to change the radiance from the TRS. The popular view
is that the air curtain will modestly enhance TRS radiance.

The LB/TS will prctably use a different TRS than that currently
being used in the field. Since changes tc the TRS or its operatirg conditicns
can also affect its performance, scme of these differences nust te consicered.

2.3 TRS DATABASES.

Numerous databases have been develcped from the experinental
measurements recorded during the past years of TRS firings. dcst of tlie data
exist for the TRS burning nominally 5 kilograms of aluminurn per second. Most
of the knowledge gained about TRS variability resulted from the collection and
analysis of this database (Reference 3).

Each of these databases represents some subset of available TRS
data; each can be used to calibrate the model for some conditions to be
sipulated. When successful in achieving a replication of the chosen
experimental data, a database may provide an indication of the coversl:l
variability to be expected during actual experiments. This poirt is important
because the TRS operation although becoming more reliable is certainly still
quite variable. Reference 3 presents more information on the 5 kilcgrax per
second database.

There also exist some data for another aluminum flcw rate: the one
kilogram per second data generated at ERL with a smaller TRS developed z few
years ago. This smaller TRS is described in Reference 4. The data in that
reference Were availatle for use during this program frcu Pefersnces 5 and §;
Feference 6 includes data extending tke rarge cut past one meter to alzost
three meters. The deta used from these references is presented in “he next
subsection.

2.u ONE KG/SEC TRS DATA BASE

The database chosen for the calibration was the two second burn set:
shots 1, 5A, and 10 from Reference 5 and data provided by Teel (Reference €).
(Note that this burn time is actually the fuel flow time). Fluence at five
seconds was used to model the data; however, the flux and fluence are not
simply related by this burn time. In fact, the average of the ratio of
fluence divided by peak flux for the data in Reference § is about 2.2 on
average, not two.

When comparing data from the TRS at FCDNA and trat from BRL, the
reader must bear in cind that the two organizations use different definitions
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Figure 1. Scattered radiation in LB/TS.
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for burn time. A two second burn time at FCDNA means that the fluence diviced
ty peak flux is intended to equal two; this is iwprecise but defines their
burn time. At BRL, on the other hand, a two second burn means that aluminum
is being purped into the system for two seconds. Since the alupinumn will be
dispersed while flowing through the fuel lines and since it takes some time to
burn while aloft, the ratio of fluence to peak flux will generally be larger
than the BRL burn time. We have accounted for these differences when scaling

the two data sets.

Inspection of Reference Y4 reveals that the flame for the 1 kilogran
per second BRL TRS is asymmetric; this is consistent with data sent by Teel
(Reference 7). No attempt was made to model these asymmetries, but instead
concentrated on the data nominally in front of the nozzle axis.

Table 1 presents the database generated during this effort based on
the BRL measurements just discussed. Please note that the table shows fluence
rather than peak flux; the latter is typically what is modeled, therefore care
must be taken when comparing this table with other databases. Fluence was
compared rather than flux because at the time the fluence drta were available
in the range from 25 to 265 c¢m., whereas the peak flux was only available in
the interval from 25 to 75 cum.

2.5 TRS ENVIRONMENT AT THE LB/TS WALL.

Once sufficient data are available that describe the TRS to be used
in the LB/TS, calculations similar to those generated prior to this effort
(Figure 2) can be performed to enable LB/TS planners to evaluate such
questions as: what are the stresses on the tube wall from nonuniform thermal
loading from the TRS. The particular calculations shown here were based on
unvalidated scaling relationships. Further, the TRS was assumed to consist of
three nozzles: the outer two each burning 1 kilogram of aluminum per second;
and the inner one burning 2 kilograms per second. These results are proviced
only as an illustration of why it is perhaps important to model the TRS befcore
the LB/TS is built.
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Table 1. BRL fluence database.

Rarge Height Fluence Shot cal
Cle cm. col/sqem ID
. @ =—eese=s  Soooes 0 SESssees - - -
W 25 109 239.0 1
oy 25 61 216.0 1 2
o 50 109 113.0 1 3
BT, 50 61 90.0 1 4
h 90 109 60.0 1 5
90 61 52.0 1 6
WY 25 109 210.0 54 1
! 25 61 211.0 S5A 2
o0y 50 109 95.0 54 3
Yo 50 61 99.0 SA 4
oy 90 109 54,0 54 5
90 61 44,0 SA 6
g 30 109 155.0 10 1 3
y 30 61 155.0 10 2 3
oty 4o 109 13.0 1C 3 ]
R 40 61 16.0 10 4 -
e 70 19 70.0 10 5
70 61 56.0 10 6
‘NN 90 109 54.8 ? 1 .
nl 90 61 45.9 ? 2 :
.»';.;{ 120 109 31.3 ? 3 .
57 120 61 24.4 ? 4 y
. 150 109 23.5 ? 5
150 61 18.8 ? 6
S 185 109 17.6 ? 7 o
e 185 61 13.9 ? 8 4
i 200 109 16.0 ? 8 R
o 200 61 13.9 ? 10 g
N 230 109 13.5 ? 1 p
o 230 61 12.0 ? 12
o 265 109 11.5 ? 13 ,
Ko 265 61 9.8 ? 14 4
iy
20 U :
:t. ' All calorimeters are directly facing the nozzle's nominal centerline. b
Fb First section presents data from Reference 5. A
— Second section are averages from data in Reference 6.
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SECTION 3
TRS MODELING EXTENSIONS

The objective of the modeling work on this effort was to extend the
DNA TRS thermal predictor models to LB/TS conditions. The result of the
effort was: (1) to improve the power per unit height relationship; (2) to
account for potentially different fuel flow rates; and (3) to consider how to
include the capability for treating wall reflections (with postulated vents).
These are briefly discussed here.

First, the power per unit height relationship in the model was
improved as a direct result of interpretation of data obtained on this effort
and discussed in Section 5. Second, comparison of BRL one kilogram per second
TRS data and models of the 5 kilogram per second source led to the conclusion
that the power scaled to within 14 percent of what had been expected, and the
modeled flame height scaled between two scaling hypotheses (12 feet instead of
8.4 feet and 14.4 feet). Third, the wall reflecticn approach was formulated,
but not implemented due to a required emphasis on the experimental tasxs.

The only data available that cculd be used to determine how the model
parameters might scale were the BRL data taken earlier (References U and 5)
and data beirng generated during the same time frame as this technical effort
(Reference 6). These data were generated with a torch typically flowing
aluminum at the rate of one kilogram per second, or about 20 percent of the
usual rate for the 5 kilogram per second burner at the FCDNA TRS site.

The net result of the study was that a way of scaling the 5 k.'ncran
per second data was found that produced good agreement with the 1 kilogram per
second source. However, it is clear that multiple soluticns are possible and
it, therefore, can not be said that the scaling relationship is known.
Additional measurements will be required, possibly with spatial resolutiorn
type gauges similar to what was used in this effort.

3.1 SCALING FLAME SHAPE.

Although the results are inconclusive, it can be said that no sericus
error seems to be introduced if the shape of the flame's profile is taken to
be invariant when scaled by two model parameters: flame height and flare
diameter. (These paraneters are also changed and are determined by 3
calibration to the data). Note that it is possible that availability of
height resolved irradiance data could lead to adjusting the shape.

The determirnation of all the wodel parameters was made by =2
calibration to the fluence data in References 5 and 6, which were later
published in Reference 4. The set of model parameters thus determined are
compared with those for the 5 kilogram per second source adjusting to accourt
for the fact that fluence data were being used. The counparison allcwecd the
tentative evaluation of scaling hypotheses. The new paranmeters were used to
generate calculations with the model and these results were conpared with tie
original deta.

The agreement was improved by modifying the older model as found in
the original version of FC-TEE (Reference 8) to account for the fact that tbte
flame profile is not really an invertied cone but bulges out rearer to tre

10
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k ground as seen in Figure 3. This improvenent has been included in FC-TEE II

& (Reference 9).

o

A Making the aforementioned adjustments in model parameters ard mocel

iwprovements, a calibration of the model was produced. Then the model was

v exercised for conditions that included the database and the two were compared.

i*? Figures, 4 and 5, show the result which appears quite sood. EBecause no flux

:$3 data were available past one meter in range (and funds were limited) no

(4 calibration to peak flux or subsequent comparison was made.

W

s Although sufficient data do not exist to validate what has been

by learned about scaling the TRS models to different operating conditions, this

%j effort showed promising results.
'

a®

;¢: 3.2 EXTENDING MODEL TO INCLUDE WALL REFLECTIONS.

» The LB/TS will probably have diffuse walls. If this is the case then

5 it will be computationally efficient to first precompute and then model the
= flux incident at each location on the wall, since the position of the detector

‘o will not affect this (assuming small detectors). This will be true whether or
\ not the flame structure is static.

)

! Hovever, if a specular component exists it may be tetter to model at

s least the specular part for any detector since each source element (sce Figure

& 1 ~hown earlier) will have a different image for each detector. This image
‘jj will appear to the detector as a ring beyond the wall.

,t' Some experimental work has been done that indicates that the
. contribution from the wall with vents will be small (Reference 10). Since the
o flame source has not been modeled, it is difficult to determine with any

S8 confidence whether these preliminary experimental results would be expected
¢: based on theoretical arguments. Calculating the importance of wall

'js reflections will not be difficult once the flame source and reflecting nsture
> of the wall are known. The primary issues will be how to efficiently compute

k& the environment and that will depend on what the conditions (e.g., wall
. reflectivity and flame structure) are.
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SECTICN 4

SPECTRAL AND TEMPERATURE MEASUREMENTS

Prior to this effort, the modeling effort relied prircipally upon
calorimeter measuregpents from which flame characterislics had to be inferred.
This is a difficult process because the TRS flame structure is influenced by
wind conditions during a burn. The flame procuced even by similor wind speec
and direction does, in fact, have a stochastic component, althougl some think
the flame is fairly repeatable. Unfortunately, there has never beer
sufficient opportunity to quantify this stochastic component.

Because a stochastic component does exist during any burn and the
flames from any one nozzle are not really repeatable, it is ircpossible tc
obtain flame characteristics from what would otherwise be a mininum cet of
calorimeters. Instead, a statistically meanirgful set must be used, which at
the time of this effort had never been done. This lack ¢ data has wade the
specification of the model's parameters imprecise.

Therefore, meaningful photographic measurements of the flanme were
obtained to guide the modeling activities. The advantage of scientific
photography is to improve the bandwidth of information by literally orders cf
magnitude over what exists with calorimeters. Its primary disadvantage is
that the optical wavelengths used only cover abcut 15 percent of the emittec
energy bond, whereas the calorimeters measure about 90 percent of the eritted
energy, i.e., about six times as mnmuch. Nevertheless, the informaticn
obtainable in the visible spectrum will be benefirial both to modeling efforts
and to future planning of infrared measurements.

In order to conduct this set of scientific photography measurererts,
four cameras were used. Each was a Photoscnic 4M type using half frame 2 mm
format. The framing speed was 100 frames per second. The exfperigent
consisted of photographing three TRS events and then selecting the roct

suitable for analysis. The analysis effort was restricted to 2ZC scans of filnm
from each camera for one selected event.

Figure 6 shows a plan view of the layout of the cameras. The use of
long focal length lenses and the large standoff distance (250 feet) was to
simplify the analysis. The object shown as baffles is described in Section S.
The TRS array consisted of four nozzles placed along a 1ine. The twc inrer
nozzles were separated by 10 feet and the outer two were each & feet away frer
its nearest neighbor. Thus, the separation of the two outer nozcles was 2F
feet. The cameras were placed on the opposite side of the SEA btaffles (a:!
other experiments) so that they would have a clear view of the flames.

The events photographed were: £-19, 5224, and £-28, Event =11
occurred 13 April 1983 at 11:39 AM (MST). The wind speec zeasured near the
ends of the TRS array (there are twec permanently englacad wiri Sree:
indicators at the FCDNA TRS site) was 1 and 5 miles fer tour (MPH). v
direction was recorded. Event 5-24 occurred 22 April at about roor. he wird
was only recorded at one end of the TRS array; its speed was 9 MPF and it:
direction was ESE. Event 5-25 occurrec the sane day as S=-CU4 at about & PM,
The wind speed was recorded as 15 and 1% MPK and its direction was WSW,

Cameras 1 and 2 were dedicated to making spectrographic measurerert.
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eac’ &l rg vne tire. A slit acting as a4 stop allows a photograph to be made
of the virtually one-dizcensional line. A diffraction grating smears this
irag= over the rest of tle frame thus obtaining spectral informstion along the
whcle 1ine, Tre aliirncent of the 31it on the flame imagze in canera wai chosern
to obtair as much infcrmation over the entire flame as was georetrically
possible.

Figure 7 shows this alignment for camera 1. Implicit in its choice
is the assumption that each of the four flames will be similar. The idea is tc
obtain spectral information across trhe flame at different heights. If the
flames are each axisymmetric about the plumb line above their nozzle and each
rozzie produces essentially the same flame, then this diagonal line is similar
to having diagonal measurements across the flame at six heights.

Fiaure 8 shows the slit alignment for camera 2. In this case we
corcentrated on measuring the spectral information along its axis. Our
measurements provide us with detailed variations with height albeit, over one
line. Tris camera was aimed at the same flame that the baffle experiment was
measurine .,

Camera 3 photograpned the entire burnirg ¢f the TES four nozzie array
2t a very narrow wavecand in the deep red to provide surface brightness
irformation. These photographs provided quantitative information whereby
surface radiating temperatures can be eatimated, but also show details of the
flames' structure ir this waveband. Much of this information is useful for
inferring some of the underlying pnysics of the TRS flame.

Camera 4 reccrded the same information as camera 3, primarily as a
Cackup systemn, but was lost on event £-19,

Secause of the performance of the flames in Event 5-19, it was the
one analyczed even trough camera 4 was lost on that event and the expcsure was
test on tre last two events (it was good on all of them). The wind speed was
the dominant factor in decicding what event to analyze. 1t appeared from the
juick lock of the three shots that the flames burn hotter on the upwind side
of tne flame, i.e., they produce higher radiance when viewed from the upwind
s5.de. Furtrer, PReference II reports that they burn cooler on the leeward
; .ris effect is consistent with our baffle measurements of events 5-24
and £-2f. (Event 5-10 was not compared as will be explained in Section 5).

Parts of the following 3ubcection were extracted from Reference 12,
hiectr was provided to SEA under subcortract; these extracted parts were ecited
Ly o Srl3 oautror.

L. SPECTRAL AND TEMPEFATURE DATABASFK,

This section contains a brief summary of a Jdatafase of thermal
r.formation as meazured fron ore of the fiur nocile TRS events, T8 S=18, 2
sienificart, arratic wirnd conditicn existed durirg tnis event., Tie wird
. 1irection was prelomoinately toward the camera systems and away frorn
_{ calorimeter zersorn. Thic TFZ evert wao 3 ore cecond burr and tre photorepis
- how that the source was stiil very active 4t one and ore-raif Lecordo.

. .
The Camer  otahior wid. o oCahed

28]

57 feet cway thus ollowing the came 4
g tL Axes 0 e reariy nermal to tre plare corteiring tre four nozzles of tre
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Figure 8. Camera 2 slit orientation on image.
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o
*:' TPS source. In this plane, the separations of the nozzles, as viewed {(left t¢
ﬁﬁ right) from the camera station were:
W

betweep rozzle 1 and 2 -- 8 feet

between nozzle 2 and 3 -- 1C feet
XN between nozzle 3 and 4 -- 8 feet
o7 Nozzle U4 was nearest to SEA's calorimeter station.
Lo Four camera systems were used to characterize the time-varying
e spectral and temperature variations of this four-nozzle source. Two pin-
‘::: registered Photosonic UM cameras, using a half-frame 35mm format, photographed
o selected segments of the luminous content of the source in the 400 to 700
s nanometer waveband. Two other similar pin-registered Photosonic UM cameras,
’Ci using a half-frame 35nm format, photographed the brightness variation with
’ time of the source surface. All four cameras ran at a nominal franirg speed

of 100 frames per second.

i
:*: To allow analysis to yield photometric information, the film records were
s calibrated in the field through the same photographic recording system, Ly
3% using on NBS-calibrated tungsten source set at a temperature of Z000 dezrees
ey Kelvin. Since the calibration source could not be located with respect tc the

camera system at the location of the TRS source, an optics correction factcr
N of 0.88 was experimentally established for the bellows effect (i.e., requirec
N refocus changes needed to record the two sources). A franing speed variation

,5{ film exposure factor of 1.22 was experimentally established. This allowed

:x; compensation of framing speed variation between recording of the event and the

T calibration source. The reduction of image size by the optical grating system
was also measured. For the camera recording the vertical spectral variation,

o this image reduction factor was 0.71, and for the diagonal spectral variation,

RN it was 0.78.

-3

:}¢7 A mercury light source has very well-cefined spectral lines. Such &

A mercury light source was also recorded in the field, on the event filn

records, through both spectral optic systems. Measurement of the position on-
film of the images of these known, mercury spectral lines, established the

A wavelength versus film position calibration curve for each spectrometer.

Ty

:f; These and other measurements were used to establish the optics and

e film calibration parameters, which were used to transform film image density
- and position variations to source surface radiance and position values

r s presented in this data base. For convenience, this observed radiance is

S converted to black body temperature by Planck's law, which defines the

#2{ spectral distribution of thermal energy at temperature T. The conversion

.:{- scale is based on the Planck relationship between monochromatic emission power

',3 and the equivalent absolute tenperature of a black body.

g

Some photographic images were documented in Reference 12, Some of

\i\j thiese are inciuded to help the reader understend what data are available. The
t g data in the reference are presented in seven different sections. This report
N repeats what is said about each of those sections before showing some of the
:. results, The following tex., although slightly modified, can be found in the
reference.
},: Secticn 1 (of Feference 12) cor.cains selected results fror ten frames
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produced 9y two cameras which recorded the surface brightness variation of TRS
£-19, These zre at 0.1, 2.2, 0.%, C.5, 0.7, 0.9, 1.0, 1.1, 1.2, and 1.5
seconds. Time zero is taken as the first film image which registered observed
iight frcm the entire TRS unit.

Each time is described by a photograph and six graphic plots. Tre
first plot shows the microdensitometer density representation of the filrm
image proruced by a (200 by 200 sampling) roster scan of the image. Each
density sanple was obtalned by determiring the transnittance on the film inage
of an area (a single pixel) of 50 by 50 microns. Since a 6 inch lens was used
each pixel corresponds to a 1 by 1 inch square surface area on the TRS source.
The roster scan was such as to sample (create a new pixel) every 2.25 inches
on the source surface in both x and y directions. The vertical scale on this
plot is such as to set ground zero of the TRS unit at 250 centimeters.

The next four plots are vertical temperature profiles at the center
of the luminous regicn created by each nozzle. The horizontal scale of 200
pixels showing vertical height can easily be transformed to physical
coordirates since this distance in physical space equals 1137.50 centimeters.

To allow these estimates of surtune temperature using Planck's low
the field camera conditicns were purposely sct to reccrd surface brightness in
a very narro4 w»-veband (deep red). This was accomplished by filtering the
light source prior to film exposure with a Kodak Wratten 92 filter. Thus the
recorded surface brightness, as illustrated in the photograph, is limited to a
small waveband with a peak effective wavelength of 650 millimicrons.

The sixth graph represents contour temperature plots over the entire
luminous TRS surface. The contour temperature values indicated by letters A,
B, C, D, and E, are determined by Planck's law from a neesure of radiance. As
indicated on the plot an emissivity of 1 i3 assumed since at this tire
emissivity of the TRS source is not known.

Two graphs are presented at the beginning of section 2 (of Feference
12). These are calibration graphs which allow transforming a density
measurement on film to a radiance value and alsoc of position on film into
wavelength. The presented density log exposure curve is properly adjusted
within the computer for variation of film response with wavelength prior to
density ccnversion to radiance.

Sections 2, 3, and 4 (of Peference 1Z) present spectral measurement.
at different heights at ore of three times (0.3, 0.5, and 0.8 seconds) as they
have been measured by the spectrograpbh oriented in the vertical direction
along the center of nczzle 4, Some photographs are =lsc¢c included tc¢ hel;
understand the complexity of the data. A study of the phcotographs also
reveals the presence of absorption lines which would rot exist were the TED o
tlack body source, By comparison with the accompanyirg rzdiance pictc it |
clear trat the nigher wavelengths are recorded at the left of the spectrs
photographic records.

Section 2 (of PReference 12) presenls spectral radiance anl sjectr.l
temperature reasurements as observed on the ccurce ir an area 2 by < inche.
square at heights of C, 0.36, C.E1, 1,11, 1,36, V.61, 1.8¢, 2,11, 2.3¢, 2,61,
2.86, and 2.11 neters above the pround surface. Ir tlis cect! or ttese
measurements are for the time of 0.2 second: after start of event.

pte
f,' PR




g

Section 3 (of Reference 12) presents similar data from the vertical
spectrograph at a time of 0.5 seconds. Section U (of Reference 12) presents
it at a time of 0.8 seconds.

Section 5, 6, and 7 (of Feference 12) present similar spectral
irformation from the TRS 5-19 source as obtained with the diagonally orierted
spectrograph. This spectrograph recorded data from the source alcng a slit
oriented at 21 degrees at the horizontal. The low -oint of the slit was near
nozzle 1 such that at the center of nozzle 1 the s.it would sample at a height
of 2 feet off the ground. This slit orientation sampled the source at the
center of nozzle 4 at 12 feet above the ground. The graphs show the distance
in meters above the ground and along the slit.

b2 SUMMARY CF SPECTRAL AND TEMPERATURE DATA.

The results for 0.9 seconds were selected from the docunented data
for brightness variation since they show a well developed flame and the
photograph (Figure 9) from camera 3 is quite clear. In fact, the SEA baffle
fronts can be seen. Also included is a plot (Figure 1C) of microdensitometer
density representation of the film image (200 by 200 sampling). The image
area was 50 by 50 microns or 1 by 1 inch at the flames. A "pixel" was
assigned at every 2.25 inches. Ground zero was at 250 ¢m on the plot of the
image. One plot of vertical tacked-out temperature profile is shown as Figure
II for one nozzle along the flame's axis. The same pixel spacing was used.
The data are limited to a narrow waveband at 650 nanometers. Figure 12 shows
a plot of "temperature" contours. Five contours are shown: 2070, 2380, 2700,
3010, and 3330 degrees Kelvin. In order to obtain this plot an emissivity of
one was assumed. The actual emissivity is not known, and furthermore, this
effort has shown that it is spectrally dependent.

Only a few figures are shown of the docunented data for spectral
measurements because of the need for additional interpretation. The data
shown are illustrative and were extracted from the reference, which includes
times 0.2, 0.5, and 0.8 seconds for both orientations: vertical and diagonal.
The spectral radiance was measured from 400 to 700 nm, but is only plotted
from U450 to 700 nm. The sample size at the flames was a 2 inch square. The
reference included plots at various path length, which is height for tbhe
vertical orientation. For the vertical orientation the heights were 0, 26,
61, 111, 136, 1€1, 186, 211, 236, 261, 286, and 311 centimeters above the
ground surface. The diagonal orientation was inclined at 21 degrees; it
intersected nozzle 1's centerline 2 feet above the nozzle and intersected
nozzle 4's centerline at 12 feet. The positions on the diagonal paths were:
30, 95, 160, 225, 290, 355, k420, 485, 550, 615, 680, 745, and 810 cm. The
corresponding heights relative to a 1line 2 feet above the nozzles are: 11,
36, 61, 86, 111, 130, 161, 180, 211, 230, 261, 280, and 311 cm.

These data were obtzined by scannirg the film in either of two
directions as shown qualitatively as Figure 13. The examples of what is
available are shown as Figures 14 through 16.
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The inal poirt wource TFS rodel rad been Izproved trougt
iterations tc resch the inverted core nodel that exicted at the start
ol tnis effort., Mocel ivprovements had generally been supported oy thre
limited data acquired on TRS test firings. Even with those improverents,
there was still significant Jdifferences tetvweern predicted and nessured
irradiance levels at some locations in front of a TRE., These differences can
nave several scurces including both model deficiencies and nmeasurernernt errcr.
These are related tecause the model has teen develcoped ard v=lidated with the
ari of the existing measurement data Sase. This database was sTall and
trerefcre errors within 1t can sigrificantly impact r.cdel jarameter
setermiraticn,

severas.

It is hewever, Just such a deteiled nmodel wnich must te Jevelap ed
cr tre LE/TI. At the tine of this effort the TES had orly beer used in [ieid
Xxperizent: in *that cave, the cnly reflective surface of note is tie Sround.
ne LE/T: tive TRS will be largely confined and the walls of the strusture
Tay siorificantiy influerce tre trerral load Jdelivered to & terge'.
Additicnally, a letziled knowledge of TRS source characteristics could ascist
ir the selecticn ¢f LB/TS constructicn ma;trLals and also perhap: Ir physical
design. To support the development, and validation, of a Jdetailed model, tl¢
TZ5 must bte characterized with a higher degree cf spetial and spectrel
resolution,

The objective of the directed field-cf-view caloriteter testing was
the acquisition of source-resolved irradiance data. The approuch was t¢
aesign, fabricate, and field caloripeter baffles that 1imi{ the calcrineter’s
field-cf-view. S3ix of these baffles {or collimators) were built and fielded.
Unfcrtunately, review of the data from the first TRS event revealed that the
design of the baffles was flawaed. Two modifications were made in time for
subsequent events. The data then obtainred agreed fairly well with tre
existing model, except that the maximum peak power per urit height ccourred ot
5 feet rather than the predicted height of 7 feet, A later improved mode! that
resulted from tris effort agrees with the measured value of 5 feet.

The objective has been partjally met with the acquisition of TES
source data using restricted field-of-view calorimeters. The field-nf-view
was restricted by usirg baffles which limrited the TPS area "seen™ hy tlre
¢ lorimeter active =lement. (Additional d=ta were also obta‘red with
radicmetrically calibrated scientjific photography as descriled 2urlier it
Secticn U4).

Calcrireters without baffles record the irtegrated irradiarce over
their field of view (up *o pi steradians). As shown (Ficire 17) for ‘wo
example calorinmeters and a zcdel of the flame as a set of o1t source
{pretending the ground plane car be treated as *‘f it srecularily reflects *|
scurces above), all emitters add to the integral. As one extrere exsr;.

- L
censider whren data are availatle only at two locations. Tt 0 ooencille to
determine the distribution of the energy in hejghit Lecause tivre are rore
variables than known quantities. If on the other hand you restrict tie o1t
angle viewed for each calorimeter (as slcwn in Figure 18) you our at oot
determine the contribution from each of those parts of tle lare,  Tnere. 7o
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Figure 18. Pictorial of sources onto baffled calorimeters.
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the nurber cf the limited field of view calcrimeters to observe the important
parts of the flame unambiguously deternines the necessary information.

These date were acquired during TRS firings (see Table 2) conducted
the weeks of April 13, 1983 and April 20, 1983.

The results for the baffled calorimeters are summarized here. &
crude approximation of the height dependency of maximum power per unit length
of flame was obtained. [Cata collected on Event 5-19 (6 measurerents) were
corrupted by deficient collimator design. Measurements were made during
events 5-22 and 5-23 at three heights: 5, 7, and 9 feet. The results from 5-
23 were about 30 percent higher than those from 5-22. Event 5-22 is believed
to be better because the wind speed was low. Measurements were made during
events 5-24 and 5-25 also at three heights: 1, 2, and 5 feet. FEvent 5-2U is
considered the better because the wind speed was lower. Finally, measurements
were made during events 5-26 and 5-27 also at three heights: 9, 11, and 13
feet. Since these calorimeters were fairly high, flame products were
deposited on most of the baffles during the burn. The 13 feet station during
Event 5-26 was coated with these flame products and all stations were coated
during Event 5-27. The experiments and data are describted in more detail
belcw.

5.1 BAFFLED CALCRIMETERS.

Figure 19 is a schematic of the approach used wherein the cuter
baffle was sizec to limit the calorimeter field-cf-view to a two foot high by
six foot wide area in a vertical plane through the TRS nozzle. Internal
baffles are for stray radiation rejection. The areas viewed on the TRS are
shown in Figure 20.

The diameter of the can is 8 inches. The depth from the first s2i"
to the calorimete:'s sensing surface was 8.17 inches. The three partitico:n:
interior depths were each 2.6 inches. Slit 1 was 2 incles high by € incter
wide. The approximate image area was 2 feet by 6 feet since the distarce fron

the four flame symmetry plane to the calorimeter was 8.17 feet (8 feet =
inches) by design.

5.2 CALORIMETER MEASUREMENTS.

The first set of measurements made unfortunately have 11~ "t
utility. This js because an unforeseen mounting problem preverted tie
use of premade baffles and the internal sides were not blackened. The -
effect was to allow too much internal radiation scattering into
calorimeters sensing surface. The measurenents made during that series of
tests are high and the lack of adequate stray radiation rejectior seen tc
explair those results. The second set of data was acquired Wwith a modified
set of baffles, and rore accurately record the data that were to be measured.

1

Additionally, scientific photography were fielded orn Loge of these ever* . o

there i{s therefore additional data available for analysic ard zoree’ *F
For trese reasons, the second fielding exerc:ice [ vajbanioed tel w,

These measurementc were made as addecn experimert« *°  ther [ricary
ones, and as such cnly three calcorimeters were made availatie four 1t
acquisition during each event, To atsure T 1 vertici. urverane of the tlame,
5ix sets of data were acaulred with reteated meniroperts o ot o b 00,
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Table 2. Directed field-of-view calorimeter testing.

Event Heights Comment

no. (f1)

5-19 I, 3, 5 II' primary & secondary lost. All stations used

7, 9, I, bare galvanized steel. Low wind (W I-5).

5-22 5 7, 9 High wind (SW 10-13).

5-23 5 7, 9% Low wind (S 4-5).

5-24 I, 3, 5, Moderate wind (ESE 9).

5-25 l, 3, 5, High wind (WSW 15-18).

5-26 9, 11, 13, Top buffled coated.

5-27 9, 11, 13, All baffles coated.
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Figure 20. Sampled areas on TRS flame.
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and with data overlap to assess internal cornsistency in the data set.

The calorimeter dsta acquired on these events is summarized in Table
3 and in Figure 21 and 22. The data have been presented in two different ways
ir the figures. In Figure 21, observed peak flux was obtained from flux plots
generated at the TRS site and with calorimeter calibration data provided by
the manufacturer. Similar data are plotted in Figure 22 except that here
measured fluences for the rorinal three and one-half second burns are plo*ted.
Note that if the TRS source were non-varying and uniform, then the retio of
fluence to flux should be exactly the three and one-half second burn time. It
can be seen from the ratios summarized in Table 3 that this is not the case.

Although some general trends and patterns can be seen in Figures 21
and 22, it is also obvious that there is substantial variability in the dasta.

Table 3. Calorimeter data.

Event Calorineter Height Peak Flux Fluence Ratio
no. no. (ft) (Fluence/Flux)
5-22 7 2.95 7.95 2.69
5-22 3 9 2.52 6.40 2.54
5-23 1 5 L,64 13.34 2.88
5-23 2 7 4.3 1C.90 2.53
5- 3 9 3.15 10.87 .45
524 1 1 1.48 4,35 2.94
5-24 2 3 3.90 11.20 2.87
5-24 3 5 4,58 13.72 3.00
5=25 1 1 1.42 4,k 3.11
5-2% 2 2.47 7.83 3.17
5-25 3 5 2.35 6.85 2.91
£-26 1 9 1.33 2.90 2.18
5-26 2 11 1.18 1.47 1.25
5-26 3 13 0.63 0.57 0.20
5-27 1 9 1.42 3.13 2.20
5-27 2 1 1.00 2.59 2.56
£=27 3 13 1.03 1.77 1.72

Under the same conditions, a reproducible source would have made z corsis=tent
set. All of the data should have tied together at the five and nine foot
locations. Instead, these data scatter by factors of two to four.

The winds during events 5-25 through 5-27 were significent and
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W blowirg towards the calcorirweters. As such, presunably aluminur cxide
> conbustion products tend to obscure the flame &nd the net result iz
j anoralously low data such as seer or 5-=26 and 5-27, and the evident lowering
A of levels at 3 and 5 feet for 5-25. It is possible that scaling of tlte
data, accounting fer wind effects, would generate a self consiztent data set,
e but the scaling factors, and their application, have not yet been identified.
Presumably, this could be remedied given sufficient messurements,

Much more desirable, would have been the use of larger nuubers of
calcrimeters to generate more data points for each event, thus providirg ncre
reliable height profiles. The problems of data matchking and interpretaticn
would then be mirimized.

'~
‘Q
o 5.2 ANALYSIS METHOD FOR INTERNAL SCATTERING.
1 As has been stated earlier, two problems existed whenr the first
measurenents were made with the baffled calorimeters. These caused too muckh
%) energy to be scattered internally into the calorimeter's sensing surface thus
:, masking what we were trying to measure. The fluxes teing measured were nuch
k.t higher than expected based on medel calculations. Analysis led to tre
;: necessary baffle design changes.
&g
3 Writing an energy balance for each ccempartument withir the baffle
ol provides a simple model for estimating the relative contribution from the
'§ undesired internal scattering signal compared to the directly incident flux.
yi This model is based on initial conditions determined by geometry, wall
oy absorptivity, and model predictions for both the incident flux at the entrance
slit and that incident directly onto the calorimeter's sensing surface.
¥ Solving the resulting equations parametrically for plausible initial
- conditions quickly leads to the conclusion that the baffle should have at
#2 least three internal compartments given the sizes ir the original design and
fj that the baffle walls should be made to be reasonably absorptive.
]
;j The simple model built to perform the analysis to improve the baffle
) design is based on a physical interpretation as follows. The baffled
calorimeter is similar to the conceptual cross-section view shown in Figure
fg 23. The essential features are that there are a number of compartments, each
iy having an entrance and exit, although some of the photons will exit an
:{ entrance and enter an exit. The exit of the lacst compartment is tle
' calorimeter'’s sensing surface. Each internal wall hac scme absorptivity.
hWe Photons entering the system through the entrance slit of the first compartmwent
] can either encounter a wall or exit the compartment. Those encounterirg a
:g wall will either be reflected or absorbed. Those that are abscrted will nct
x: be considered further (the heating of the wall and any subseguent reradiztion
., is ignored). The reflected cnes, however, can be sent back to the outside
;: slit (and leave the system), or they can encounter the wall, or they can pass
A from compartment 1 to 2.
¥ Similarly, photons move through ccmnpartrent 2 to compartment 2 and
o sometimes back into compartment 1. Photons passing through the outside slit
X : directly onto the calorimeter are by definition the desired signal, trer
P: photons that are internally reflected are unwanted and contribute to the
| scattered component of the total measured signal. Since the photons can
) undergc nmultiple reflections, the process of calculation is naturalily
e iterative. To further complicate matters, the wall reflection can be
%)
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partially specular and partially diffuse; polarizaticp effects could also tbe
significant,

In order to estinate the effect c¢f the walls and the size ¢of the
slits between the compartments on the energy transport, we chose to lump all
the effects by computing a probability of photon abtsorption at a wall to be
proportional to the product of the internal surface area witbtin eesch
compartment and its absorptivity. The probability of photons passing through
any slit is just its area (i.e., an absorptivity of one). Writing the energy
balance results in a set of equations that can be iteratively determined. In
order to terminate the iteration a smallness criterion was set.

The entire analysis was performed with the Pascal code shown as
Figure 24, One significant advantage of Pascal is its ability to express
recursive solutions in an elegant and efficient nanner. Procedure INTERACT
makes use of this feature and is the essence of the solution technicue.

5.8 RESULTS OF INTERNAL SCATTERING ANALYSIS.

Figure 25 and Table 4 show what effect differert btaffle
configurations could have on the rmeasured value when corpared to what should
be measured if there were no internal scattering wit! in the baffle. Tris
ratio the author chose to call gain; its denominator was determined vy
calculating, with the TRS predictor model algorithms, what would be directly
incident upon the calorireter with an optical stop equal to the taffle's firat
slit (the entrance). Its numerator was determined by calculating, also with
the TRS predictor model algorithms, what is incident upon the first siit froc
one flame (it can be also done for the four flames -~ the gain would gou up
slightly for this configuration) and then determining with tte N-BAFFLE code

Table 4. Gain from 1 nozzle flame for baffled calorimeter

Height(feet) 2(0.25)A4 2(0.25)B  3(0.25) 4(0.25) c(0.8) (0.8
1 1,480 1.449 1.184 1.052 1.07€ 1.01¢
3 1.312 1.292 1.119 1.034 1.C49 1.C10
5 1.215 1.295 1.121 1.034 1.08C 1.01C
7 1.336 1.314 1.129 1.037 1.053 1.211
9 1.366 1.343 1.140 1.,04C 1.05% 1.012
1 1.419 1.392 1,160 1.046 1.066 1.C12
13 1.600 1.562 1.230 1.065 1.09¢ 1,215
key: compartments absorptivity baffle rercved
2(0.25)A 2 0.2 left
2(0.25)B 2 0.28 right
3(0.25) 3 g.2¢ rone
4(0.25) y 0.2% ore adoed
2(0.8) 2 n.8 risht
3(0.8) 3 n.8 none
how much gets scattered into the caleriseter Lot wa: rot liresdy Jiroot
impinging cnto it.
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($S+) (Version: 28 Apr 83)
Program N-Baffle;
USES transcent, (SU*BIG.LIBRARY) mathtrap;
CONST
version = 'Pascal{l.l] N-Baffle Code BSC[2.1];
reallen = 20;
max-boxes = 1l; (max number of boxes plus one)
max-try = 5;
TYPE
direction = (lower, stays, higher);
(lower and higher box number, or those that stay (i.e., are absorbed)
VAR
nun~-boxes: INTEGER;
cases, pr,baff:TEXT;
holes: ARRAY (0..max-boxes] OF REAL; (holes into/out of each box)
wall,alpha,denom: ARRAY (0..max-boxes] OF REAL; (each 0 is a dummy)
counters: ARRAY [0..max-boxes] OF REAL;
f: ARRAY [lower..higher,0..max-boxes] OF REAL;
i,n:INTERGER
done: BOOLEAN;
flux-in, flux-cal,
scat-flux, total: REAL;
accuracy: REAL;
small: ARRAY [0..max-boxes] OF REAL;
ss,s: STRING;
try: INTEGER;
( et Tt )

PROCEDURE error (msg: STRING);

BEGIN
PAGE (OUTPUT) : GOTOXY(0,11); WRITE(msg);
CLOSE(pr); CLOSE(cases); CLOSE(baff);
EXIT (PROGRAM)

END;

(o m e m e e e e e o = m m mm mm mm mm e <

PROCEDURE get-arrays;
VAR count: INTEGER; done: BOOLEAN;
BEGIN
($1-)
try:=0;
REPEAT
GOTOXY (0,10);
CLOSE(baff);
ss :="'N-BAFFLES. TEXT!';
WRITELN('File for Baffle Data [default <RETURN>= N-BAFFLES.TEXT] ? '),
READLN(s);IF LENCTH(s) <= 0 THEN s: = ss;
RESET(baff,s); (Baffle Data MUST be on PREFIXED VOLUME)
try : = try + l;
UNTIL (IORESULT = 0) OR (try > max-try);
IF try > max~try THEN error ('Baffle Data File NOT found');
(S1+)
count: = 0; done : = FALSE;

Figure 24. N-baffle code.
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hinl st o -y

WRITE(pr, 'Baffle Data: (hole, wall, alpha) for file: ',8);

WRITELN(pr);
READLN(baff, accuracy);
WRITELN(pr, 'Accuracy condition is set to: ',accuracv);
WRITELN(pr);
WHILE (NOT EOF(baff)) AND (count <max-boxes) AND (NOT done) DO
BEGIN

READLN (baff ,holes[count], wall{count], alpha(count]));

done: = (holes[count} <= 0.0) OR (alpha[count]<0.0)

OR (alpha(count] >1.0);
IF NOT done THEN WRITELN(pr,count:5, holes[count]: 15:4,
wall[count]: 15:4, alphalcount]: 15:4);

count: = count + 1;

END;
WRITELN(pr),

CLOSE(baff);
num-boxes: = count - l; IF num-boxes = O THEN EXIT(Program);

END;
( ——— e e e S e L L DL P L PR )
PROCEDURE fill-arrays;
VAR n: INTEGER;
BEGIN
FOR n: = 1 TO num-boxes DO denom [n): = holes[n-1]+
alpha(n]*wall(n] + holes([n];
f(higher, o}: = 1.0; f[stays, 0): = 0.0; f[lower, 0]:
FOR n: = ! TO num-boxes DO
BEGIN
f(lower, n]: = holes(n-1]/denom([n};
f{stays, n)]: = alpha[n]*wall[n]/denom[n];
f(higher, n]: = holes [n]/denom(n];
END;
END;
Lt Tt )
PROCEDURE tally (photons: REAL; box: INTEGER);
BEGIN
GOTOXY (60,2); WRITE('Memory left = ',MEMAVAIL:5);
GOTOXY (0,4); WRITE(photons:15:5, 'photons being added to box',box:2);
counters{box]): = adder (counters{box],photons);
END;
(e e e e et e -)
PROCEDURE interact (photons: REAL;box: INTEGER);
VAR num-low, num-mid, num-high: REAL; ,
BEGIN I
IF (box = J) OR (box = num-boxes + ) THEN tally (photons, box) o
ELSE E
BEGIN
num-low :=muler fphotons, f[lower, box]);
IF aum-low -smal]l [box-1] THEN interact (num-low, box-~1l);
num-high:=muler (photons, f[higher, box]);
IF num-high >small [box+!] THEN interact (num-high, box+l);
num-mid :=muyler{photons f(stays, box]);
tally (num-mid,box)
END,
END;

AR D 2 e s B e A S s amemm . .

»
s

v o

1]
(@]
(@]

Figure 24. N-baffle code fcontinued).
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I PROCEDURE write-stuff;

BEGIN
writelnipr,'Fractions: out ».>-. in «.. .. stays at box #');
> writeln(pr,' = = —--sceees commemmee cmmmeeo -='); e
‘ For 1:= 0 to num-boxes Do -
X writeln(pr,'':12, g3,
5 flhigher,i):10:5,f[lower,i|:10:5,f[stays,1]:10:5,1:15); :uj
writeln(pr);
END;
: (mmmmm—— - . e e e o ) S
3 PROCEDURE write-em; .
q BEGIN K
. writeln; :;f
writeln(pr,'Flux into system =! flux-in:10:3); ;f
writeln(pr,'Direct at calorimeter = ',flux-cal:10:3);
» writeln(pr, 'Scattered flux =' scat-flux:10:3); -ér
K- writelnipr,'Total on calorimeter =',total:10:3); 13?
‘& writeln(pr, 'GAIN el
k- total/flux-cal:10:3); -
Dy writeln(pr); o
writeln(pr); writeln; N
END, + '.'
3 (e e e e e e e ) :ﬂ:‘
. PROCEDURE open-cases; A
5 BEGIN el
" (S1-) Y%
try:=0;
o’ REPEAT o
- GOTOXY (0,15); -
. CLOSE(cases); o
. 8s:='N-B.CASES.TEXT'; S
< WRITELN('File for Cases [default - RETURN > =N-B.CASES.TEXT] 2'); e
READLN(s); IF LENGTH(s) < = O THEN s: = ss; -
RESET(cases,s); Data MUST be on PREFIXED VOLUME if default) P
try: = try + 1; Cif
> UNTIL (IORESULT = 0) OR (try >max-try); A
R IF try > max-trv THEN error ('Cases File NOT found'); ;jﬁ
- Sl+) e
END; s
(e e e e e e e e e e e e e e oo e e
" BEGIN o
- CLOSE(pr!; .
.~ REWRITE(pPr, 'PRINTZR:'); 2{.
' PAGE (pr); S
writeln(pr,version); writeln(pr); writelnipr);
X get--arrays; (sets num-boxes) 3h:
V.. fill--arravs; Rl
z write--stuff; f‘ﬂ
" open-cases; o9
> done: = FALSE; {
3 Figure 24. N-baffle code (continued). };:
) B,
- R

5 u6 R




WRITELN(pr, 'Cases Data: (flux-in, flux-cal) for file:',s);
WRITELN(pr);
WHILE(NOT EOF(cases)) AND (NOT done)DU
BEGIN
READLN(cases, flux-in, flux-cal);
done: - (flux-in <=0.0) OR (flux-cal<0.0);
IF NOT done THEN
BEGIN
FOR n: = 0 TO num-boxes + | DO counters[n]: = 0;
(Power absorbed)
scat-flux: = (flux-in * holes(0]-
flux~cal*holes[num-boxes]);
small (0]: = accuracy*scat-flux;
FOR n: = 1 TO num~boxes + | DO (incident upon each box)
small[n]: = small [n-l}*f{higher, n-1];
interact (scat-flux,l);
writeln(pr);
FOR i: = 0 TO num-boxes + ! DO
WRITELN(pr, 'Box',i:2, 'absorbed’,counters[i]):15:5);
writelan(pr);
scat-flux: = counters{num-boxes + [];
(Scattered flux absorbed by detector)
scat~flux: = scat-flux/holes[num-boxes];
total: = flux-cal + scat-flux;

o 3 ’l’E N
Tat . . -

.- v
lost ot B

h
..

write-em;
END;
END;
CLOSE(cases);
CLOSE(pr);
END.
N ::. t
v
WA
.::: N
3 ]
" ) -3
% Figure 24. N-baffle code (concluded). N
.
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ECTION 6 P

CONCLUSIONS ARD RECCMMENDATIONS

Tris section presents the conclusions and red\gnnendations that
resulted from this effort; these are grouped by topic.

6.1 PLANNED LB/TS TRS FLAME.

The current plan is to include a new type of TES, called the thin-
flame, in the LB/TS. The intent is to produce a flame that is smaller in
range extent so that it can be vented easier and hopefully allow objects to be
set closer to it and thereby possibly increase the irradiance. The flame
would fan out in cross range. Therefore, the results obtained here, while
helpful to nodeling TRS environments may have to be exterded to this new TRS,
It is alsc possible that only a calibration of the current TRS model will be
required to replicate the thin-flame TRS data. Until data sre available, it
will remain urclear as to which path should be taken.

6.2 SCALING TO FUEL FLOW RATE.

While the scaling of TR3S ocutput to fuel flow rate is inconclusive,
the trends that have been inferred¢ will warrant further inspecticn when more
data become available. In order to preserve what has been done, but at the
risk of the reader taking the following rvemuents to mean that the scaling
relationships have been established, it is hypothesized that the power out
parameter will scale directly with the fuel flow rate for certain similar TRS
operational parameters. Further, it is hypothesized that the volume of the
flame scales directly with the square root of the fuel flow rate ratio. Bocth
of these hypotheses are very preliminary and based on tc- few data.
Nevertheless, since it is conceivable that such hypotheses may facilitate
comparison of future data they have been included.

6.3 PHOTOGRAPHIC AND SPECTRAL MEASUREMENTS,

An attempt to model the photographic and spectral measurement results
should te made.

Measurements in the infrared should be considered and possibly made
in order to determine the nature of the flame's radiance and these compared to
the optical data. A dual wavelength (3 to 5 and & to 12 microns) observation
of the TRS could be helpful., It would be beneficici to include a larger
fraction of the spectrum than just the visitle because the TRS spectrum is
apparently less tnan 3000 degrees Kelvin.

6.L BAFFLED CALORIMETER MEASUREMENTS.

It is recommended that baffled calcrimeter data be reacquired on a
dedicated set of TRS burns and a larger numter of calorimeters be used. DNA
Field Command now has at least thirty calorireters for use at the TRS site;
the TRS flux field can now be reasured in greater detail.

Additional measurenents with tre limited field of view calcrimeters
would te beneficial if & few non-windy tests could be performed with at least
six of these gauges on the same pole. The baffle unitc could also be inproved
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P sonewhat to furtber reduce internal scattering. :f
Wy ! "\-'
‘::: 6.5 CALORIMETER RESPONSFE. ey
A A
Most of the prior data from TRS burns have been acquired with fielded .
4 calorimeters. These calorimeters were supplied by the manufacturer with J;
}. calibration curves providing generated sensor veoltage as a function of fﬁ
N delivered thermal flux. The source used to generate the calibration curves RN
;ﬁ‘ has not been identified and the spectral sensitivity of the calcriseter front T
R surface is unknown. Additionally, to use the calorimeter data, it has been e
. assumed that the sensors have on ideal isotropic response to delivered flux. -
fﬁ This has not been validated, and in general calcorimeter response has not been F;
N characterized with as much detail as is necessary for efficient nodel 3
R development and validation. It is recommended that this information be obtained. w3
) :": :
o 6.6 SPOT CHECK OF CALORIMETER RESPONSE. A
One additional item of note is the fact that there is currently no v
.; way to assess calorimeter response just prior to a shot. A readiness i{
oY conditicn is tested by briefly exposing each calcrimeter to the flare of a "
\j portable propane torch. Response is noted but not quantized. Again, to RO
K assure a common base to the data, and that certain biases have not been -?
introduced, spot checks should be developed for the LB/TS and also the field.
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