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- “This -rep’ort 'provides resu]ts' frorn an in-depth analj}s'is' of twenty-one of th'e'.'twenty:' o

four premlxed large-scale combustlon experiments sponsored by the U. S. Nuclear Reg- :
ulatory Commission (NRC) and the Electric Power Research Institute, (EPRI) and con-
ducted by EG&G at the Nevada Test Site (NTS). These experlments were performed
in a 2048 cubic meter spherlcal vesse} (hydrogen dewar). with mixtures of hydrogen,
" " steam, and air ignited by glow plugs or. heated resistance coils. Hydrogen concentratlons :
":'ranged from ‘5 t0-13% (b y volume) and steam concentratlons from 4 to 40%. Several

.. tests also 1ncorporated spray systems and/or fans wh1ch enhanced the combustlon rate o

and s1gn1ﬁcantly altered the postcombustlon gas coolmg
In this work, data prov1ded by EPRI from. 1nstrumentatlon des1gned to character-
ize the thermal env1ronment in the dewar during and following combustlon have been

‘ evaluated "The data reducflon .package’ SMOKE has been used to-process data from ’ o
.th1n film gauges, Gardon and Schmidt-Boelter heat flux. gauges, capac1tance calorlme-;* E

ters, gas and wall thermocouples and pressure Sensors. Local measurements.of the heat

,transfer are prov1ded from the calorimetry, and- global averages are inferred from the .

~ pressure. Instrumentation “goodness” for each test 'is assessed based on the raw data
and on comparisons of:local and global results. Graphical and tabular results are pro---
v1ded for each test, and trends observed from the results are reported ThlS 1nformat1on-

' should be useful for benchmarking existing computer codes used in modelmg nuclear
contamment and associated safety- related equipment response to- degraded- core acci- -
dents ‘and for i 1mprov1ng combustlon and heat transfer models currently used in these :
E '_computer 51mulat1ons ' ' s
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Executive Summary

ThlS report prov1des results from an in- depth analysis of twenty one of the twenty- ‘
four premixed combustron experrments sponsored by the U. 8. Nuclear Regulatory
Commission (NRC) and the Electrlc Power Research Instltute (EPRI) and conducted
by EG&G at the Nevada Test Slte (NTS) These tests were performed to study combus-
tion processes in a large-scale vessel and to evaluate assoc1ated safety-related equrpment

" response to the resulting thermal environments. The experlments were performed in a

2048 cubic meter spherrcal vessel’ (hydrogen dewar) with mlxtures of hydrogen steam,
and air 1gn1ted by glow plugs or heated res1stance coils. Hydrogen concentratlons

" ranged from 5 to 13% (by volume) and steam concentrations from 4 to 40%. Several

tests also incorporated spray systems and/or fans which enhanced the. combustlon_ rate
and-significantly -altered the postcombustion gas cooling. -Additional tests (to be re- -
ported elsewhere) addressed the effects of localized combustion from diffusion flames
which were generated by. lgnltlon of streams of steam- hydrogen mixtures 1nJected into

~ the dewar. ~
In this work, data prov1ded by EDRI from 1nstrumentatlon assocrated with estimat-
~'ing the thermal environment in the dewar during and following combustion have been
“evaluated. Data from the representatlve safety-related equipment installed in the de-
war to assess equlpment _su_rvr'al issués have not been'reviewed. Further, this work has
been restricted to the analysis of only those data records which were provided to San-
. dia on computer tapes. The data reduction package SMOKE has been used to ‘process
data from thin- film gauges and capacitance calorimeters (Sandia supphed) ‘Gardon
~ and Schmidt-Boelter heat flux gauges (EPRL supplied), gas and wall thermocouples.
- (EPRI supplled), and pressure sensors (Sandia and EPRI supplied). ‘Local estimates

- of the heat transfer are obtained from the calorimetry, and. global averages are-inferred”

-from the pressurte. Instrumentatlon “goodriess” for each tést has been assessed based '
" 6n reviews of the raw data and on comparisons of local and globa] results.
Graphlcal and tabular results are- provided for each test, and trends observed from
‘the results are reported Overall conclusions about the the 1nstrumentat10n and asso-
ciated performance are as follows ‘ ‘ ' ’ ‘

e Pressure slgnal’s from the different sensors are réasonably conSis_ten_t"and- can
be used to provide global estimates of postcombustion total and radiative -heat -
transfer. -

e Global estimates of the gas temperature inferred from the gas pressure compare
well with measured temperatures from the 3-mil thermocouples. Results from the.
32-mil thermocouples do not follow the early transients associated with combus-
tion but they do agree well with the 3-mil data and pressure-lnferred temperatures
for the late—tlme cool-down period.
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e Early- time total heat flux results from Sandi’a-supplied tllin'ﬁlm gauges and ca-
) - pacitance calorlmeters are generally comparable’ w1th the EPRI-supplied total

- calorlmetry for the lean (< 8%) hydrogen concentratlons The total calorime- .

try results deviate significantly for those. experiments (at higher concentratlons)

- conducted near the end of testmg The global estimates of total heat transfer -
- rate: from the pressure are typ1ca.lly less than the local measurements for lean
~ combustion and hlgher for precombustion concentrations above 10% hydrogen y
(by volume). Results obtained from most of the calorimetry for the severe com-

~ bustion tests are suspect, due to deterioration of the gauges (resultmg from the
cumulative testing) and/or msufﬁc1ent cooling. - '

e Total energy deposition results from the EPRI-supplied calorimetv__rby are generally
consistent with the global results inferred’from the pressure data. The thin-
film energy deposition results are. typically 30—50% lower than either the. global
pressure-lnferred or local results obtained from ‘EPRI calorlmetry

. Sandla—supplled calorlmetry for: estlmatlon of the local radiative heat transfer

. were inoperable for most of the: testmg, and data from EPRI-supplled radxatlve-
calorimetry could not be reduced given uncerta1nt1es in the calibration and the
correction . terms to account for the sapphlre cover plates For postcombustion

times global estimates of radiative heat transfer inferred from the pressure appear

to be ~-30-50% of the total heat transfer inferred from the pressure for the lean

‘combustion tests. For izitial hydrogen concentrations > 8% the radiative transfer

. dominates the early postcombustlon coollng rnechamsm in the absence of sprays,
especxally for tests w1th large 1n1t1al steam: concentrations. : ~

The 1nformat10n provrded in thls report should be useful for benchmarkmg ex1st— )
ing computer codes used in modelmg nuclear containment response to degraded—core
~ accidents.and also for resolvmg issues pertammg to functionability of safety-related
equipment in containment: during such- acc1dents ‘The results obtalned from this. study,-'
. coupled with results obtained from 1ntermed1ate—scale combustion testing (e g., such as
from the FITS and VGES facilities at Sandia Laborator1es Albuquerque), should also

" be useful in future modeling:activities to upgrade the combustlon and heat transfer
- models currently used i in reactor safety ‘computer srmulatlons

xviii



...Introductron

Over the tlme perlod of July 1983 through January 1984 two ser1es of premlxed
combustlon experlments were conducted. by EG&G at the Nevada Test Site (NTS) This

‘-work sponsored by the U. S. Nuclear Regulatory Commlssmn (NRC) -and the Elec-
" tric Power Research Institute (EPRI), was performed -to study combustion processes’ . .
“in a large-scale vessel (Hydrogen Behav1or Test Series 1) and. to evaluate associated .
- safety- related equrpment response to the: resultmg thermal envrronments (Equrpment";f
- ,'Surv1val Test Series2). - Personnel from" Sandra National Laboratorles Albuquerque,f:_f-‘f o
. N.M. (SNLA) in'support of the Hydrogen Behavror and Hydrogen Burn Survival Pro- ar
) ","’grams ‘were also drrectly 1nvolved m this venture prov1d1ng technlcal gurdance and
ﬁeldmg 1nstrumentat1on for testlng Twenty four cornbustlon experlments were: per-.
S formed 1n a 2048 cubrc meter spherrcal vessel (hydrogen dewar '15.85 m in- dlameter) L
“with mlxtures of hydrogen steam and air 1gn1ted by glow plugs and’ heated resrstance;

coils. - Hydrogen concentratlons for these tests ranged from 5 to 13% (by volume) and.

, ,steam concentratlons from 4 to 40%. Several tests also 1ncorporated spray systems
A,and/or fans. Wh]Ch enhanced the: combustion rate and 51gn1ﬁcantly altered the post-

" combustion gas’ coollng Addrtlonal tests-(to be: reported elsewhere) addressed the . .
E ~effects of. localized: combustlon from dlffusron ﬂames which were generated by 1gn1tron-l SR
i . of, streams of steam hydrogen mlxtures 1nJected mto the dewar. :

An enormous quantlty of data was obtained from-this formldable testlng programl o

_'.'-"'whlch could be used to better. quantrfy combustron envrronments Avarlable data in-
_icluded for example gas pressure data, gas and wall- thermocouple data, calorimétry
N . data, and: data from instrumentation mounted on/w1th1n safety-related equ1pment ex- '
.;,‘Posed to the combustlon envrronments in the dewar: Unfortunately, given. the ﬁnanc1al LT

" and’ manpower constramts 1mposed on the undertakmg, ‘much ‘of the. data have re-- T

- ceived only l1m1ted attention' from EPRI. The exceptron bemg that for: equrpment,_" AR
o whlch became 1noperat1ve or performed in an unsatlsfactory manner during testing,
' " "’EPRI personnel have attempted to determine sources. of p0551ble failure modes.- Simi-,
e larly, slgnrﬁcant attention has beeti glven to evaluatrng the e]ectr1ca1 cables that charred
',."'j":durlng the more severe premlxed combustron tests ‘

In : response to. NRC requests for a551stance in 1nterpret1ng and assessmg the results. :

: .o'btalned from the NTS testing- program we have conducted an in: ~depth analysis of '
- --the data In this work, data provided by EPRI. from. instrumentation designed to = -
'characterxze the thermal- envrronment in the dewar durrng and followrng combustlon

have been evaluated Data from the- representatrve safety related equrpment mstalled‘.j

_in the dewar to assess equipment survival issues have not been reviewed. Further, this".

- work has been restricted to the analysrs of those data records which were provrded to
- Sandia on computer tapes.. These data represent but a. fraction.of the available data. "
recorded at NTS; nonetheless, the data provide a reasonable base from whlch estlmates" L
: _."for the thermal envrronment (i.e., 5 Bas state and assocrated heat transfer) in the dewar

- can be obtamed :




2 - T 1. INTRODUCTION

The data reductlon package SMOKE deve]oped at SNLA to- analyze data from,’ |

'premxxed combustion experiments in confined vessels, has been used in this work.
This suite of computer codes had been previously used to analyze data obtained from
. intermediate-scale combustion-experiments conducted at the Fully Instrumented Test
Site (FITS) at SNLA. Additional computer codes have been added to SMOKE dur-

ing this study to preprocess (and manipulate) the NTS data to desired formats and
to model instrumentation not previously analyzed by SMOKE. The instrumentation L

‘evaluated in this work includes thin-film gauges and capacitance calorimeters (SNLA
‘supplied), Gardon and Schmidt-Boelter heat flux gauges (EPRI supplied), gas and wall

- ‘thermocouples (EPRI supplied), and pressure sensors (SNLA and EPRI supplied). Lo-
cal estimates of the heat transfer are provided for the calorimetry, and global averages
are inferred from the pressure. Instrumentation "“goo'd'he_ss” for each test has been as-.

sessed based on reviews of the raw data and on comparisons of local and global results.

A description of the NTS test facility and the instrumentation’ evaluated in this
study are presented, and a description of the data au_alysis tool SMOKE is presented.
Graphical and tabular results are provided for each of the twenty-one premixed combus-
tion tests for which data were provided, and overall trends observed from the results

~are reported. Overall conclusions about the “goodness” of the instrumentation and

" the associated performance are also. given. The information provided in this report
should be useful for benchmarking existing computer codes used in’ modeling nuclear
_‘reactor containment response to degraded—core accidents and also for resolving issues
pertaining to functionability of safety- related equipment in containments during such

accidents. The results obtained from thls study, coupled with results obtained from
intermediate-scale combustion testmg (e.g., such as from the FITS and VGES facil-- :
~ ities at Sandia Laboratories, Albuquerque), should also be useful in future modeling -

~ activities to upgrade the combustion and heat transfer models currently used in reactor
safety computer 51mu1at10ns Co

[



‘2" Experimental Facility and Instrumentation

2.1 | 'NTS Dewar

The premixed and continuous—injection combustion experlments were performed in
an existing facility located at test-cell C, Nevada’ Test Site (NTS) This spherical test
vessel, shown in Figure 1, has a dlameter of 15.85 m (2048 m® volume) and-a design
pressure of ~ 700 kPa. The'dewar is comprised of two comcentric stainless steel spheres,
each 19 mm thick with an 1ntermed1ate layer of perlite insulation ~ 1.0 m thick. The

. fac111ty had prev1ous1y beenused as a hydrogen ‘dewar and requ1red renovatlon prior to .

* commencement of the testing (details on these modifications are included in the EPRI

final report on the- NTS work [1] ) In addltlon the fac111ty was ‘modified to 1nclude
the following:- S v : o :

e a heated water spray system in the vessel, consisting of 16 or.17 Sprayco model
. 1713A hollow cone nozzles (each rated at 15 gpm) w1th the necessary control
system and manlfoldmg

e a boiler to _generate 2.1'kg/sv:steam‘ at 1000 kPa for vessel and gas preheating

e a. hydrogen—steam manifold system and mixing chamber (outside the dewar)
" to deliver specified mlxtures of ‘combustible gas for premxxed and continuous—
. aneCthIl combustlon testlng

) .o-.two mixing fans in the vessel, each’ rated at.2.4 m® /s (5000 cfm) to be used for -
‘ _pretest equlllbratxon and durmg some tests .

. ‘e an air compressor (ratmg of 0.28 m® /s (600 cfm)) to sup'ply air to the mixing
- fans and primary spray pump air motors as well as. for post test purge and refill
operatlons

® a gas sarnphng system for pre- and post- test evaluatlons of the gas unlformlty
‘and combustlon completeness.

In addition, hydrogen was snpplied_f‘rom gas cylinders in a-tube trailer; after mixing
‘with steam, it was injected into the dewar through a nozzle ~ 2.0 m in diameter above
‘the bottom either as a diffuse stream or as a jet depending upon the test configuration.
A schematic of the facility, taken from [2], is provided in Figure 2. Additional details
on the facility and on the features of the important systems incorporated for testing

(in particular, the water spray system .and gas sampling system) are given in [1] and
2]

1 Numbers in brackets are the-references cited in this work and are given in the References Section. -
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6 - 2 EXPERIMENTAL FACILITY AND INSTRUMENTAIION

The premixed combustion tests were initiated using ignition sources typical of those
-currently being installed in nuclear reactor containments for deliberate ignition safety
systems. Six General Motors (GM) glow plugs and six Tayco coil igniters were mounted
in the vessel as shown in Figure 3. The ignition sources were positioned to allow for
combustion initiation on the central vertical axis of the sphere at the top, bottom, or
center of the dewar and also along the vessel walls. Each ignition device was a hot
surface (temperatures ~ 1000-1400 K, depending on the input voltage) and each could
be independently operated. For most of the premixed combustion testing, bottom
ignition was utilized, although there are redundant tests in which the ignition site was
changed to assess the effects of initiation location on combustion completeness and
severity. Note that in this work, the general location of ignition (i.e., bottom, top,
etc.) will be provided for each test as opposed to the particular igniter. For the latter
specifications, the reader will need to consult [1]. :

Elevation View T i Plan View (equator)

3 o ) ’ : E - ) - 105°

285°

DT O oot L= Tavo e

Figure 3: Igniter types and locations in the NTS dewar
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A-NEFF Instrument Cor'pdratioh “System 720” data acquisition system was used
to record and process data from each test. Figure 4 shows the data acquisition and .
control functlons uséd in the tést program. Included in this schematic is the remote
unit, located at the top of the dewar, which was connected to the NEFF computer
located in the manned trailer near the site. All data processing was performed on-site
by EG&G and EPRI personnel. The data provided to Sandia for analysis was trans-
formed from measured signals (e.g., mllhvolts) to appropriate temperatures, pressures
and heat fluxes. Two sampling rates were used to record signals from several of the
instrumentation. SNLA requested and received data traces recorded at the slower sam-
pling rates which were used in this data evaluation. Again, for additional 1nformatlon
on the dat_a acquisition system, the reader should consult References. [1-3].

kS

DEC 11/23

HP. 26230 Digi-Data

. 9-Track
Tape Deck

DEC_LAY20

DEC VTi00 Mlcro Computer DEC RLO2
i (256 X bytes) | .
Printer
180 CPS

Graphlcs- Video Term.
Hardcopy

Terminal

Disk (10Mb)

DEC RLO2

‘Disk (10Mb)

NEFF 620

"Gas Sampling - - Local
System Controls Controtller/
Callb. Gases & Acquisition

Gas Sampling
System Monlitors

b Ny 0, Pressure
1 Nz 0z Temperature
. b N, H, Pressure
' 30, Temperature
A 3 0, Concentratlon

3 H2 Concentration

GAS . SAMPLING ) -

SYSTEM CONTROLS NEFF 620 . - -
) REMOTE CONTROLLER/ DEWAR GAS/STEAM MONITORS

SAMPLE SEL. th ACQUISITION 1 Hy PRESS :

1 TUBE TRAILER PRESS
1 TUBE TRAILER TEMP.
2 STEAM FLOW

2 STEAM TEMP, PRESS.

DEWAR SYSTEM
CONTROL FUNCTIONS

HYDROGEN FLOW
STEAM FLOW ACT.
MIXING CHAMBER
" PURGE AIR/VENT
AIR FANS
WATER SPRAY -
IGNITORS 1
BIDIR. VEL.
PROBES
WATER DMP -~ 2

N = = o

—

Figure 4: Data acquisition

FLAME FRONT MONITORS
PROPAGATION ARRAY

4 WORDS-64 LOCATIONS
(64 BINARY DATA PTS.)

EQUIPMENT SURVIVABILITY

25 CONTROL MONITORS
25 TYPEK TC LEADS
12 VAC/PRESS TUBES

1 Hy, STEAM RELEASE .
PT. TEMP.

BULK MEASUREMENTS

16 TYPE K TC's{.032")
3 PRESSURE TD's
4 BIDIR. VEL. PROBES
1 LIQUID LEVEL
12 IGNITORS

6 HEAT FLUX TD's

6 STRAIN GAGES (18)

MOUNTED) .
B FAST TC'S (.003 ")

and control at the dewar (taken from Reference [2])
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2. 2 Analyzed Instrumentatlon

A 51gn1ﬁcant quantlty of 1nstrumentat10n was 1nstalled in the dewar for the purposes
of (1 ) providing data pertment to quantlfymg combustion phenomena and (2) providing
equ1pment-spec1ﬁc response data in combustion environments. Since the intent of this
work has been to quantlfy the thermal environment in the dewar during and followmg
~ combustion, only instrumentation included in the dewar for characterizing the environ-
" ment has been evaluated (results pertment to equlpment functlonablhty/survxvablhty
have been previously addressed in References [4-6] and will be included in the EPRI
_ final report [7]). In Table 1, the instrumentation for this characterxzatlon is given along
 with a breakdown of what data were actually made avallable to Sandia for analysis.
Note that testing was divided into two parts (referred to in this work as.the Hydrogen
- . Behavior and Equlpment Survival Test Series) and that some of the 1nstrumentat10n

. was avallable only for the latter test series. '

Table 1: Instrumentatjou for- Quantifying the The_rm'al Enviroﬁrpent

Type of Instrumentation - = ‘Source! " Number of Channels’  Test
' o o ' Total Sandia. Series*
Pressure Sensors , : . '
Capacitance ‘ o s 2 ' 2 C1&2
~Strain Gauge . . 'Y ~ E 3 , 0-3 1&2 .

Dewar Temperature .- .:

o1&

Gas Temperatire (3-mil) E 0-3
Gas Temperature (32-mil) E 3 0-2 1&2
Wall Temperature (32 mll) E 7 0-2 1&2
- Total Heat Flux o .
Y‘Gardon Gauge E -1 "1 1
.Schmidt-Boelter Thermoplle Gauge E -5 5 "2
" Thin-film Gauge .S 1 1 1&2
Copper Slug.Ca]onmeter .S 1 1 1& 2
Brass Flat-Plate Gauge S 3 3 2
+; Aluminum Cube - -8 .3 3 2
-Radiative Héat Flux o . S
Gardon Gauge - E- 1-2 -2 1&2
Schmidt-Boelter Therrnoplle Gauge o E 2 2 2
Thin-film Gauge S | 1 o1& 2
Copper Slug Calorimeter VE - L1 1 1& 2

- ¥ Instrumentation provided by SNLA (S) or EPRI/EG&G (E)
t Total available from testing and quantity- prov1ded to Sandia y
~ * Hydrogen Behavior (1) and/or Equipment Suljylval (2 ),Test Series
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A listing of the pressure temperature, and heat ﬂux 1nstrumentatlon for Wthh‘
data were provided for.SNLA evaluation is given in Table 2 along with their respectlve

| . locations in the Cartesian coordinate frame establlshed by EPRI/EG&G 2 The coor- -

dinate system origin is assumed to be centered in the dewar as shown in Figure 5.
Figures 6, 7, and 8 provxde schematic representatlons of the different instrumentation
locations (defined in Table 2) as seen in elevation and plan views. ‘A complete listing

and appropriate discussion of the instrumentation is also included in Reference [1].

Brief descriptions of each type of instrumentation which was evaluated are provided
in the following subsectlons Further discussion of. thls instrumentation, pertment to .

“the modeling used in the data analysis, is prov1ded in Section 3.

Pressure Sensors

Three sensors manufactured by Setra (models 270 and 204) were selected by EG&G
and EPRI for pressure measurement. - Two of these gauges were rated for 0-100 psi |
(gauges P101 and P102) and one for 0-50 psi (P103) pressure measurement, with
frequency response quoted to range between 20 and 330 Hz, respectively. Initially, one

of these gauges (P101) was installed in the dewar and two of the gauges were installed

outside of the dewar at the ends of 6.35 mm O.D. thin-wall tubing which extended
into the containment. The latter 1nstallat10n technlque was used to thermally protect
the sensing elements. Followmg failure of the internally mounted sensor (early in the
Hydrogen Behavior Series), all three Setra sensors were mounted outside the dewar
for the Equipment Survival tests in communication with the gas through tubmg wh1ch
ranged in length between ~ 6.0 and 12.0 m [1].

In- addition, Sandia supplied two strain-gage type pressure transducers manufac-

' tured by Precise Sensors, both of which were mounted inside the dewar. The transduc-

ers were of the same design (model 141-3) and both had response characteristics on the

‘order of 1.0 kHz, but with two different sensitivities (0-100 psi (P104) and 0-200 psi

(P105) full-scale ranges) These gauges were des1gned to operate without actlve ‘water
or air cooling. Felt- metal thermal protection was installed in front of each gauge sens-

- ing element to minimize thermal effects on gauge performance Errors were estimated

to be ~ 1.4 kPa (0.2 psi) in reading the pressure and 0.001 mV (out of a full-scale
output of 25 mV) in controllmg and readlng the voltage

2For the Hydrogen Behavior Tests) J. E. S'h'eph':e'rd initially requested a limited quantity of data records
which could be used to compare with the SNLA-provided instrumentatioi results.” For the latter
tests performed in the Hydrogen Behavior Series and ‘for all tests of the Equipment Survival Program,
additional instiumentation records were requested and received. In April 1984, upon initiation of this
data evaluation work, additional data for gas and wall thermocouples and for the EPRI pressure sensors
were requested. These data were not provided, since the data recording system had been previously
dismantled.
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.. Table 2: Evaluated Instrumentation from NTS Tests

" Instrumentation N Source : .. Test Location in Dewar* _
Designation SNLA/EPRI Series' (x,y,z) Figure/Symbol
Pressure Sensors - :

P101° EPRI 2 0,0,21 6/1
P102 EPRI 1&2 -5,-5,0 6/ 2
P103 EPRI 2 -5,-5;20 . 6/ 3
P104 : SNLA - 1&2 -1,-1,26 . 6/4
P105 : SNLA 1 16,0,6 . 6/ 5
' 2 16,0,-20 6/ 6
Gas Temperature (3-mil) -
T101 EPRI 1&2 1,-2,19 7/1
T102 EPRI 2 -1,-1,1 ) 7/ 2

- T105 ’ EPRI 1&2 . --10,-15,19 ' 7/ 3
Gas Temperature (32-mil) : ) S
T114 EPRI - 1 9,0,21 7/ 4
T118 EPRI 1&2 20,0,0 .. 7/5
T151 EPRI 1&2 -5,-5,6 7/ 6
Wall Temperature (32-mil) - oo
T120 - : EPRI 1&2  -2,-3,26 7/ 1

‘T121 , v . EPRI . 1&2 -18.4,1,184 - 7/ 8
Gardon Gauge? '

H105 (R) EPRI S 1&2 1,3,25.5 8/1

- H106 (T/R)$ - EPRI  1&2 037255 - 8/ 2
Schmidt-Boelter Gauge?

H501 (R) v EPRI -2 1,-2.5,2 - 8/3
H502 (T) EPRI 2 1252 8/ 4
H503 (T) . EPRI 2 1,-2.5,2 8/ 5
H504 (T) ’ EPRI 2 14.5,-2.5,2 8/ 6
H505 (R) : EPRI 2 -4.5,-2.5,2 8/ 1
H506 (T) | EPRI - 2 -4.5,-2.5,2 8/ 8
Hs07 (T) . . EPRI 2 -451-252 8/ 9
Thin-film Gauge? S . :
H231 (R) . . SNLA 1&2 2,4,25 8/ 10
H232 (T) . SNLA . 1&2 14,25 8/ 11
Copper Slug Calorimeter? :

H103 (R) 'SNLA 1&2 14,321 8/ 12
H104 (T) SNLA 1&2 14,-4,21 , © 8/ 13
Brass Flat-Plate Gauge? . '

T501, T502, T503 (T) ) SNLA -2 -3,-2.5,2 8/ 14
Aluminum Cube? o

T504, T505, T506 (T) SNLA 2 -3.5,-2.5,2 8/ 15

T Hydrogen Behavior (1) and/or Equipment Survival (2) Test Series .
* Approximate coordinate locations (Figure 5) are given in units of feet. Instrument positions
v are shown in Figures 6-8; numbers after the figure numbers locate the instrumentation
~ * Radiative (R) or Total (T) instrumentation
Gauge H106 was re-configured from a total to a radiative gauge prior to NTSP08
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Elovation View ) . s : Plan View (equator)

-

©105°

‘(’26,0,6)- _

T

Figure 5: Coordinate sy.stem used to define instrumentation locations in the dewar -

Elevation View ' Plan View (equator)

I

1056*

A,

Figure 6: Schemaﬁic of préssure instrumentation locations in the dewar; see "l‘a;b‘lev2 for
identification of specific sensors ‘ ’ '
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F_‘Ianv\'liew {equator)

. . Elevation View

3

A
Figure T Schematlc of thermocoup]e 1nstrumentatlon locatlons in the dewar see Table
2 for 1dent1ﬁcat10n of specific sensors a S - :

Elevalion View Plan View (equator)

" yose

T /////’//’///_

Figure 8: Schernatlc of heat ﬂux mstrumentatlon locatlons in the dewar _see Table 2.

for 1dent1ﬁcat10n of: spec1ﬁc sensors +Filled: symbols are tota] calorlmeters and -open
~ figures are radiative calorimeters. ‘The equipment platform was- actua]ly directly- under
the catwalk but. has’ been moved in plan view to fac111tate Teview of 1nstrumentat10n

placements
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Temperature Measurement Ihst'rume’ntaltio'n

. Chromel-alumel thermocouples obtained from Ornega Engmeermg, Inc., were used * -
to measure gas and wall temperatures in the dewar. Quick-response (quoted at 1 Hz),
3-mil and more durable 32-mil (with much slower response characteristics) grounded
sheathed:thermocouples were used for measuring the gas temperatures. In addition,
32-mil thermocouples were mounted to the dewar walls. ‘

-Gardon and Schmidt-Boelter Therm‘op.i'l_e Gauges

Two Gardon gaug'es', obtained from Medtherm Corporation, were installed near the
top of the dewar and used throughout both test. series. These gauges operate in the
' following manner 8]: heat is absorbed in a thin metallic circular foil and is conducted
radlally to the copper heat sink attached. to the periphery of the foil; the difference
in temperature is taken between the center and edge of the foil and related to the
'heat'transfer_ rate. Initially, one of the gaugesfwas:_conﬁgured as a total gauge and
one as a radiative gauge by inclusion of a sapphire cover.  During the latter part of
the first test series, prior to test NTSPO0S8, the total Gardon gauge was reconfigured
to be a radiative calorimeter. Apparently, air-purge features to limit condensation on
the sapphire cover were not incorporated for the radiative gauges. The two Gardon
gauges were not water-cooled for tests in the Hydrogen Behavior Series; water-cooling
was made available during the Equipment Survival Test Program [9].%

Seven ‘Schmidt-Boelter gauges (five configured as total and two as radratlve gauges)
were used in the Equipment Survival test series. These gauges operate as capacitance
“calorimeters, with heat being absorbed at the front surface and being transferred to a
plane upon which a thermopile is mounted. The measured témperature difference is
then related to the heat flux. The gauges were installed on the equipment platform
mterspersed between the safety- related equipment tested by EPRI/EG&G as shown in
Figure 9. All Schmidt-Boelter gauges were water-cooled, and the radiative gauge sap-
phire covers were also air-purged to reduce condensation. The specific gauge locatlons
on the p]atform as weIl as their onentatlon are’ glven in Table 3

3Several discussions with J. Haugh of EPRI on these matters resulted following initial data processing.
His review of the experimental log books and of photographs taken at various stages of testing were
used to resolve uncertainties about gauge water-coolmg and the other mentioned uncertainties.
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Table 3: Location and Orientation of Schmidt-Boelter Gauges

- Instrumentation . Configuration. Location!  Orientation?

H501
H502
H503
H504
H505
H506
H507

Radiative B Up
Total B Up
Total B Down
Total C Up

Radiative: A Down
Total A Up
Total - A Down

-1 A = A location (above the gas inlet source )
B = B location (near dewar centerline)
C = C location (closest to dewar wall near off-axis rake)

-1 Instrumentation views top (Up) or bottom (Down) of dewar

HYDROGEN / STEAM SOUNCE

bhi

?ff

Figure 9: Schematic of mstrumentatlon

platform

DFF-AX

RAKE | ACCESS. AGCESS - cERTKREAL E;'p
1. LIMITORQUE-NAMCO-ALLEN / BRADLEV 9. VERITRAK DP ROSEMOUNT QP
2. RELIANCE FAN MOTOR > 10. VERITRAK THERMAL MODEL "8. FOXBORO GP
3. "C" HEAT FLUX GAGE 11. °B” HEAT FLUX GAGES 19. VERITRAK AP
4. 'BARTON ODP . 12. WESTINGHOUSE PENETRATION i 20. ROSEMOUNY RTD
8. ASCO SOLENOID VALVE 13. SANDIA FLAT PLATE CALORIMETER 21. MINCO RTD
8. ROSEMOUNT DP 14. SANDIA CUBE CALORIMETER 22. RAF RTD
7. VALCOR SOLENOID VALVE 15. 'A"NEAT FLUX GAGES 23. CONAX PENETRATION
8. FOXBORO DP 168. BARTON GP 24. CONAX RTD (PASSIVE)

- 26. CONAX T/C (PASSIVE)

and equipment placements on the equipment
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- Thin- ﬁlm Gauges

Sandla prov1ded two thln—ﬁlm heat: flux gauges Wthh were lnstalled near the top of
the dewar and which operated durlng all tests in the dewar. The thin-film gauges were
developed by J. E. Shepherd [10] and wére fabncated at SNLA. These types of gauges
had previously been used in combustion work at the Sandia Fully Instrumented Test
Site (FITS) and had been shown to be robust and responsive devices (4.e., fractions
of a millisecond response times) for measuring the highly transient heat transfer rates
assoc1ated with combustion [11]. Each gauge consisted of a 300- Angstrom—thlck plat-
inum re51stance element vapor- deposited on the pol1shed front surface of a synthetic
glass ceramic MACOR substrate ~ 100 mm (4.0 in) in diameter.and ~ 50 mm-(2.0 in)
thick. The front surfaces were covered with a protective coatmg of A1203 and’ then with
a layer of: hlghly absorptlve spectrally flat NEXTEL paint. The MACOR substrate
was mourited in a protectlve stamless steel hous1ng ‘with only the front surface exposed.
One of the thm film gauges was configured as a radiative calorimeter by. 1nclud1ng a
6.35 mm (0.25 1n) thlck sapphlre window over the sensing element and evacuatlng the
space between the cover and MACOR surface. An electrical*heater unit was also pro-
vided for the radlatlve gauge to mamtam the sapphire cover at elevated temperatures
to limit steam condensation’ effects. Figure 10 prov1des post -test photographs of the

total and radiative thin-film gauges after removal from the dewar.

The gauges operated in the following marnner. A constant current of 10 mA was a.p-
plied to the resistance element and the voltage drop across the element was monitofed.
From the voltage drop, the resistance of the sensing element could be determined,
and from previcusly calibrated resmtance—temperature characterlstlc_s, the gauge front
surface temperature.could be determined These calibration data ‘were ‘provided by
Sandia and were included in the data processmg work performed on site using the
NEFF computer system ' ' ”

Copper Slug Calorlmeters

Two capacitance (slug) ca]orlmeters developed by J E Shepherd and fabricated
at Sandia [10,11], were provrded for radiative and total heat flux measurements during

“the two test series. These calorlmeters con51sted of a:35.5 mm (1 4 1n) dlameter copper.

(OFHC) disk mounted on an MACOR 1nsulat1ng substrate ‘Each front surface was

coated with NEXTEL paint, and the sensing element was a- chromel alumel intrinsic -

thermocouple, constructed by brazing the 10-mil thermocouple wires to. the back surface
of the disk. The radiative and total calorimeter disks were 0.5 mm and 1.4 mm (0.019
and 0.056 in) thick, respectively. As with the thin-film radiative gauge, one of the slug
gauges was configured as a radiative calorimeter by including a 6.35 mm (0.25 in) thick
sapphire window over the sensing element and evacuating the space between the cover
and copper surface. This calorimeter also included an electrical heater unit to limit
condensation on the sapphire. The protective housing for the slug calorimeters was

“comparable to that of the thin-film gauges, shown in Figure 10.
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. ) S : A: Front View__l,of Thin—Film Gauges ' - : _
o ' Figﬁfe, 10:: Pdstétést photographs of the thin-film gauges uséd at NTS 7




.“'v"*,'f"f:f.".Brass Flat Plate Galllge |

22 Analyzéd Instrumentatron | SRR L .> o 17

A ﬂat plate calorlmeter comprlsediof.a 0:5 mm (0 020 1n) thlck 0; 15 m(601n) -
square brass plate fastened to a 12.7 mm (0.50 m) thick rigid felt 1nsulat10n was pro-

" vided by the Hydrogen Burn Survival (HBS) Program at Sandia for measurement of .
- A.the total heat flux. This type of calorimeter had previously been used-in equlpment sur-

', ‘v1val studles conducted at FITS [12] and at the Central Receiver Test Facility (CRTF)

at’ Sandra [13] “Three 5- mil’ chromel-alumel thermocouples were, mounted to-the back . "

surface of the brass usmg epoxy The front surface of the calorimeter- was coated with.

v NEXTEL black paint. ‘This.gauge was: installed on the equlpment platform (see Flgure
9) for use durlng the- Equlpment Surv1va] Test series. : S

: V‘_Alummum Cube

The hollow cube calorlmeter provrded by the HBS Program at Sandra to measure o

total ﬂuxes was a 0.1 m (4. 0'in)’ cube fabricated out of 3:2 mm (0.125 in) thick alu-’

' f_"'mmum ‘As with the ﬁat p]ate ¢alorimeter, ‘this type of capacitance calorimeter had -
previously been used in equipment survrval studies conducted at FITS and at the CRTF
“at-Sandia’ [12 13] The exterlor ‘surface was black anodized and three chromel- alumel

thermocouples were epoxred near the centers of three interior surfaces (orlentatlon of

 top  and two 51des when installed in.the dewar). The thermocouple wires were fed . . o

through a 25 mm (1. 0 in) dlameter hole on the NTS-configured downward- facmg sur-

face, whlch was then covered with tape The cube was positioned on the equ1pment'

platform near the center ‘rake above the gas injection source (see Flgure 9) 4
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2 3 Test Procedures

‘Typlcal operatmg procedures for the premlxed combustion tests were as follows

- o The dewar was first preheated (if required) by injection of steam and "by spraying
heated liquid_s into the dewar. All tests occurred at saturated conditions, with
temperatures ranging from ~ 300 K ‘to 360 K. Spray systems and fans were oper-
ated to bring the environment to a quasi-uniform heated state. The environment
‘was monitored using pressure sensors and gas and wall thermocouples. The in- -
“tent was to increase the dewar wall temperatures prior to testing to. minimize -
condensation effects. : :

"o After the Vessel reached the desired preheat conditions, hydrogen and steam mix-

 tures were introduced into the dewar from the mixing chamber. Spray systems

and fans remalned on to mix the gas. Pretest gas sampling from three (of six to-

) tal) points in the dewar was used to verlfy that uniform gas mixing had occurred

prior to mltlatlon of combustlon In a.ddltlon .gas and wall temperatures were
momtored L

o Following quasi-eqiiilibration’of the gas and walls of the dewar, the spray systems
“and fans were turned off (unless the test called for the systems to be operative); a
~ delay {~ 10 minutes) allowed for further equilibration,.and then the desired igni-
‘tion source was initiated.. Combustion normally began some 20-80 seconds later
(time for hot sources to heat—up and ignite the local concentrations of hydrogen).

- o Upon completlon of the test gas samphng was performed to estlmate combustion
.completeness and uniformity. The dewar gas was then purged and replaced with
ambient air in preparation for subsequent testing.’

Note that for some of the lean hydrogen combustion tests, local conditions around
the ignition sources were not immediately conducive for combustion or that combustion
would be limited only to upward propagation.* In these instances, different igniters were
triggered or spray systems and/or fans were operated again to facilitate combustion.

Further, in one of the continuous—injection tests, the initial mixture of hydrogen and

steam could not be ignited. Upon completion of the gas injection, the fans were used to .
mix the gases, resulting in a premixed combustion environment which was then ignited '
(test NTSPOS‘ as designated in this work)." For additional discussion on operating
procedures used in the testing, see Reference [1].

"4Such situations were expected by thevNRC; tests were specified by the NRC during pretest condition

selection meetings to better assess these combustion initiation and completeness uncertainties.
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The data ana1y51s work performed at SNLA was restrlcted to opera.tlng on those
data records which were provided on computer tapes:. As indicated in.the previous .
section, the raw .data recorded for each piece of instrumentation were processed by
EPRI/EG&G into temperature, pressure, and heat flux results some of which’ were
then written onto tapes for SNLA use. These data were processed using pretest se-,

. ries instrumentation calibrations, and do not account for varlatlons which might have

occurred as a result of the instrumentation belng exposed tothe severe environments.
In this work; the results provided by EPRI/EG&G are assumed to be correct, and no
attempt has been made to modify the signals based on post -test cahbratlons or based
on ouf 1nterpretat10ns as to how the mstrumentatmn actually functloned (mstead of
how it was expected to operate) ‘ .

The data analysis activities consrsted of three major parts as descrlbed below:

e Data preprocessing - Taking the ‘data files provided on computer tape, reducing
the number of time-signal pairs to usable quantities by eliminating redundant and
off-scale data and reorganlzlng the" data into forms more compatible for SNLA
analy51s ' :

e Data processmg Smoothing or fitting the data, if necessary, and then operating
on the- data using SMOKE, a sulte of computer codes developed at SNLA.

e Data interpretation — Analyzing the data and results obtained from SMOKE pro-
cessing and comparing results from different ‘tests to determme 1nstrumentat10n
goodness and the apphcablhty of the results '

In this section, the preprocessmg and processmg steps deﬁned above are dlscussed
The results and our assessment of the data are provided in Section 5. Included in this -
section is a description of SMOKE and of the modeling theory used i in the SMOKE data
analyses. These descriptions are intended to be cursory. For additional information,
the reader should consult the SMOKE documentation[14].

3.4 SMOKE Descrlptlon

SMOKE is a suite of computer codes deveIOped at SNLA to expedite the analysis
and interpretation of data from confined premixed combustion experiments. This data
analysis package includes computer codes for organizing the data, processing the data,
and presenting results. It was initially developed for analyses of data from FITS and
VGES to provide estimates of the peak heat fluxes (radiative and total) and cumula-
tive energy depositions from different calorimeters as well as those inferred from the
pressure signals. Modiﬁcatious to the computer codes were performed to generalize the

- algorithm, and-to allow for analyses of the Gardon and S'chmidt-B_oelter gauges, the
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.~ HBS mstrumentatlon ‘and the wal] and gas thermocouple data. In addltlon prepro-

cessing computer codes ‘were modified and created to- organlze the data records into

: SMOKE-compatible formats.
' A schematic of the flow sequence of SMOKE, as utlhzed in the NTS data analyses is -

" given in Figure 11. Discussion of the preprocessing and processing act1v1t1es performed'

in SMOKE are given in the followmg two sections.

Initial Conditions
|and- Combustion

Parameters

Geénerate” Input Data Fxles for e

Instrumentation
and Geometry

Partlcular Test

. | Definition

Process Raw Data. Provided from|
. INTS to Take Form Vecessary for .
. |Data Reduction Using Codes

TRANS8 & ASSEMBLE

, l« ‘

:{Perform Smoothing or Curve'

L Dsmg SMOOTH -

Fitting on Raw Data if Needed

" |mine if Fits Are -

Review Plots from]
SMOOTH to deter-

Reasonable

_‘ N

Perf_orm Data Analysis Using the
Processing Codes: MERGE, ”
PRESS, THIN, SLUG, GARDON,

— Re-apply SMOOTH
or Designate . Data

HBSWAL, arid GASTEMP

¢

THIN and SLUG Using PLOTHC

I Required, Modify
the Data Files and

as. Bad

Cross-Plot Results from m

Review Tabulated.
Summary Results

- |Review Plotted -
Summary. Results

Figure 11: Schematic of SMOKE oé'e‘ration "'

@
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E 3 1. 1 SMOKE Data Preprocessmg

Data preprocessmg in SMOKE was accompllshed in two steps: (1) selectlve culllng

~of the time-data pairs and- subsequent arrangement into formats required: for use in L

_ SMOKE processing computer codes and (2 ) smoothing or fitting of. calorlmetry data to
reduce signal noise and curve fitting of the pressure data to provide smooth 51gnals and -

o ~first derivatives needed for the pressure srgnal processing. In addition, sub51d1ary data
input files containing the precombustlon conditions in the dewar, estlmates of combus- o

tion completeness, and geometry spec1ﬁcatlons were generated during preprocessmg as’
- shown in’ Figure 11. :

The computer tapes prov1ded by EPRI/ EG&G consisted of data records for 6 to -

35 pieces of 1nstrumentatlon dependmg upon: the test. Typrcally, over 2000 time-data

- pairs were provrded per instrument for test: durations ranging between 400 and 1000

“seconds following completlon of combustion - (typlcal sampling rates of 0.04 'seconds o

and greater). Much of the data were redundant or oscillated about some mean value.
. Since much of the data was therefore ummportant for quantifying the postcombustlon

* environment, a data culhng computer code, TRANS8 developed by J. Shepherd was

. ‘utlllzed to select 200-500 trme-data pairs-appropriate for analyses

The TRANSS code operates as follows it reads all the data palrs locates the mini-

. mum and maximum values, and counts and orders the number of different incremental
-values between adjacent data. - TRANSS then selects-a minimum 1ncrement for the

o data, such that less than 500 data’ pairs are available for analysis and writes these
~ data pairs to files. In. addltlon TRANSS provides histograms of the data 1ncremental‘ L

- distributions and plots of the selected data. If the data are found to be too sparse (in '

~~this work, less than. 20 good time-data pairs), then TRANSS. omlts the data file. This
‘latter feature of TRANSS served as the initial assessment of data goodness :

Following the “culling” exercise of TRANSS, the plotted data files were revrewed .

- and obviously “bad” data records were omitted. At this point, data were _]udged bad

only if (1) they were physmally 1ncorrect (t.e., negative temperatures pressures etc: ) RO

or (2) if the data were so moisy or osc1llated so much that future processing ‘would

be rneanmgless Data considered to be good” in this exercise were then ordered into = = -

SMOKE-compatxble formats using the code ASSEMBLE: This operatron comblned the- |
- different data pairs into 12 data files with each file having common time frames (usmgv

linear interpolation). For cases where data were bad, null files were- generated and
“flags” were prov1ded internal to the data sets to prevent further data analysis.

The data files generated by ASSEMBLE Wthh contained gas temperature data or - L
- . Gardon, thm film, and Schmldt Boelter gauge data were then ready for SMOKE pro- . *

- cessing. For all other data sets; additional data preprocessing using the computer code
SMOOTH was available if needed. SMOOTH is an interactive code which operates on.

~ the data using smoothing filters or a rational-function fit. The smoothing filter used in

“this work was a Hanning filter of user-specified width. The rational-function fit allows
the user to specify the orders of the numerator and denominator polynomials compris-

. ing the curve fit. This latter option is particularly useful for obtaining continuous data i}
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~ .and first derxvatlves for the data. Details on the smoothmg options in SMOOTH are
glven in [14]. g

In the NTS data’ analys1s work, all pressure 51gnals were preprocessed using the
rational-function fit, since smooth, continuous first derivatives were needed to esti-
mate the total heat transfer rates following combustion. Only the pressure ‘data for
times after the peak pressure were fit, since pressure signal processing in SMOKE is
only for postcombustion times. The usual rational-function fit used was a third or-
der polynomial for the numerator and a second order polynomial for the denominator.
A comparison of typical pressure data before and after smoothing with the rational-
function fit is given in Figure 12. All other signals which were preprocessed using
- SMOOTH were treated with a Hanning smoothing filter with half-widths ranging be-
" tween 2 and 10 data points. A typical ‘before and after’ data file for a total slug
C‘alorimeter'data set (using a half-width Hanning filter of three) is shown in Figure 13.

3. 1 2 SMOKE Data Processmg

SMOKE data processmg was initiated upon completlon of the smoothmg and curve
fitting operatlons ‘The data processmg was performed using the seven computer codes
listed in Table 4.

Table 4: SMOKE Data"Processing Computer Codes -

- Computer . Instrumenta.tlon Processed
Code ' or Major Purpose ,
- MERGE - Performs AIC calculatlonT and creates
. ‘ files needed by other processing codes
_PRE'SS - Pressure Sensors
- THIN - Radiative and Total Thln—Fllm Gauges
‘ - SLUG - Radiative and Total Slug Calorimeters
GARDON ~© Gardon and Schmidt-Boelter Gauges
HBSWAL . Brass Flat-Plate, Aluminum Cube,
and Wall Thermocouples
GASTEMP 'Gas Thermocouples

1 Adlabatlc Isochorlc Combustlon calculatlon
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- Figure 13: Comparlson of data for total slug ca]onmeter H104 (test NTSP16) before
and after smoothmg using the Hanning ﬁlter optlon
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Brlef descrlptlons of the 1mportant computer codes of SMOKE whlch process the

~ data are given below. In addition, cursory descriptions of the modeling theory and A

of the associated pertinent assumptions 1ncorporated in"these analyses are provided.
“Reference [14] provides additional detalls_on the modehng procedures of SMOKE.

MERGE

MERGE locates the pertlnent precombustlon data, test geometry, and 1nstrumen-
tation data for a given test and orders them into ﬁles compatible for usage by other _
SMOKE computer codes. In addition, an adiabatic isochoric combustion (AIC) cal-
culation is performed in MERGE using the precombustlon data and combustion com-
- pleteness estimates. These results are used in the pressure data processing work and

- provide upperbound gas: pressure, gas: temperature, and energy’ depos1t10n estlmates _
for comparlson w1th the measured and processed data '

: PRESS

_ PRESS processes pressure data for up to three Sensors. Included in PRESS are
. subroutlnes for estlmatlng the gas thermophysmal propertles for computrng gas ab-
‘ sorptances and emittances, and for computmg the vessel wall- temperatures “Hot-wall”
(t.e., no condensatlon) and “cold- wall” (1.e., wall ‘condensation is occurrmg) analys1s-_
; 'optlons are also 1ncluded to account for steam mass transfer effects after completlon of
- combustion. - : ’
PRESS locates the max1mum pressure and computes from the pressure s1gnal an
average gas temperature. “Global” (t.e., average) estimates of the postcombustion
_radiative transfer and total energy.transfer from the gas to the vessel walls are also o
‘obtained from PRESS. The associated average wall heat-up is estimated using the
total heat flux as the heat input and solving the one-dimensional transient conduction
problem for a slab (assummg an msulated back boundary and a constant slab thermal
diffusivity e,). Estimates of combustion duration are also obtamed from the pressure
signal processmg, based on the time from combustion initiation to the peak pressure
and to the time of max1mum total heat transfer from the gas. ,
v *Data processing in PRESS.is based on the following" modeling theory. For a.closed.
. vessel, information- about the global heat transfer rate following combustion can be
" inferred from the pressure—tlme records,’ as first suggested by Means and Ulrich [15]
 The global heat transfer rate is proportlonal to the time derivative of the pressure, and
" the radiative loss rate is related to the absolute pressure (through the temperature) A

schematic of the important steps followed in pressure signal. processing is provided in .

' Frgure 14 for tests in which steam condensation effects are unrmportant For this case, -
the gas concentration is assumed constant and is obtained from an AIC calculation.

The average gas temperature is then calculated. from the pressure using the ideal gas -

equation of state. The_total heat transf_er rate (qT) is the product of the pressure
derivative, the vessel volume-to-area ratio (V/A), the gas specific heat (C,), and the
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The radiative heat transfer (gg) is the difference between the energy emitted from -
the gas and that reabsorbed by the gas from the walls, as given by Eq.(2).

gas constant (R):

gr = 0T} — 0T, ' (2)

‘The dewar walls are assumed to be radlatlvely black surfaces The gas emittance (€5)
and absorptance (e,) are computed using an exponential wide-band (E.W.B. ) model
[16] and depend on the gas composition, gas temperature (and wall temperature for
the absorptance), gas pressure, and a characteristic radxatlng beam length This length
is equal to two-thirds the dewar diameter.

When steam condensation effects are negligible, the difference between the total
and radiative heat transfer is the convective heat transfer rate. The analysis is more
“complicated when condensation occurs on ‘the" vessel walls during a test. Specifically,
the time rate of change of the mass of the steam must be included in the derivative of
the state equation and the total heat transfer rate. Since the steam concentration is not
measured during testing, _the condensation rate must be mferred from the pressure using
the extended Chilton-Colburn analogy [17] to relate the mass transfer and convective
heat transfer coefficients. This analysis is based on the classic film analysis of diffusion
and accounts for the thermal interaction of the mass flux with the diffusive heat flux.
Since the state, conservation, and rate equations are coupled, they must be solved
simultaneously. Note that the analogy assumes saturation conditions; when the wall is
superheated relative to the gas, the previously described “hot-wall” model is utilized.
A more detailed description of this procedure is given in [14].

PRESS was not modiﬁed-‘for the NTS analyses to account for water spray evap-
oration, and hence, heat transfer results are not provided for the tests with sprays
operative. Similarly, estimates of the gas and wall average temperatures during the
postcombustion cool-down are omitted since these results would be obtained from an
analysis which couples the heat and mass transfer energy exchanges.

THIN

THIN operates' on the data obtained from the total and radiative thin-film gauges.
" The thin-film gauges are modeled as one-dimensional devices, with temperature varia-
tions perpendicular to the gauge front surfaces. The platinum temperature is assumed
. equal to that of the front suriace of the MACOR. This insulating substrate is large
enough that it allows the calorimeter to be modeled as a semi-infinite medium for the
‘times associated with combustion and with the early gas cooling (typically 20-100s).
Using the thermal properties of the MACOR and the front-surface temperatures, the
surface heat flux is calculated from the numerical solution to-the conduction problem
in a one-dimensional semi-infinite slab [14]. It is also assumed that the MACOR is
““cold” (relative'to thé combustion gases) during testing so that radiation heat losses
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from the blackened gauges are negligible. Therefore, energy deposition results can be
" obtained for the thin-film gauges by integration of the heat fluxes.

) When the thin-film gauge is ‘configured as'a radla.tlve calorlmeter, additional pro-
cessing is required to account for the sapphire cover. A significant fraction of the
radiation from the steam component of the combustion products occurs in the 6.3 um
vibrational band and the rotational band for gas temperatures less than 1000 K [16].
Since the sapphire is nearly opaque for wavelengths greater than 6. 0 pm, the fraction
of radiative heat flux atténuated by the cover must be accounted for. This absorbed
fraction is computed in PRESS using the E.W.B. model [16] and can vary between
0.30 and 0.90 during gas cool-down. The correction factor F, is applied according to
Eq.(3 ) where gr and gryy are the corfected radiative flux and the radiative flux com-
puted without accounting for the cover, respectlvely, and 7. is the effective sapphlre
transmittance for wavelengths less than»(_i 0 um (7. = 0.80).

qrU ‘ »
drR = —=—Fv . 3

. . Tc(l - Fc) e .o } ( )
Note that the sapphxre transmittance depends upon the cover cleanhness and probably
varled durmg a test series. '

SLUG

The computer code SLUG operates on the data obtained from the total and radiative
copper slug calorimeters. The copper slug calorimeters are modeled as one-dimensional
devices, with temperature variations perpendicular to the gauge front surfaces. The
thermal model consists of the copper slug with an insulating air gap of 256 mm (1.0 in)
and a MACOR backing material 51 mm (2.0 in) thick. The back surface of the MACOR
is. assumed to. be adiabatic. - Back surface thermocouple data from the copper are
used ‘in the finite-difference. i inverse thermal conduction computer code SODDIT [18],
~ which has been included in SLUG as a subroutine package. From these analyses, front
surface temperatures and absorbed fluxes are computed. When the slug calorimeter
is configured as a radiative gauge, the sapphire cover effects are accounted for in the
same manner as described above for thin-film data processing.

The slug calorimeters operate as one-dimensional devices for only the early part of
a test. Further, these gauges tend to heat-up r‘apidly leading to significant radiative
and convective heat losses. Thus, energy deposition results from the slug calorimeters
are typically very low and, although computed by SLUG, will not be provided in this
work.’
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" HBSWAL

~The computer code HBSWAL developed for the NTS data analysis, processes data - B

from the HBS flat-plate and hollow-cube calorimeters and from the wall thermocouples.
-HBSWAL models each of these instruments as a one—dlmensmnal slab and uses SODDIT
to estimate the surface total heat fluxes from the thermocouple data.

The ﬂat-plate calorimeter is modeled as a composite of 0.5 mm (20 mil) of brass
with an insulating felt backing 3.2 mm (0.125 in) thick (actual thickness of felt is 12.7
mm). The back of the 3.2 mm insulating layer is assumed to be perfectly adiabatic.
The aluminum cube is configured as a composite of aluminum and an insulating layer
of air 38 mm (1.5 in) thick.® As indicated in Section 2, thermocouple data are measured
at the interior surfaces of the alummum and brass and are used in solving the inverse
conduction problem for each calorimeter. Measurements from each thermocouple are.
analyzed individually, instead of using a single average temperature. Note that in this

~work, all thermocouple mounts are assumed to be perfect (i.e., the epoxy used for
fastening does not alter the thermocouple response for the calorimeter).

HBSWAL also processes the wall thermocouple data, assuming that the dewar wall
acts a calorimeter with heat flow perpendicular to the surface The stainless-steel back

- surface is modeled as adiabatic, and the front surface temperature is measured. A
numerical direct conduction calculation is performed to obtaln the net surface heat
flux into the dewar.

As with the slug calorimeters, the instruments modeled in HBSWAL heat—up sig~
nificantly during postcombustlon times, and thus heat losses from the front surfaces
become important. The energy deposition results obtained from the integration of
the total surface fluxes are low as a result, and do not accurately reflect the actual
gas-cooling phenomena. The heat flux data obtained from processing the cube and-
flat-plate calorimeters and the wall thermocouples are assumed to be accurate only for
the very early times of the tests (through and beyond times of combustlon)

GASTEMP

Program GASTEMP processes the gas thermocouple data to locate the maximum
temperature and to determine the time from combustion initiation to the time of peak
temperature. The latter quantity can be regarded as a measure of the local combus-
tion duration. In addition, GASTEMP determines the time (Atr, ) at which the gas
temperature is greater than the average of the initial and peak temperatures (referred

“to as Tl/z). This time, and the associated temperature T7/,, provide a meas,ure of the
severity of the thermal environment.

[

°1t is assumed that gas fiow into the cube through the instrumentation feed-through is negligible and -
that all surfaces heat-up uniformly, thus avoiding significant internal natural convection effects.
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GARDON ) |
+ Program GARDON was developed specifically for the NTS work to process the -
EPRI/EG&G-provided Gardon and Schmidt-Boelter gauges to obtain peak heat flux
and energy depositions. The peak heat fluxes are taken directly from the data records.
The energy deposition results are obtained from Eq:(4); where g is the provided heat
flux data and g5, is a baseline flux estimated from the late-time gauge response (see .-

Figure 15).
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Figure 15: Typical heat flux record for Schmidt-Boelter gauge H503 (test NTSP16)
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At times 100-300 seconds after completion of combustion, depending on the par-
ticular test, the gas pressure and gas temperature are essentially constant, suggesting
that the cooling process is nearly completed. The Gardon and Schmidt-Boelter gauges
still typically measure a fixed heat flux associated with the difference between the
cooler sensing location and the surface. This baseline flux probably varies during test-
ing; however, since temperature data are not available at the sensing location for this .
determination, it has been assumed that the baseline value is constant.

‘ It should be noted that the radiative and total gauge signals are processed identically
in GARDON. The radiative results provided by EPRI/EG&G supposedly accounted
for the sapphire cover through the calibration factors. In reviewing the manner in which
Medtherm calibrated the radiative gauges, we believe that the resulting radiative data
are in error. The Medtherm calibration procedure [19] uses a blackbody source which is
not representative of the steam-radiating spectrum. A significant fraction of the steam
radiation is from radiating bands for which the sapphire cover is nearly opaque as
was described previously. To correctly quantify the radiative calorimeter response, one

“would need to use calibration data for the gauge response without the cover, and then
correct for the attenuation effects using Eq.(3). Unfortunately, there are no calibration

- factors for the gauges configured without the sapphire covers. Further, the pre- and

post-test calibration data for the radiative gauges varied so significantly (as great as

50% differences) [1], that recalibration of the gauges without the cover would not help

significantly. Thus, although the radiative Gardon and Schmidt-Boelter gauges were

processed by SMOKE, there will be no presentation of these results.
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The EPRI/ EG&G P remrxed Combustlon test pr Ogram consxsted of twenty-four testsff,",_"

using various mixtures of hydrogen (5 to 13%: by volume) and steam (4. t0-40% ): Dataf ‘

- were' prov1ded to SNLA- for twenty-one of these tests. In two of the tests for. ‘which no -

- data were received; there ‘was eitherno combustlon or the combustlon completeness was
.50 low that the tests were repeated with” sprays / fans operatlve to affect more complete
burning. For the third ‘test for which rio -data:were- provrded the data acqu151t10n .
system was inoperative neceSSJtatlng a repeat’ experlment 8 by e L
_ Nommal precombustlon ‘data’ (z €., “initial condltlon_ ‘and. combustlon parameters'
(e g5 combustron completeness) for the. twenty -one tests are prov1ded_ in Tab" “5 and
-6y reSpectlvely The tests from the two series have ‘been grouped ,.:for presentatlon 1n g

- 1ncreasmg severlty (z e., mcreasmg hydrogen concentratlon) accordmg to the followmg "" B

‘e Tests wrth sprays operatlve are grouped together regardless of other precombus-;
“'tion condltlons (des1gnated a's ‘Tests with- Spray System Operatlve ) -

: o'”Tests in which the dewar was heated to allow for gas- mlxtures w1th steam con-
-centrations. greater than 10% (by volume) are grouped together (desrgnated as
».:="Steam—Laden Tests ) . I = — :

..\.0.“1"Tests in Wthh the dewar was malntalned at amblent condrtlons SO that the steam o

concentration was. nommally 5% (by volume) are grouped together (demgnatedi j_
‘ as ‘Standard Tests’ ) , :

I these tables the tests are desrgnated as" ‘NTS -YP' - xx’, with the* 4" spec1fymg‘ .
- that the test. was a premrxed combustxon experlment and with-‘xx” conformmg to the N

B . 1EPRI /EG&G numbering system.”: “The dates prov1ded for each test refer to dates glven- -

with the data: records, and ‘may not be: the actual test date e v
‘Initial condltxons and’ combustlon parameters ‘were provrded by L Thompson of
EPRI [20]. A description of the manper in ‘which the combustion’ completeness was

computed from gas sarnple results is glven in Reference [] These data ‘were assumed_.: RS
to be correct: and were used as prov1ded unléss it was found durmg SMOKE processrng_l? S
that the measured peak pressure was greater than the peak pressure: obtalned from}’ RPN
~an adiabatic Jsochorrc combustlon (AIC) calculation. In these 51tuat10ns the 1n1t1al'-f‘-'_""\",
hydrogen concentratlon, the steam concentration, and/or the combustlon complete- J

- ness must be in error, since the: AIC values are theoretncal max;mums obtamed by

" 6Nominal precombustlon condrtrons for test NTSPO6 were 1dent1cal to a test i whlch there wasmo - -
combustion except that the fans were operative. Nommal precombustron conditions for test NTSP18 .

‘weré identical to a test'in which the combustion completeness was 8% except that sprays were operatlve B
Test NTSP13 was equlvalent to a test performed w1th0ut the data acqulsltlon system operatlve :

E »-'7EPRI/EG&G desrgnated duphcate tests (z e., tests thh the sam" “'mtxal condrtlons) in a’given series
" with a prime:- The prime ‘notation is omltted in" this work and the only repeated test, desrgnated as’
P9’ by EPRI is referred to as NTSPQP Dol -
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.neglectmg heat losses durlng combustlon The combustlon completeness was modlﬁed”(
in these cases as mdlcated in Table 6 so that the AIC peak pressure would be greater -

- (arbltrarlly between 10~15‘7 greater) than the ‘measured values.® Figure 16 shows the
* - combustion completeness data for the twenty-one tests plotted against initial hydrogen

 concentration.’ Note also that suspended liquid volume percentage data, used in the . "

“AIC calculations when the spray system was operative, are provided in Table 6. These
values were comp'u”ted assuming that the spray—droplet fall distance was 10 m, that the
droplet residence time in the dewar was known:(based on terminal velocity estimates for-
the spray droplets) ‘and that each Sprayco-1713A nozzle provided 3.4 m3/hr (15 gpm)
water flow. Seventeen nozz]es were assumed to be ~operative for. all sprays operatlve
tests except for test NTSPO2 in Wthh surteen nozzles were' used '

| [ ] Standard Tests E = :
- (@ Steam-Laden Tests
00 - @ Tests wnth Spray Systems
- Operatlve
B ’ B

o %

5 60 F .
-8
Q

3 8 ok li

HYDROGEN CONCENTRATION (7)

F 1gure 16: Combusuon completeness for NTS premlxed combustlon tests .

- BDiscrepancies between the. measures maximum pressures and the AIC pressures were noted for three
" tests (see Table 6) of the Hydrogen Behavior Series. . These lean combustion tests were. performed

" _early in'the test program during which testing procedures were still being checked out. ‘Measurement of

precombastion conditions and gas samplmg procedures were 1mproved durmg later testmg, 0 that even

for lean combustxon tests compansons of the AIC and measured peak pressures were more con51stent o

9Flgure 16 would be qmte dlfferent if- top 1gmt10n tests NTSP06 (no fans) and NTSPIS (no. sprays) were L
f mcluded These data have been omltted smce no other data from these tests were evaluated .




Table 5 Imtlal Condltlons for Premlxed Combustlon Tests

, Test T Test - Test ._ R n . H2 in
- Deésignation - - ~Date - .Seri'esT . Py . To - Hy ‘HyO  Dry All‘ SR
e L s - kPa KT % % %

' Standard Tests
.~ NTSPO1 04 AUG 83
© 'NTSP9P 01 DEC 83
' 'NTSP09 : .10 NOV 83
NTSP00 - 23-JUL-83
.NTSP04 09°AUG"83
'NTSP13 19 DEC 83
’ _NTSP15 22 DEC@83‘-{77 ’

97.4 3027 53 4.2
. 89.6 3027 6.0 (4.6
©-916 301.8° 6.1 427 6.
. 91.6 3030 "66 4.5 ..
7974 73052 7.7 . 4.8 0
974 3039 78 . 44 .
109.3 3034799 .42 -

O IS e f

Steam-Laden Tests .
“NTSP07 29 AUG 83
'NTSP03 10 AUG 83
 NTSP06 17 AUG 83
"NTSP12 17 NOV 83
 NTSP14 ~ 06 DEC 83 .
“NTSP05 '~ 18 AUG83
NTSP16 . 20 DEC 83
- NTSP08 . 12.SEP 83
NTSP20 - 12'JAN 84

93.5 © 3252. 55 143 - 64
95.4 - 3257 5.8 144 10
876 3230 6.0 13.7 - 70
926 339.7 6.9 283 .96 .

935 347.1 8.1 387 132

- 876 3408 7.8 31.3 114
101.3°°342.7 101 295" 14.3
130.6 . 348.0 '11.1 27.2° = <15.2-
104‘.2 3420 129 278 179"

. Tests with’ Spray System Operatlve o A
- NTSP22  25JAN84. - 2 935 3255 52 145 . 61
NTSP11  15NOV 83 ~ 2.0 935 3046 58 49 . 6.1°

. NTSP02. 12°AUG'83°"- 1 '~ 886 3241 58 168 - 70 "~
" NTSP18 - (09.JAN 84 1052 3422 6.6 273 . 91
'NTSP21 . -23 JAN 84. 102.3 341.3’, 13.2 _,27.’4 18.2

mtc_:»-ib?

f Tests from series 1 (1) are.part of Hydrogen Behav1or Tests from series 2 -
(2) are part of Equxpment Survwal S :
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“Table 6: Combustion Parameters for Premixed Tests

Test Test Test Ignition Mixing = - Combustion. Suspehded

Désignation Date Series! Location? Fans Completeness® Liquid Volume

(On/Of) % _ %

Standard Tests

NTSPO1 04 AUG 83 1 B Off - 32./32. .0000
NTSP9P 01 DEC 83 2 B Off 53./53. .0000°
NTSP09. 10NOV 83 2. B - Off 60./60. .0000
NTSPOO - 23JUL83 1° B Off 66./66. - <0000
NTSP0O4 09 AUG 83 - 1 B - Off 100./100. ~.0000
NTSP13 . 19DEC83 = 2 - B Off 100./100. .0000
NTSP15 22 DEC 83 2 B Of = 100./100. ~.0000
Steam-Laden Tests : : v '
NTSP07 29 AUG 83° 1 2E On - 45./37. - .-.0000
NTSP03 10 AUG 83 1 C On 1 50:/44. .0000
NTSP0O6 17 AUG 83 1 T On - 54./54. . .0000
NTSP12 17 NOV 83 2 B Off © 58./58. .0000
NTSP14 06 DEC 83 2 B Off 94./94. .0000
NTSP05 18 AUG 83 1 B Of  100./100. - = .0000
NTSP16 20 DEC 83 2 B Off " 100./100. .0000
NTSP08 12 SEP 83 1 B On 100./100. .~ .0000
NTSP20 12 JAN 84 2 B . Off: 100./100. ..0000
Tests with Spray System Operatlve _ S .
NTSP22 25 JAN 84 - 2 1IE Off - : 31./31. 0011
NTSP11 15 NOV 83 - 2 T - Off © - 58/58.- . ".0011
NTSP02 12 AUG 83 1 C off 70./43. .0010
NTSP18 09 JAN 84 2 T Off 69./69. - .0011
'NTSP21 23 JAN 84 2 B On - 100./100. ~ ~  .0011

I Tests from series 1 (1) are part of Hydrogen Behavior; Tests from series 2
.(2) are part of Equipment Survival ' )
* Ignition at Bottom (B), Center (C), Top (T), or by 1 or 2 Igniters on the Wall
. at the Equator (1E, 2E)
* Combustion completeness (CC) values used in Sandia data ana1y51s /Values
prov1ded by EPRI
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‘5 Results:

In this section, summary results from the diﬁerent instrumentation are provided

" for the twenty-one premixéd combustion tests. As a part of this effort, the different
‘instrument performances are assessed, and results from instrumentation whlch operated

- effectively are compared. Although representatxve results are given in this sectlon the
majority of the results are given in three appendices. These appendices are orgamzed

~ as follows: ; a

o . Appendix A — Summary Tabular Results -
e -.Appe_ndix__’B - Compara_tiv_e Graphical Pres‘ent_ation of :'Re'su_lts_,-
e Appendix C — Graphical Results for Individual Tests

Appendices A and B provide comparative tabular and graphical results for the different -
‘tests, respectively, while Appendix C provides comparative graphical results for each -
" test from different instruments operating in that test. Appendix C is intended to
" provide the important temperature, pressure, and heat transfer characterlstlcs needed
for studymg the different tests 1nd1v1dually

5.1 Assessment of Instrumentatlon Performance

. Evaluation of the 1nstrumentat10n performance was a two step process as 1nd1cated
‘:r-prev1ously in Section 3. The data records. were 1n1t1ally evaluated during the SMOKE -
preprocessmg work to- ehmlnate data that were overly “noisy” and / or which were phys- -
. ically 1ncorrect (1. e.; , negative temperatures, pressures etC) The second: assessment
- of the. 1nstrumentat10n was performed following SMOKE processmg, when the results

~ “from different instrumentation were compared (1) for the partlcu]ar test and (2) with

- results from other similar tests. This latter .assessment was. contmuously reviewed and -
‘ updated as information about the 1nstrumentatnon became available.l® The followmg 3
- instrumentation assessment represents our best estimates for the quahty and usefulness _ ‘

of the results obtained.from this work. : . _
Instrumentation performance for tests of the Hydrogen Behav1or Senes is ngen in

' “Appendix A in Table A.1 and for tests of the Equlpment Survival Series in: Tables-A. 2.
“and A.3.1 The tests are arranged in the order in which théy were perforrned so that _
"""trends assoc1ated w1th mstrumentatlon operablhty can be seen more easﬂy It should .

k 10Important‘, background mformatlon needed for the 1nstrumentatlon assessment was prov1ded by J Haugh
‘of EPRI, R: Torok of Astron- and- J. Shepherd of SNLA who were’ “involved with the instrimentation -

_procurement and installation. Frequent discussions with these individuals led to explanatlons as to .-
how and why instrumentation failed. Additionally, visual and' “hands-on” inspection of the SNLA L

.Instrumentation following completion of testing prov1ded supportlng ev1dence as to the. causes for -~
. instrumentation deterioration and/or fallure ‘ T

"1l Tables and ﬁgures start from unity in each of the appendlces A letter prefix is used to specxfy the
appendlx where the ﬁgure or table'is located (e.g:, Table A:3 or Fxgure B: 6) o
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also be noted that test severlty generally 1ncreased with each test. Instrumentation

_ status for each test is classified as “good”, “marginal”, or “bad”.!> “Good” instru-

" mentation provrdes believable signals which are consistent with other sensors and with
‘data from other tests. “Good” implies that (1) the instrument signal -quality- is be--

" lievable and- (2) that results obtained from signal processing are reasonable. Results o
for, “bad” instrumentation have poor signal quality; signals and inferred results from -
“bad”.records are not provided. “Marginal” suggests that the instrument signal is gen-
erally reasonable, although. it may deviate fro‘_m' other data. Similarly, an instrument
response is termed “marginal” if results obtained from signal processing deviate from
expected trends or from results obtained from other sensors. Results from SMOKE ..

. processing are given for. margmal” instrumentation to provrde a sufficient data base;
caution should be exerc1sed when using these results. Examples of marglnal pressure
srgnals from sensor P102 are given in Figure 17. 13 Results inferred from these data are
'used since no other pressure data were available from these tests. '

‘Summary descriptions of the 1nstrumentatron operablllty/ usefulness are prov1ded
L in. the followmg sectlons : : '

“Pressure Sensors

At least one pressure sensor was available for analysis for each of the twenty-one
A tests. For the early tests of the- Hydrogen Behavior Series, only Sandia-provided pres- -
"~ sure sensor data are avallable Sensor P104 located at the top of the dewar failed
early in testing prior to the third premixed experiment; data from P105 appears to .
-be . accurate through test NTSP08 Following" completlon of this series, the Sandia
_ pressure Sensors were: replaced and more thermally massive housings" (w1th internal
water cooling) were provrded to- shleld these sensors for the Equipment Survrval Tests.
- Nonetheless, both SNLA pressure sensors failed for all tests of the second test series. '
~ Failure has been attrlbuted to either: fallures in the electrlcal connectlons and/or to
: dlaphragm overheatmg ' SR '
‘The Setra pressure Sensors appear to have operated effectlvely for tests in: the Equrp- - e
ment Survival Series. Water vaporrzat1on in the coollng lines for P102 appears. to have S _-."f_: g
-been the only major problem encountered in operatrng these SEnsors, and once cor-’ F

12The mstrumentatlon status for radlatlve calorlmeters H105, H106 H501 and H505 are based only on” ' - o
the data srgnal trace. Given the cahbratron problems descrlbed in Sectlon 3, SMOKE—processed results. L ‘
wrll not be provrded for these 1nstruments

1874 55 belleved that there was water in the pressure lines for these tests When combustlon occurred the '

. associated heat- up led to water vaporization which led to. erroneous 51gnals near the’ pressure : peaks _—
This; problem was uncovered “after test NTSP16 and the water in the lines was purged: there after.
Note also that the P102. pressure srgnals were modified prior. to. smoothmg (see’ Flgure 14) to be more . .
consistent w1th the signals. recorded (but not provrded) for P101 and P103. - L

14The SNLA pressure transducers were! posrtloned at the top of the dewar (P104) and in the lower part of

 the dewar (P105) for the' Equlpment Survival Tests (see Flgure 6). P105 had prev1ously been positioned . -

- in the upper. part of the dewar on'the off—ax15 rake for the Hydrogen Behav1or Tests, and had functloned '
_for- 7 of the’ 8 premrxed tests of that series: » : -
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; -‘_rected the three gauge s1gnals were nearly corncrdent (e g ., see Pressure traces of tests

"_‘.NTSPZO and- NTSP21 in Appendlx C). Data’ for these gauges, provrded in the EPRI}“’"‘
o 'data books [21] or tests of the Hydrogen Behavxor Series, ‘also appear to be consxstent _
although the 1n1t1ally unprotected- gauge P102 did fail durlng testmg Afterward, this

gauge was posrtloned outside the dewar ‘and attached to the end of a tube extendmg‘_'

- into the dewar as descrlbed in Sectron 2.

o " There i is. some uncertalnty as to which type of gauge functroned better (z €., with
better accuracy) Although the data are sparce,. comparlsons of the performances of
"P105 and the Setra ‘transducers are avallable for’ test: NTSP05 and for comparable

tests NTSP04 and NTSP13 As seen in Flgure 18, the P105 pressure signals. decay.
- more rapldly than do the Setra sensor srgnals Thrs suggests ( ) that the thermal input . -
is affecting the SNLA sensor; or (2 ) that the pressure response of the’ Setra sensors is.. - -

) ': ?,delayed by the long lengths of: tublng between the gauge and .dewar gas. Srnce there‘_:‘.,'
.- are no addltlonal data for comparison to resolve thls uncertalnty, the results obtained
_from both.types of gauges ‘have been accepted as- correct ‘without further mod1ﬁcat1on
. 'to the’ s1gnals Note that the pressure-mferred total heat . ﬂu‘es for times followmg'
- combustion would tend to be hlgher for P105 than' for' P101 P102 and P103 since the ::

o f .-heat transfer rate is- related to the pressure gradrent

4

) s e s T 207 o *25‘ 30 B
'IM-I AFTER START OF COMBUSTION ( s)

F igure’ 17 “Margmal pressure sngnals for sensor P102 Values in parentheses are the
precombustron hydrogen concentratlon / stearn concentratron ) e
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| : Flgure 18: Comparatlve pressure sensor responses for Sandla (P105) and EPRI (PlOl
P102 P103) gauges o LT P
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Gas Ther.rnocouples A

The gas thermocouples appear to have operated well for most of the tests in the
Equipment Survival Test Series. Gas thermocouple data were provided only for two
tests, NTSP05 and NTSPO08, of the Hydrogen Behavior Tests; for these tests the ther-
" mocouples also appear to have functioned. Most of the thermocouples installed directly
“above the gas injection source for the Equipment Survival Tests, including T151, failed

during the continuous-injection experiments which were performed near the end of test-
"ing. In general, the 3-mil gas thermocouples compared well during and after combus-
tion. The 32-mil gas thermocouples also functioned, providing late-time postcombus-
tion gas temperatures which were comparable with 3-mil thermocouple measurements. '

Wall Thermocouples

Data for two wall thermocouples were available for 11 tests in the Eqmpment Sur-
~ vival Test' Series and for 2 tests in the Hydrogen Behavior: Series. Although the two

hermocouples were both installed near the top of the dewa,r,_ their responses were usu-"
ally quite different: Typical responses for these instruments are shown in Figure 19 for

test NTSP16. T120 increased in temperature more rapidly during combustion, and also

_ typically measuréd lower temperatures than T121. The peak heat fluxes inferred from

- T121 were generally lower than for T120, occurring at times 20-40 s after the times of

- peak pressure. Causes for these discrepancies are unresolved, and it must be assumed

that (1) the thermocouples were mounted to the walls differently or (2) different local

heat sinks serlously altered the thermocouple responses. In general, results from T120 .
are assumed to be more representative of the wall response, based on global estlmates ‘
of the wall response computed from the pressure signals.

'Thvin-ﬁlm Gauge's A : B '
The" total thm film gauge provrded good” results for 3 of the Hydrogen Behavror

o Tests and for all 12 of the Eqmpment Survival Tests. Failures during the first test series _
are attrlbuted to problems with the. electrical connectlons to the gauge. The radiative *
“thin-film gauge . yi€lded . good” results for: only one test NTSP04. Problems were -

encountered throughout testing: (1) in malntamlng ‘the vacuum between the: sapph1re
-and the MACOR and*(2) in heating. the gauge:to limit- condensatlon effects: Radiative -
~ thin-f ﬁlm 51gnals ‘were recorded for nearly all tests data processing. indicated that the .

~ gauge was not. operating as intended. Post- test 1nSpect10n of the'gauges: mdlcate that it

the electrical connection’ and heater problems had been resolved during testing, good”

. radlatlve and total heat transfer data would have been obtained for-all tests since the
-w gauge sensmg elements and. the MACOR were undamaged ‘
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Figure 19: Comparative wall thermocouple response for test NTSP16

In general, the total thin-film gauge functioned as expected for the Equipment
Survival tests. It measured peak heat fluxes consistent with the other calorimetry.
However, the sampling rates at NTS were probably not sufficient for the thin-film gauge
for tests where the initial hydrogen concentration was > 8%; peak heat fluxes for these
tests probably were not recorded (i.e., heat flux estimates from the thin-film gauge
for the most severe premixed combustion tests are low). The true (actual) maximum
heat fluxes were not recorded due to undersampling. Note again that these data were
probably recorded by the NEFF data acquisition system [1], but that we had requested
only those data recorded at the slower sampling rate. In addition, the thin-film gauge
underpredicted the total energy deposition. The data processing model (semi-infinite
solid, thermal conduction model with constant properties) was not appropriate for
late times > 100 seconds after combustion. Further, the surface heat losses were not
accounted for in the analyses. This omission was particularly important for the more
severe tests since the gauge surface temperature increased significantly (see Figure 20).



) Tserles and prov1ded good” or margrnal” results for all’ tests Results were judged

' “-"slug temperatures were not contlnuous smce such srgnals werer drfﬁcult to process;'

NTSP16) were: processed anomolous heat ﬂux results followmg completlon of combus-"
- 'tlon were computed (see Frgure 22) Note that the slug temperatures became greater o
. than the surrounding gas ; after combustion; and consequently, the direction of heat, flow. T

s ,sxgnals may well have been the. result-of local local ﬂuctuatlons -in the. env1ronment around theisensor.

ey 51ASS€SSmentof InStrument'ation:Performan:_ce S S A1 -

~ - 12F - =4t
N
S
-
o i -i‘. IRECN I
: 4 - 6 . -8 '100»-;

TIME AFTER START OF COMBUSTION ( S)

F1gure 20:; Total thm-ﬁlm temperature rise hlstorles durlng dlfferent tests. Values in
:f{'iv_parentheses are the precombustlon hydrogen concentratlon / steam concentratlon L

_I«;'Copper Slug Calorlmeters . _ , _ R :
| _The SNLA: total slug calorlmeter (H104) was 1ncluded in’ the dewar for both test-j L

“to be margrnal” for cases where the sxgnal was overly n01sy or. where the measured o

-and’ since’ the- results were dlfﬁcult to assess 15 As an example, ‘Flgure 21 provrdes

- typical’ “margrnal” (A) and. “'_ood” (B) H104 temperature histories-for tests NTSP]S_;’}V"..‘-'
and NTSP16 respectrvely.r 'hen. the data for- tests with- “margmal” traces (e g “test

reversed Because of these correspondmgly negatlve ﬁuxes seen in‘ Frgure 22 the slug o
gauge conﬁguratlon could not be used to calculate energy deposmon '

- 1"We belleve that the total slug gauge functxoned for all tests, and that the strange varlatlom in the__ S

. Unfortunately, there were no other sensors-in .the v1c1n1ty of the slug calorrmeter (see Figure 8) to e
. verlfy/dlspute thls conJecture In. addltlon srgnals such as are’ shown in- Frgure 15 A had not been, :
-recorded in prror FITS testmg [10] ‘ - ~
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Figure 21: Measured temperatures for shig-calor_iméter H104 for tests NTSP15 (A) and
NTSP16 (B) : ‘
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Flgure 22: Computed surface heat fluxes for slug calorlmeter H104 for tests NTSP15
(A) and NTSP16 (B) =
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The radlatlve s]ug "’meter (H103) 51gnals appeared to be good” prior to pro-
- cessing; after- SMOKE processmg, most H103 srgnals were Judged to be “bad”. This
is believed to be due to the’ followmg problems ‘As’ w1th the radlatlve thin-film gauge,
~ the heater unit for the: slug calor1meter was, 1noperat1ve for nearly all tests In addition,
_the vacuum was’ not maintained between the sapph1re and- MACOR and further, the
sapphire surface was heav1ly coated wrth contamlnants by the conclusmn of testing. In
general, the varlatlon in cover optlcal propertles, as well as. the problems associated
with condensatlon, precluded obtalmng radlatrve results for all but one (NTSPO4) of
the tests ' : : : o -

'Brass Flat Plate Calorlmeter

_ The flat-plate calorlmeter data were. mconSIStent all results 1nferred from thrs_
‘calorimeter were. Judged to be’ “bad”: Post-test lnspectlon of this gauge revealed that
the brass plate had’ separated from the - 1nsulatlon ‘The - thermocouples were visible
. from the side and: therefore were ‘also in direct communication with the hot combustion
gas. This conﬁrmed susplclons about the gauge operablllty which arose during the
interpretation of SMOKE- processed results. F1gure 23 prov1des a view of the darnager

incurred by the ﬂat—plate gauge; this photograph was taken after completlon of testing.

“ Aluminum Cube Calorimeter

] The alumlnum cube functloned for most of the tests of the Equlpment Survival -
~ .Series. Thermocouples were mounted -to the top (T505) and two-of the side (T504
T506).interior surfaces. The top and the side thermocouples T504.and T505 yielded
consistent temperature profiles, although the ‘thermocouple attached to the top surface
tended to lag and be slightly cooler than the side thermocouple. Much lower temper--
atures were measured from thermocouple T506 for all tests. The post-test inspection
showed that this thermocouple had become unfastened from the cube interior surface
anid was measuring the - mternal gas temperature near the wall. Typical temperature
‘proﬁles for the three ‘cube thermocouples are shown in Flgure 24 for test NTSP16.
Results from processing the good thermocouple data were generally consistent with
other calorimetry for the lean. combustion tests. However, peak heat flux results from -
T505 were typically less than results from T504. It is thought - that a ‘water layer
was. deposited on the cube top surface prior to combustron (from the sprays used in
- preconditioning: the gas), and that the water served as an insulating layer during the
_ early times of a test. Post-test inspection of the cube also showed that the black
" anodized surface had deteriorated (in fact, it was almost completely removed). It is

" postulated that the computed peak heat fluxes for the later tests are low, since the

 surface deterioration probably occurred. as the thermal environment severity increased
and as a result of the wetting of the surfaces before testing. -This type of surface
'deterloratlon had not -been encountered in either the VGES or FITS combustion test
. programs [12 13]
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Schmldt Boelter and Gardon Gauges

Two Gardon gauges were. provrded for both test series: and seven Schmldt Boelter
thermoplle gauges ‘were included for the Equlpment Surv1val Test Serles  As has ‘been
‘indicated prevrously, results from:the radlatlve gauges (1 or 2 Gardon gauges ‘and 2 o
‘ Schmldt-Boelter gauges) are omltted given that the cahbratlon data d1d not correctly
- account for the- steam env1ronment and also given the cal1brat10n shlfts durmg testrng

. - .
_ Gardon gauge H106 was a total calorlmeter for Hydrogen Behavxor test NTSPOO
- through test NTSP08. and then afterward was replaced with a radlatlve gauge. H106
4funct10ned well for the first 7 tests’ (data ‘were not provrded for- the first test), and

X overall 1t prov1ded consistent, bel1evable s1gnals H106, although uncooled, requlred;'f"__’-»

. no baselme heat flux adJustment for the 6 lean combustion: tests in whlch it operated.
" The energy depos1tlons computed for H106 are also cons1stent except for test NTSP06,
~* when for late times (> 80 s) the heat flux fell below zero; (see results in Appendix C).
_ Thls probably occurred because the gauge overhea.ted during thls test, the most severe .
test for which: H106 was conﬁgured ‘as a ‘total gauge. :
Flve Schrmdt Boelter thermoplle gauges were conﬁgured as total calorlmeters Wa-
ter coolmg was provided for each of these gauges, although the flow rates were probably
- not sufficient for the. most severe tests. In particular, H504 operated ineffectively for
* 'most tests - due -to msufﬁment coollng Figure 25 shows a, comparlson of - upward-.
orrented gauges H502 and H504 for test NTSP16. .The gauge heatlng in H504 is re-
: ﬁected in the lower peak’ heat flux level and in the negative heat. fluxes shortly after

complet1on of combustlon Although heat fluxes and energy depositions. are ‘provided . -

- for H504 for some of the tests ‘these data are questionable for all but the very’ ‘lean .
/combustlon tests. ’ ' '
Total gauges H502 and H503 operated for nearly all of the Equxpment Survwal Tests,.

I’ while gauges H506 and H507 provided ‘erratic and/or bad results for the latter half of
. ;the tests. Typrcally, the downward-oriented gauges (H503 H507) recorded hrgher heat_
* “fluxes than did the upward- fac1ng calorimeters- (H502, H506) It was also noted that -

. the baséline fluxes for H506 and H507 were typlcally greater than for H502 and H503 _
‘ 'Baselme ﬂuxes for H507,.in partlcular were large rangmg from 1.0- 1 2 W/cm2 for the :
' 'most severe’ tests ' : S

“16In .2 workmg meeting held at: SNLA June 19, 1984 the EPRIL calonmetry status was reviewed ‘by
personnel from EPRI, Westmghouse and Sandra The cooling problem was discussed, and it was -
: hypothesized that H504, located at position C on the Equipment Platform (see Figure 9), was not
cooled suﬂ‘lc1ently or possibly not cooléd at all. Water cooling to the different gauges on the Equlpment
Platform came from a location near the dewar center rake. -‘The insulated tubing length to position

‘A on the Equlpment Platform was ~ 8-10 ‘m, while the length to H504 and to position. B was ~ 14

. m. In addltlon it was suggested that while the flow rates might have been’ sufficient, there could have -
. beena blockage in-the lines at the H504 gauge connectlon that would have hmxted coolmg Additional
e A comments on thrs problem are mcluded in Reference [1]. : :
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f‘igure 25: Comparison of Schmidt-Boelter gia,uges H502 and H504 for test NTSP16
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g »5 2 Gas Pressure Results

"‘transfer resu]ts 1nferred from the pressure are discussed. in. the followmg sectlons in
‘ conJunctlon with the: measured quantltles Pressure results. for each of the ‘tests are
- given in Appendix C: (1) for'times assoc1ated with combustlon and (2).for the duratlon §

4. of the experiment. Addltlonal pressure results are given in Appendlces A and B, and e

-_“(spec1ﬁc references to these data are c1ted below

: ':5 2.1 Comparatlve Pressure Proﬁles

_ Representatlve comparatlve pressure proﬁles for the three classes of tests (z e., stan-
“dard, steam-laden, and sprays on) are given in Figures B.1, B.12, and B.23 of Appendix
' B, respectively. Trends from these ﬁgures are typical of what has’ been seen in small-
scale combustion tests conducted by Sandia at VGES [22] and FITS (23], and by per-
‘sonnel from Whiteshell, EPRI and Acurex [24,25]. That is, lean combustion tests tend
to be incomplete, with slow burning and associated small pressure increases. Termi-
‘nation of the combustion is difficult’to assess for such tests, and the- pressure traces
" typically exhibit a “roll-over” with a slow initial decay associated with continued local
" burning. H'oweve_r::,'the transition between combustion gas heating andfpost_-co_mbusti()n o
~gas cooling is less distinct for the NTS tests than for tests conducted in'smaller test

* vessels such as‘the FITS fac1l1ty Comparative results-for nominal 10% hydrogen-air
deﬂagratlons for these two test vessels, in particular, demonstrate the 1mportance of

~ scale for post-combustion times’ 126 : L : o
As the hydrogen concentrations increase, the peak pressures increase and the times
to peak pressure decrease. As’ ‘noted prev1ously in Figure 16, nearly all of the hydrogen.

' was burnéd for NTS tests:in Wthh the initial volume concentratlon was greater than

7-8%." For hlgher initial hydrogen concentratlons the pressure rise lS nearly linear, fol- -
“lowed by an. exponentlal like. decay ‘The “roll-over” phenomenon is-absent, suggestmgf
" that combiistion-is completed almost c01nc1dent w1th ‘the time of peak pressure R

In the followmg paragraphs 1mportant observatlons from comparlsons of tests from
the three different test types are presented along with 1llustrat1ve figures. Included in
these presentations are: (1) comparlsons of pressure- proﬁ]es for’ redundant tests; (2).
* effects of ignition site; (3) effects of added steam and (4) effects of sprays and fans.

Pressure Profiles for Redundant Te‘sts

The premlxed combustlon tests included only two sets. of tests whlch were redun-
‘dant, tests"'NTSP09 and NTSPOP and tests NTSPO4 and NTSP13.17 Comparlson ‘of
pressure proﬁles for the latter tests have been provrded prev1ously in Fxgure 18. The

© 17 Tests are referred to as redundant if the 1n1t1al nominal hydrogen and steam concentrations, the location
.of ignition,, and the status of the fans and sprays:during: testing are identical. Combustlon completeness
need not be comparable just the precombustlon condltlons - :
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pressure responses are similar, and the reported differences for these 8% hydrogen com-
bustion experiments can probably be attributed to the different instrumentation. The
6% hydrogen combustion tests NTSP09 and NTSPYP, on the other hand, are quite
different, as seen in the pressure profiles recorded for P103, given in Figure 26. The
combustion process is obviously quite different, although the combustion completeness
values used in this work were similar (53% for NTSP9P and 60% for NTSP09).1®

Good agreement should be expected for redundant tests as the hydrogen concentra-
tion and combustion completeness increase. Use of the lean-combustion data to infer
phenomena is more difficult, since the combustion is not well-characterized. The data
base from the NTS premixed combustion tests is probably not sufficient, by itself, for
developing burn correlations for hydrogen concentrations less than 8%.

2 - T T T R T

16| -

14 -

' NONDIVENSIONAL PRESSURE ( P/P, )

1 1 ] ! | R 1 |
-2 0 2% S 75 WO ® O W5 20
‘ TIVE AFTER START OF COMBUSTION (S )

Figure 26: Coxliriarison of pressure profiles for tests NTSP09 and NTSP9P

Effects of Ignition Site on Combustion

Fourteen of the twenty-one premixed combustion experiments were performed with
combustion initiated at the bottom of the dewar. Of the remaining seven tests, five
were performed in the Hydrogen Behavior Series, and all seven had precombustion hy-
drogen concentrations less than 7% by volume. For these cases, the ignition location

!8Als0 note that combustion in test NTSP0O was initiated by an inadvertant spark (from bare wires)
while a glow plug was used to initiate combustion in NTSP9YP [1].



f""Combustxon completeness A ,
L :rable initial gas states but. with dlf‘ferent 1gn1t10n locations. )
Comparlsons of the pressure proﬁles are provrded in. Fi 1gures 27 and 28 for six 6%
r(nomlnal) hydrogen combustlon tests. Fans were ‘operative for the tests compared in
- Figure 27 and sprays were operatlve for the tests of Figure 28.] 19 leferences between"--i‘? )
‘comparable fans -on tests" NTSP06 (top 1gn1t10n) ‘and NTSP03 (center xgmtlon) are
~slight. Center ignition for ‘the c¢ase of sprays-on (test NTSP02) however tends 'to pro- -

is 1mportant smce downwa' d combustlon 1s;hm1ted for lean hydrogen concentratlons

. duce more complete’ combustlon and assocra.ted hlgher pressures than does top 1gn1t10n
(NTSPll) For both sprays- and faris-on’ cases, 1gn1t10n at the wall appears to pro-
s duce less complete combustlon and smaller pressure increases; thls may have occurred

_ ‘more because the combustlon ‘was mcomplete than because of where combustlon was -
_.initiated: The 1n1t1al concentratlons dlffered for. these tésts; at the lean concentratlons '

thls would also affect the combustlon completeness As 1nd1cated in the redundant
‘ test section, there were not enough tests, performed to fully assess the 1mportance of

' ._~ignition site on lean combustlon phenomena For qurescent tests in. which the hydrogen' -
- precombustlon concentrations are above: 8-9%, combustion initiation location should.' .

- be less important, since upward and. downward ﬂame propagatron are- expected

'Effects of Added Steam

The addltlon of steam to the precombustron gas reduces the severlty of the com—‘ o
bustion, since steam serves as a heat sink and inert ‘diluent during COIIlbllSthIl The -
resulting peak pressures and: ‘temperatures are correspondlngly lower- for tests in whlch, '

' :»ithe same: quantltles of hydrogen are ‘burned.- This was seen prevrously in Figure 17,
" which compares pressure signals for two 10% hydrogen combustlon tests having pre-
-cornbustxon steam concentratlons of 4 and 30%, respectlvely Similar trends are shown
“in Figure 29; ‘which compares the pressures from three 8% hydrogen combust1on tests.
" Four of the five tests shown in these two. ﬁgures were. reported . as complete combus-

tion’ tests, while test NTSP14 was determined to be 94% complete.- The addltron of
steam reduces the degree of combustlon and for the 39% steam test also modlﬁes the -

pressure profile during: combustron

The addltlon of steam would also be expected to aﬂect the postcombustlon coollng, '
. since steam is the radiating source. Slmllarly, steam condensatlon during cooldown
would tend to be more significant for mixtures havmg larger initial steam concentra—

i tions. The cool wall ‘and equipment surfaces would tend to be more wetted’,' L€,
y thermally shlelded durmg the steam-laden combustnon tests.

o 19Note that for these lean combustion tests the combustron occurs in the presence of turbulence generated

- through either fans or sprays. As mdlcated prevxously (footnote 6) a test comparable to test NTSP06
without fans-on was performed and there was nio appreciable combustron that is, downward combustion

. was not possible w1thout enhanced turbulence. A test comparable to test’ NTSP18 also was less than

o j'10% complete, requlrrng a repeat test with sprays-on. The use of fans and/or sprays affects more robust
‘and correspondmgly more complete combustlon ’ . : o

e 52 GasPressure Resu]ts " Lol SR o 49 .'

i.pressure Tise can vary substantrally for tests of compa—f
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F igure"27"' CombaratiVe pressure profiles for three 6% (nominal) hydrogen combustion
tests having different ignition sites and with fans operative. Values in parentheses are
hydrogen concentratlon /stearn concentration /i 1gn1tlon site.
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Figure 28: Comparative pressure profiles for three 6% (nominal) hydrogen combus-

. tion tests havmg different ignition sites and with spray systems operative. Values in - -

parentheses are hydrogen concentratlon /$team concentration / ignition s1te
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_ Figure 29: Comparatlve pressure proﬁles for three 8% (nominal) hydrogen combustion
" tests having different precombustion steam . concentrations. Numbers in parentheses
are the steam concentrations. ' : '

- Effects of Sprays and Fans

" Sprays and fans enhdﬂee the rate of combustion for lean mixtures of hydrogen.-
- This is shown in Flgure 30, Wthh compares pressure:profiles from three 6% hydrogen
combustion tests. For the NTS configuration of fans and sprays, sprays are found to
promote’ more turbulence and correspondingly more rapid combustion than do fans.
'Such trends are less apparent for more severe combustion tests such as are shown in
Figure 31. In this comparison of two 13% hydrogen combustion tests, the burn dura-
tions are nearly identical as are the pressure maxima. The major differences between
" these tests occur following completion of combustion, when evaporation of the sprays
leads to more rapid cooling. This trend is also seen in the pressure decays of tests
NTSP11 and NTSP06, shown in Figure 30. o

Overall, these examples show that sprays do not reduce the seventy of the actual
- combustion, and, in fact, probably enhance the burning due to increased turbulence.
" Benefits. from sprays result from the addltlonal cooling mechanism of spray droplet
evaporation. From the comparisons of tests with and without fans, it -is not apparent
that the fans in the NTS dewar modlﬁed the postcombustion cooling processes. They
did, however, enhance the combustion of lean hydrogen-air-steam mixtures.
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Figure 30: Comparatwe pressure proﬁles for three 6% (nommal) hydrogen combustlon
tests showing the effects of sprays and fans. NTSP11 and NTSP06 are top ignition

" tests and NTSPYP is a bot_tom ignition test.’
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Fxgure 31: Comparatlve pressure proﬁles for two 13% (nomlnal) hydrogen combustlon‘
tests w1th and w1thout sprays and fans R ' ~ S -
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5 2. 2 Peak Gas Pressure Results

."Measured- peak pressure data for the tests are mcluded in Table A5 of Appendlx

iA along with computed AIC (theoretlcal maxrmum) values. - Figure 32 shows ‘peak
- 'pressure ratios (measured and AIC calcu]atlons) for the tests as a function of hydrogen
'consumed 20 These results are also shown in Appendix B in Flgures B.2, B.13, and
' B.24 for sta.ndard steam-laden and sprays-on tests, respectively. “All tabulated and
plotted values were taken from the data provided by EPRI, except for tests. NTSPOS
NTSP20, and NTSP21. For these large hydrogen concentration combustlon tests, the

data were not sampled suﬁimently often (samplmg times > 0. 04 s) to record the peak.

The peak results Teported here are SNLA. ‘estimates based on extrapolatlon of the

L recorded results typrcal correctxons varled ‘between: 5 15 kPa.

. /",
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Figure 32: Peak pressure ratios for the NTS premixed combustion tests

. 29Hydrogen consumed is defined as the product of the initial hydrogen concentration and the SNLA
assumed combustion completeness. This value is also used in Appendix B in-the graphlcal presentatlon
of combustlon duration and peak pressure for the three types of tests. :
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- 5.2.3 Combustion Duration

- Combustion duration results inferred from the pressure signals are included in Table
A.5 of Appendix A-and are also plotted in. Figures B.3, B.14, and B.25 of Appendix
B for the three different test types. Combustion duration is defined in this work as
the time interval from combustion initiation to either (1) the time of peak pressure
(duration referred to as Atp) or (2) the time of peak total heat flux inferred from the
pressure (duration referred to as At,.). The combustion initiation time (fo) is that
time at which the gas pressure surpasses 5% of the total pressure increase measured
for a test.?! "These values are also given in Table A.5 for each test. S
Com_bustlon duration is usually defined in terms of the time to peak pressure, espe-
cially for complete combustion tests.” For lean hydrogen combustion, this time can be
- quite long, especially" if fans and sprays are not operating.’ The pressure roll-over for
"“lean combustion is indicative that combustion is still in progress, and that the effects of
continued energy release associated with combustion are being offset somewhat by heat
transfer from the combustion gases to the dewar. Once combustion is completed, the
 pressure time rate of change would be expected to decrease continuously. Location of
the time of peak pressure is difficult for lean combustion and probably is not-a correct
time scale for combustion. Instead, it is suggested that the time of the peak heat flux ‘
inferred from the pressire is a more representative measure of combustion termination.
Note that Atp and At,, differ significantly for the lean tests performed at NTS, but
for initial hydrogen concentratlons above 7%, the two combustion duration values are
nearly coincident. This would be expected, since for non-lean hydrogen combustlon
the pressure increase and subsequent decrease is steep and the: peak pressure defines
the transition. ' )

5.3 Gas Tempefature Results

pendix A, and temperature profiles are compared in Figures B.4, B.15, and B.26 of
Appendix B for standard, steam-laden, and sprays-on tests, respectlvely Addition-
ally, “global” peak gas temperature ratios (Twn/To) obtained from the pressure signal
‘processing are given in Table A.4; and comparisons of the global and measured temper-.
ature profiles for standard and steam-laden tests are provided in Appendix C. These
comparisons are not provided for sprays-on tests, given the limitations of SMOKE for
-modeling spray evaporatlon, as indicated in Section 3.

~ The peak temperature ratios (T}, /T,) obtained for the 3-mil thermocouples (Table
A.6) compare well with the maximums inferred from the pressure data and with the
‘upperbound AIC values as shown in Figure 33. The times associated with the mea-
sured peaks are also consistent with the times of the measured peak pressure, although

21N_cite that combustion dura.tion’deﬁne’d in this manner omits the early-time combustion which occurs
essentially at constant pressure (isobaric: portion of combustion). More accurate estimations of the
combustion duration could be obtamed from the video tapes recorded for each test. :
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- the thermocouple peaks generally occurred slightly earlier.. Differences between:the ‘
thermocouple time of peak and the time of peak pressure (Atmp) are given in Table
A.6. The. 32-mil thermocouples were not sufficiently senS1t1ve to follow the transients
assoc1ated with gas heatmg during combustion and early postcombustlon cooling. This
" is noted from review of the temperature profiles (Appendlx C), the measured peaks,
and the times of these peaks relative to the time of peak pressure (Appendix A). The
late-time temperatures from the 32-mil thermocouples are consistent with data from
the 3-mil thermocouples, nonetheless, as shown in the comparative gas temperature
figures in Appendix C. : ‘

The severity of the environment resultlng from combustlon can be measured not

.. only by the peak gas temperature, but also by some characteristic time period during

which the gas temperature is greater than some Speciﬁed threshold. In this work, the
temperature threshold (specified as Tl/g) is defined ;as the average of the initial and
maximum gas temperatures. Table A.6 provides the threshold temperatures and the
duration (Atr, /2) for which the gas temperature is greater than Ty, for the different
tests. This time includes both the combustion and postcombustion periods of the ex-
periment. _These times are useful for comparing tests which have similar precombustion
conditions and different ignition sources and also to-assess the effects of fans/sprays
on the gas cooling. It is important that comparisons of Atr,,, be made for tests with
similar T}/, values to provide consistency. Figure 34 shows such a comparison for gas
temperature results from tests NTSP20 and NTSP21.- The shorter time Atr,, for test
NTSP21 points out the advantages associated with spray-cooling.

' Overall, comparisons of the average gas temperature inferred from the pressure and
~ the measured temperatures for the standard and steam-laden tests are quite good. (see
- figures of Appendix C). The average gas temperature results for the postcombustion -
times are typically bracketed by the 3-mil and 32-mil data. The average gas tem-
* perature profiles-tend to follow the 3-mil data very closely at early times; measured
gas temperatures are not appreciably greater nor are the temperature decay rates dif-
ferent. This- indicates that, at least for the NTS premixed combustion tests, global -
_estimates of the gas temperature and.pressure should- be sufﬁc1ent for characterizing
the environment. '

5.4 Wall Temperature Results

Comparatlve wall- temperature results are provided in Flgures B.5, B 16 and B.27 of
Appendix B for representative standard, steam-laden, and sprays-on tests, respectively.
In addition, results from thermocouples T120 and T121 are compared with average
wall temperature estimates obtained during pressure signal processing in Appendix C.
Average wall temperature estimates are omitted for sprays-on tests, given limitations
in SMOKE pressure processing for these cases.
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Figure 34: Cgm‘pa'rlsons of 3—m11 th’ermocouple lresponses" for tests NTSP20 (A) and
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It is apparent from the ﬁgures in the appendlces that thermocouples T120 and T1213.v‘1‘.>,,_

. 'resPond drﬂ"erently Thermocouple T120 appears to follow. the combustion better the . °

initial temperature proﬁles are steeper and the time: ‘0. peak temperature 1s earlier -

:than for T]21 “These effects are reﬁected in. the heat ﬂux results. lnferred from the
_ wall thermocouples and are dlscussed in’ the next section: The temperature proﬁles for :
""'-T120 are -also more consrstent w1th the average wall temperature estimates, although

the magnltudes are often qulte dlfferent 22 The early peak and subsequent coollng'i

' . seen in ‘the average wall and- T120 proﬁles for the. more: severe tests ‘occur because the

starnless steel dewar thermal dlﬁuswrty is low. At the earlytimes of the: experiment, '

» “the heat absorbed at the surface remains near the surface At late: tlmes the heat into .

“the wall is reduced and the heat is also diffused into the wall. ‘The temperature response.
of T121 is-so dlfferent that it is suspected that it must have ‘been mounted (1) on the -
~wall differently, or perhaps, (2 ) to somé obJect on ‘the’ wall whlch ‘was not stainless steel.
It _was believed 1n1t1ally that differences in the local thermal env1ronment at varrous
elevatlons in the dewar could be determmed by review of the thermocouple traces from
' v.__the seven- wall thermocouples Before' significant time and effort is dlrected towards
- this end, the specrﬁc thermocouple mounts. should be reviewed, ‘and the data should be
Cross- plotted glven the above drscussed dlscrepanc1es in T120 and T121 51gnals T
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' 551 :'"Re:sults'frorn .Calor'imet‘ry_ ,

Comparatlve peak heat flux results and computed energy deposrtlons obtamed from

the calorlmetry are given ‘in Tables A. 8 and A.9 and Table A.11 of Appendlx A, te-

o spectlvely These results are also. plotted for each of the three classes. of tests in Frgures‘

_,.',VB 10, B.21, and B.30 of Appendlx ‘B: Representatlve heat ﬂux and’ energy- deposmon N
“profiles for. total thin- film § gauge H’)32 (Figures'B.6, B. 17, and B. 28) and for Schmidt-

“Boelter gauge H503 (Flgures B 7 B:18,-and B. 29) are- also prov1ded in Appendxx B.

_ These figures compare gauge responses for testsof the same class (e.g., 3 tests from the -

steam-laden series), but of different severity. Addltlonal heat transfer proﬁles {fluxes

and deposrtlons) for selected Gardon and- Schmldt Boelter gauges “and for the thm-ﬁlm‘ L
- gauge are prov1ded for all tests in Appendlx C S : - S

22Wall heat -up during combustlon 1s modeled in SMOKE assuming a umform heatmg rate. The energy...i'. _

ol deposmon during this. ‘time is taken as the product of the AIC energy deposrtlon and the fractron

. obtained from’ subtratting the ratio of the measured peak pressure-and- the AIC peak pressire from

unity. This assumed heat input can be: thought of asa corrécting, procedure necessary for reduction of - .

the AIC pressure to the measured pressure level. Once combustion is terminated, the total heat input
to the'wall is equivalent to the heat losses from the gas. Note that for the lean tests where the pressure

‘rolls- -over’, the total heat, flux following- combustion is- 1n1t1ally low. The wall temperature for these = -

* cases tends to decrease for a short time and then mcrease “(e.g:, see Frgure C.15-Cof Appendlx C)
This discontinuity in the wall temperature profile does not occur if the combustion actually termmates
at the’ time of peak pressure,.as is expected for the non-lean tests.
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Heéat Flux Results. from Calorimetry

In general, the peak heat fluxes from'the different calorimeters increased with in-
creasing initial hydrogen concentration as would be expected. This results from en-
hanced convective heat transfer mduced by combustion and from increased .- radlatlve
heat transfer from the steam (that was initially in the vessel and that was produced
during combustion). The combustion of gas mixtures with larger initial hydrogen con-
centrations yields elevated gas temperatures during and following combustion. This in

“turn leads to larger radiative heat transfer from the gas. The dramatic i increase in the
" radiative flux, qg,, can be estlmated from the peak gas temperatures, Toi, for two: tests

usmg Eq.(5):

dr2 Tne o |
It is assumed in-Eq.(5) that the steam emittances would be cdmpara‘ble for tests hav-
ing approxnmately the same precombustion steam concentration. Table 7 provides
estimated increases in the peak radiative heat flux using Eq. (5) for representative tests
from the three test classifications. In addition, measured total peak heat flux ratios
are prov1ded for Schrmdt Boelter gauge H503, thln-ﬁlm gauge H232, slug calorimeter
H104, and from the- aluminum cube thermocouple T504 or T505. Reference fluxes are
taken for the tests from each class with the lowest initial hydrogen concentration.

: '__.Table;..7: Local Peak Radiative and Total Heat Flux Ratios

Test -H; ~ H,0" Radiative Flux - . Total Flux Ratios ‘
Name » (%) (%) . Ratio . ' qT/qTreft
s gr/gr,.,!  H232 H503 HI104  T504/T505

Standard Tests. L ) ,
NTSP9P 60 ~ 46 ~ 1.0 10 10 10 . 10

NTSP13 =~ 7.8 44 - 7.4 564 4.76 5.64 4.33
NTSP15 99 42 14.9 749 912 749 = 112
Steam-Laden Tests . ‘ . ' o
NTSP12 6.9 283 10 10 10 10 1.0
NTSP16 101 295  .7.31 9.54 .3.18 385 421
NTSP20 12.9 278 - 133 . 199 599 3.38 101
" Tests with-Sprays o . _ L _

~ NTSP11 58 4977 1.0 10 1.0 10 1.0

NTSP18 Y 66 . 213 ~1.18 . - 1.83 192 0.88 1.42

NTSP21. . '13.2 - 274 115. . ©.120 106 3.36 13.1

* Precombustlon hydrogen and steam concentrations : ‘

! From Eq.(5 ); peak gas temperatures (T101 or T102) taken from Table A 6 of Appendlx A
! Peak total heat fluxes taken from Tables A 8 and A. 9 of Appendlx A - ‘

§Results from T505 used only for. sprays—on tests
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The i 1ncreases in"the heat ﬁux ratlos are’ drarnatlc for each cof the classes of com- - T

paratlve tests. Radiative fluxes are shown to- increase by factors of 10 and more as
- the, initial hydrogen concentration increases from 6% to 13%." ‘Similar i mcreases are

_also shown for ‘the different total calorimeters. The * ‘mar glnal” performances of H503
and H104 for the. 13%: hydrogen combustlon tests are’ also ev1dent from the lower thanv '

;T;expected total flux ratios provided. : R
Additional trends from the calorlmetry are. provrded by a: revrew of the results in -

‘the appendlces “The comparative: total heat flux: proﬁles shown in Appendlx B for.:.
'H503 and H232 are quite similar. The: measured total Gardon and ‘Schmidt- Boelter‘ o

peak fluxes also compare reasonably well with the computed thm ﬁlm fluxes for most

of the lean hydrogen combustlon tests. (see Tables A.8 and A. 9'of Appendlx A): Data

~from these lnstruments drffer more for tests conducted after test NTSP15 performed'
on December 22, 1983. 28 For the latter tests conducted at NTS there.is. some concern
“that the. total Schmidt- Boelter gauges were not functioning as expected, since the peak":' ,
ﬂheat fluxes were. low (compared to average estlmates inferred from the’ pressure) This-
may have occurred because; the- ‘gauges were: not water-cooled. suﬂ'ic1entl
" as, indicated in the thln-ﬁlm gauge assessment section, the data recordlng rates may'ff‘

“.In addition,.

“have been too slow for the most severe (13%) liydrogen combustion tests; and the peaks

may not have been recorded. Post-test calibrations for'the total Schm1dt Boelter gauges
performed by . Medtherm [19, and for the thm ﬁlm gauge performed at SNLA revealed

-that calibration shifts were: less. than 10% and such dev1atlons would not account for.._rf',' o

" the reduced peak fluxes. N

~ Generally, the downward oriented Schmldt Boelter gauges. (H503 and H507) mea-, ;
sured - larger ﬂuxes than did. the. upward-orlented gauges (H502° and H506) Given that
these _gauges were located on the equlpment platform near the ‘vertical center of the.
'dewar this result was somewhat surprlsmg The upward or1ented gauge responses may
have been alfected by the equ1pment on the platform The radrant exchange with the

- equipment would have been less than w1th the gas. Slmllarly, the forced convectlve
 heat transfer mduced by combustlon might also have. been limited by the obstructing

.equlpment Heat fluxes measured by H507 (downward or1ented) located above the in-

Jectlon source were. greater typlcally than the fluxes measured by downward- orlented;; R

~ gauge H503 located near the dewar vertlcal centerhne (see Flgures 8 and 9).. Thesei_:

e flux proﬁles and the total peak fluxes were probably in better agreement ‘than i is indi- -
B cated for example in Table A.9 of Appendix A, sinice the tabulated peak fluxes do not
-~ account for the baseline ﬂux correction. Typlcally, this correctlon was. greater for H507 - .

. (see Table A.9 of Appendlx A). Heat ﬂux results from the upward orlented gauges H502 . -

. and H506 were generally comparable and d1d not indicate ]ocatlon dependence Re-

o 23Four——contmuous injection combustion tests wereé performed prior to the last four premixed combustion

tests (NTSP]S NTSP20, NTSP21, and NTSP22). The more severe thermal loading on the instru-
_mentation from the continuous-injectiontests.led to failures of gauges H506 and H507 and has been
postulated to have affected the performance of the other Schmidt- Boelter and Gardon mstrumenta-'

tlon Thermocouple T151, -above the injection source, failed during’ the contmuous mject1on combustlon P

. tests, ‘and the- total slug calorlmeter (H104) results were margmal for two of the: last four tests.




oy ‘_f_sults from the downward-orrented gauge H504 should not be compared wrth the other -

‘Schmrdt Boelter gauge results except for the lean hydrogen combustron expenments,
: ._grven the gauge cooling. problems descrrbed prevrously

- Tt is difficult to assess the performance of Gardon gauge’ H106 used in the Hydrogen Lo

Behavior tests, since there are so little other calorrmetry data avarlable for comparison.
Overall the data appear consistent for six of the seven tests for which data were

~provided. The peak heat fluxes were typrcally higher than-were the: pressure—mferred

 fluxes as would be expected given the location of-the gauge at the top. of the dewar

(Figure. 8) and’ that the tests were lean combustion experiments. The measured peaks‘;. :

~ compared well wrth heat fluxes computed from the total-slug calorlmeter H104 whrch '
. foperated for most of the tests in whlch H106 was a total gauge o '

“Peak heat flux results from the slug calorrmeter H104 and from thermocouple H504‘ -

:_msrde the: alummum cube - were consistent, generally, with. the thin-film: and EPRI- ., l
_fprovrded calorrmetry results. Peak heat - ﬁuxes from T505 {thermocouple mounted:to

the top surface of the aluminum cube) were typrcally lower than T504 results for.the
© .- miore severe: vests and were comparable to' T504 results for lean combustion experiments -
B

see Table A 8-of Appendrx A) “The drﬁ'erences may be attributed to (1) differénces

" in the thermocouple mounts, (2) differences in the aluminum extérior surfaces during .

. testing, and Jor (3) different exterior surface water layers prior-to testing. In the latter -
case, the top. surface of the cube was probabl ' more thoroughly wetted by-the sprays'

- _used in pretest gas condrtromng than-were t
: addrtlonal msulatmg layer during testing.

- Peak. heat ﬂux results computed from wall thermocouple T 120 were generally consis-
tent wrth other calorrmetry results The peak ﬂux results from T121 on the other hand '

were generally lower than those computed for T120 or measured by other calorrmetry, SR

" “in'the dewar.. In addrtron ‘the trmes of peak heat ﬂux for T121 were typrcally 20-40

ide walls Thrs layer would serve asan -

seconds after the time" of peak pressure For all ‘other mstrumentatron ‘the’ trmes of

:peak heat flux generally occurred prior to the time of peak pressure or at worst, within
'1--3 seconds after'the peak. The times of peak heat flux are grven in Tables' A.8 and .
A.9 of Appendrx Ain terms of the drflerence (denoted by . Atmp = tm f—t ) between

the trme correspondmg to the mstrumentatxon peak heat flux and the time of’ peak‘
-pressure. - For T121, Atmp was always posrtrve and was also usually large mdlcatrng‘,. o
" that the time of peak heat flux occurred late in the test It was also typrcally posrtxve, Tl

;l’.for T120 for the more severe combustron tests when the peak heat ﬂux estrmates were’ =
“lower than measured by the other mstrumentatron L TR

, As a final comment it should be noted that Atmp approached zero for’ most of the N
calorimetry for tests where the mltral hydrogen concentration was > 8%, mdrcatmg .
‘that the combustion was over at the time-of peak pressure For the’ lean combustlon' _
experiments when sprays and- fans ‘were: not opefated, Aty was large and negative,

.mdrcatmg that the mstruments were measurmg local combustron xnduced heat ﬂuxes
<. The peaks assoclated wrth these measurements were also tvplcally greater than those

s computed from the pressure data after combustron was termmated
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"-Energy Deposrtf, n Results from Calorlmetry»

» Energy deposrtlon results ‘were computed for the calorrmeters by mtegratlng the';._
- heat flux measurements. Comparatrve total results are 1ncluded for the Gardon and'_
. Schrmdt-Boelter 1nstrumentatron and’ for ‘the thin- ﬁlm ‘gauges in Appendlces A and :

B The heat flux. measurements from the other- 1nstrumentat10n were not corrected to - - :
t,.j__account for gauge heatup (and associated’ mcreased heat losses) and thus the 1ntegrated L

. - ‘fluxes were not: true measures of the energy deposrtlon from the gas Note that for the R o

_-.thln-ﬁlm and EPRI—provrded gauges, late—trme baselme ﬂuxes were used in Eq ( ). This _»
- . correction was- necessary since the gas was in"quasi- equrhbrrum with the dewar, but'" o

s condrtrons (subscrrpt ‘0 ) for the 1n1t1al state, as shown in Eq ( ):

| not, with the cooler thin-film gauge and’ water-cooled EPRI calorlmetry ) -
Energy deposrtlons for ‘H503. and H232 are ‘provrded in Table A:11 of. Appendlx e

A Tabulatrons of the energy deposrtron are _given: for the duratron of the experrment": -
“(Qg,,) and for times after the time of peak pressure (@r,). The difference between the” -

- two deposrtlons provides an estrmate of the energy lost from the gas durlng combustron

: 'Further, Qr,, ‘tabulations for thé. calorlmetry can be compared with the global estlmates S =
‘ inferred from the postcombustron pressure decays Upperbound estrmates for energy . .
'-_,deposmon are also provrded for each test. These deposrtrons were obtamed usmg AIC[

results (denoted by subscrrpt’ ‘AIC ) for the ﬁnal gads- state and the precombustlon:__

QArc —.v-—'-[(pC’ T)AIC (pC T) ] u (6) |
It is assumed in thls upperbound est1mate of the average energy deposmon that all of o

2 .',,"the gas can be cooled to 1ts 1n1t1al state In fact the’ pressure and temperature proﬁles-‘f’ :
; --1nd1cate that the -gas state rernalns elevated for long times’ after combustron',-:, Energy",.'

o deposmons computed from the calorrmeters would be expected to be lower th“'n Q A1c.
.= /This s generally fourid t6 be-the case’ (see Table A 11 of: Appendlx A and Flgures B 10,
. B:21, and B: 30 of Appendlx B). 24 - | :

The- comparatrve plots’ of Appendrx B show that nearly all of ith heat removal"‘:"_"’;’;’- .‘

from ‘the gas (to the dewar) occurred in the first,50-100 seconds after 1n1tratron of
'combustron The energy- deposrtron proﬁles approach -some asymptote ‘at late times,
after which the gas and dewar walls are in equllrbrrum Addrtronal coo]mg for- these

late times occurs because the vessel is ]osmg heat t6 the surroundmgs In addltlon thev g
"'f-energy deposrtlons increase srgnlﬁcantly w1th 1ncreasmg hydrogen concentratlon thls e
_ ©" energy removal from the gas i§ seen in the 1n1t1al slopes of the energy deposrtron curves.
~“This should be expected given the dramatlc mcreases in the heat fluxes with- 1ncreasmg o
~ hydrogen concentratron and in- the subsequent accelelerated heat ﬂux decays followrng o
. ‘combustion: ‘ ' T

o 2“Energy deposmon results for Gardon gauge H106 and Schmldt~Boelter gauge H507 exceed the upper--'_"‘
bound value Qaic fora number of the tests. H106 was not: water-cooled and the late~t1me heat fluxes
. .may have been high as a result. H507 measured- the largest heat ﬂuxes of the ﬁve total Schmldt Boelter
_gauges and also requlred the largest basehne ﬁux correctlon ' '
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Fmally, it is should be noted that the computed thin- ﬁlm energy deposmons are 30~
50% less than results from the Gardon and Schmidt- Boelter gauges. It is believed that

the thin-film depositions are low because. the assumptlons used in processing the data .

(see THIN in Section 3.1.2) become invalid for times > 100 seconds after initiation of
combustion. The computed heat fluxes would thus be low for late times; and the energy
depositions would be correspondlngly reduced. The semi-infinite solid assumptlon is,
however, appropriate for early times, and thus the peak fluxes reported for gauge H232
would be expected to be accurate v '

5.5.2  Results Inferred-from -Pressurel\deasurements ,

‘ In addition to measuring gas pressure pressure sensors can be used as global heat
flux. measuring devices, when the data analysns procedures outlmed in Section 3 are
applled ‘In this section, representative heat transfer results obtained from pressure
~ signal processing are prov1ded Comparatlve peak total and rad1at1ve heat flux results
and cornputed postcombustlon energy dep051t10ns lnferred from the pressure signals are
given in. Tables A.7 and A.10 of Appendlx A respectrvely These results are also plotted
for the-standard and steam-laden tests in Figures B.11 and B.22 of ‘Appendix B and
with the calorimetry results in ,Flgures B.10 and B.21. Rep\resentatlve postcombustion
total heat flux and energy deposition profiles (Figures B.8 and B.19) and radiative
fluxes and depositions (Figures B.9 and B.20) -are also provided in Appendix B for -
‘the standard and steam-laden tests. Additional heat transfer profiles inferred from the
pressure are provided in Appendrx C. These results are.usually plotted with “good”.

'_calorrmetry results to. prov1de comparisons between local measurements and- average .

estimates of heat: transfer for each test. Note that pressure-inferred total heat transfer
results are not computed for tests with sprays-on, given the 11m1tat1ons of SMOKE A
(see Section 3.1. 2). Radiative deposmons from sprays-on tests are included in Table
A.10; these values, were computed assuming that the gas composmon did not change )
following combustlon Radiative results for these tests are prowded only for comparison
with standard’ and steam-laden test results; they should not be used except for this
cornparxson : ' :

_Heat Flux Results Inferred from the Pressure

In general the pressure-mferred heat ﬂux results are consxstent as 1nd1cated dn the

comparatlve p]ots and in the tabulations. Results inferred from Jean-combustion tests .- -

would be expected to be lower than calorimeter results since average estimates would
not.account for the nonumformltxes associated with localized combustion.?® Pressure-_ ;-
inferred results for complete combustion tests would be expected to be con51stent with

‘ 2"The calorlmetry were located in the upper part of- the dewar generally neéar- the centerlme Vldeos o

of the lean— combustlon tests in the dewar mdlcate that: local’ combustlon occurred in the- vicinity “of
the 1nstrumentat10n calorlmeter measurements thus would be expected to be greater than the global'
estmxates ; :

i
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'heat flux measurements, prevrous work usmg experlmental data from 1ntermed1ate-=v. |
B .:_,scale facilities: [11] has demonstrated good agreement between pressure-lnferred resultsf
", and calorimetry measurements. . : : :

. The pressure-i inferfed peak heat flux results and the postcombustlon heat ﬁux pro--

ﬁles for the standard and. steam—laden tests are. representatlve of the. phenomena meéa- B

sured by the different calorimeters.; Increasrng the hydrogen concentration: (z €:,:COm: -

bustion severity)’ results in. 1ncreased peak fluxes. The peak fluxes. become quite- large B

(> 25 W/cm?), unlike the calorimeter measurements for the most severe tests. The -

. dramatic increases in the peak ﬂuxes are demonstrated in. Table 8- for- representatlve

~ standard and steam—laden tests. Fluxes from tests NTSPQP and NTSP12 are used- as"
. reference condltrons in- the standard and steam—laden test comparlsons respectlvely

Table 8: Peak Radratlve and Total Heat Flux Ratlos Inferred from the Pressure

Test - : H 2/ H, 0" _qR Colgpt Total Ratlo ,' Rad1at1ve Ratros _
- Name. - . (%) W/em? ‘_W._/cm - QT/QT,.,,, QR/qR,,11 ar/9T .. ‘IR/‘IC
... Standard ' . v R T . R . Lo
" NTSP9P i 6.0/46 . 014 041 . .. 10 . . 10 . 034 _0_.52, ’
~“NTSPOO . 6.6/4.5. . 062 203 " 495 443 031 045
- NTSP13 - 7.8/44 3086 "°. 579 - 141 .  219. . 053 _ 113
NTSP15_ - 9.9/42 . 594 = 106 - 258. 424 - 056:%:1.27..
. Steam-Laden L . - . _. _ L A
- »NTSP12+ <% 6.9/28.3 - 055 . 1.35 - 10 ° 1.0 - . 041 0697
. *NTSPO5 ~.7.8/31.3" 261 631 - 4.67 475 041 069
“NTSP16%" = 101/295 - €75 - - 965 715 i 123 . :070 233
- NTSPO8 *  ““i1. 1/27:2. 123 - 912 n. 157 % - 1224 0058 1,38
- NTSP20 12.9/27.8° 153 - 254  :188 _ . 29 9 1507

) . Precombustion hydrogen and steam concentrations S o
L ’l NTSPQP and NTSP12 ﬂuxes used as reference condltrons -
S qcqu—qR mthlswork ' ; . A

§ Results taken from marglnal srgnal P102 (see Flgure 17)

The ﬁux ratios QT/ qr,, f and qn / ar,., vary by factors of - 4= 40 for the tests’ consrd- i

“ - ered. The increases’in peak flux are not linear as'can be seen in the peak heat flux. plots, =

of Figures B.11.and B.22. The curves shown o1 these ﬁgures are: eye -ball” estrmates

of the trends The peak heat flux 1ncrease would be expected to be more substantlal

(than a hnear increase, for example) given that the. heat transfer is by coupled con-
_ vective and radratlve exchange; the-latter mechanism has been shown previously to be

E proportlonal to the gas temperature ralsed to the fourth pOWEer.

It is also apparent from Table 8 that the. relative importance .of radratwe heat

_transfer increases wrth test hydrogen concentratron -and further, that the, radlatlve' - N
, mechanlsm dommates for the most severe tests at, early trmes after combustlon For '
- the lean combustlo tests the average gas temperatures computed from the pressure:.f i




il

g’,are low and convectlon dormnates as the transfer mechanrsrn For: hydrogen concen-' o '
B _tratlons > 8% and steam concentratlons <5%; radlatlve transfer becomes the more.

g 1mportant energy exchange mechanism. For the steam-laden tests, the addltlonal steam.

§ (~ 30%) serves.as a diluent (i.e., heat sink) and'reduces the peak temperatures: Ttis
. séen for these tests that the radiative mechanism does not become dominant until hy- - 5
drogen concentrations in excess of 9-10% are reached. Although the radiative transfer - -
. mechanism becomes domlnant for the most severe tests,. the convectlve/condensatlon o

mechanisms still are 1mportant providing 30-45% of the heat removal from the gas
' --'-'near the rnaxunum condrtrons ’ ' '

Energy Deposrtlon Results Inferr " .d"' from the Pressure

' Trends frorn the pressure-mferred postcombustwn energy deposmon results are sim-

R llar to those reported for the total- calorrmetry The lnltlal -energy deposrtlon followmg o

combustionis. large, increasing srgmﬁcantly with i lncreasmg combustion severity. The
""energy dep051tlon profiles shown in Appendices B and C typrcally reach asymptotes
* 100-150 seconds  after. _completion of combustion. These times aré somewhat larger -
" than the ‘levehng-off’ times reported for-H503 and H232. The. radlatrve energy. de- - ’
position. profiles : are s1rn1]ar to the total energy deposmons, only lower, as wou]d be_ :
expected e : Lo '

Table 9 Rad1at1ve and Total Energy Deposrtlon Ratros Inferred from the Pressure

_Test QR . . Qr Total Ratlos . , Radlatlve Ratlos : _
Name® (W/cm) (W/Cm) QT/QM(, QT/QT,J QR/QR,,L : QR/QT QR/Q(,
Standard: . .. o - : . s
NTSPOP " '.‘:,v«;g15.7 48 5 .-.~0 47 1.0- 10 - 0.33 049
NTSP0O. - 236 % 718 . 2067 . 203 202 j L 0.33°7 049
NTSP13 713 L1442 0 070 0 409 -, 609 7 049 096
NTSP15 - 92.8 197.9.0 0.67- L 560 7 793 - 047 7 0.89 -
Steam- Laden E S e . o . S e
. NTSP12" " 26,9 526 . 058 - FLO 10_.. 051 . 104,
« 'NTSPO§- . .53.6 '+ 108. 6 L0610 206 U199 049 0,96
'NTSP16° 7" "' "114.1" ¢ ~155.0° - 0.60 295 . . 424 - 070 & 2.85
. NTSP08 .. 71905+ - 2343 . -.065 . .. 445 . - .7.08: . 081 . 426 -
.NTSPZO. S07163:6 . 2189 YOG4 a6 608 ',,.0.75 300 .

. Precombustron hydrogen and. steam concentratrons glven n Table 8.
1 Qare: was' computed from-Eq.(6 ) and is tabulated in. Table Ao of Appendlx A
o3 NTSPQP ‘and’ NTSP12 fluxes used-as reference condmons

: § Qr = QT — Qr in thrs work R e ‘

Table 9 shown above provrdes comparatlv ',,.radlatlve and total energy deposmon.
results from representatwe standard and stea I- »_aden combustion tests.
the energy deposrtlon comparlsons of Q,/Q,”, are sumlar to those: reported for the peak v
heat ﬁuxes in Tables 7 and 8 As th"v‘combustlon severlty 1ncreases the radlatlve and

Trends from -
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total deposrtlons 1ncrease by factors of 2- 8 over the reference test energy deposmons ST

. Such 1ncreases are- partlcular]y 1mportant when assessmg equlpment survrval 1ssues‘ -

",‘-:smce the energy dep0s1t10n is a direct measure of the thermal loading.

'The addition of steam to the precombustlon gas mlxture affects the mechanlsms of -
postcombustlon gas. coohng The radiative transfer mechanlsm is shown to be much
‘more important-than the 'convective mechanlsm for the more severe steam-laden tests
‘ (hydrogen concentrations > 10%), while the two’ mechanisms have nearly equal im-

i . portance for the most severe standard test performed at*“NTS. These generahzatlons

are demonstrated in the QR/QT and QR/QC ratios. The 1ncreased .dominance’of the

: radlatlve mechamsm is attrxbuted to: (1) the increased gas emxttance due to the larger. R
v'precornbustlon steam concentratlons and (2) smaller total energy deposrtlons for the

steam-laden tests These’ pomts are demonstrated-i in comparing the. pressure-mferred'
energy- deposmons for tests NTSP15 and NTSP16 two 10% hydrogen combustlon tests.
The total energy deposmons for these tests were: ~ 200 J/cm? ‘and ~ 150 J/cm re-

el spectlvely, while the radlatrve deposmons were nearly the 'same ( 90 J/cm .and ~"
110 J/cm?® . respectlvely) It is believed that steam condensation is more important for coL
tests with higher initial steam concentratlons and that thls mechanlsm leads to more" _
- rapid gas cooling after combustlon The radiative component. would be. -expected. to° be;-__":_'-" :
- correspondingly reduced however the mcreased gas emlttance somewhat of‘fsets this .~

reductlon

o the upperbound AIC energy is approxrmately 0.6-0.7 for most tests Exceptlons would S

"be for the lean-combustion experiments (e g., test NTSPQP) when the combustion

: ;";_duratlon is so long that s1gn1ﬁcant energy transfer occurs prior to the time of peak

‘-, pressuré. The energy deposrtlon durlng combustlon is not computed from the pressure; . -

. however; from the Pm/PAjC ratios (refer to footnote 22) we would-estimate that ~ 15%

of the AIC energy-is lost to the vessel walls during combustion. for-non- ]ean tests andf'_"
1greater percentages are possxble for tests in which the initial hydrogen concentratlon is

- S 6—7% ‘Note also that the energy deposmon ratios computed from the’ pressure 51gnals C

are: comparab]e to the- ratios whlch would be obtained from the calorlmetry for times .

~ after the time of peak pressure The calorimetry factors. QTP/QA]C and QTu“/QA]C can
e be computed from results in Table A 11 of Appendlx A. S s .

| 5 5.3 Comparlson of Local and Global Heat Transfer

Total peak heat ﬂuxes from the calorlmetry (z e., local) and 1nferred from the pres-,

sure (1 e. global) are compared in Figure 35 for the 21 premixed combustion exper- -~ . Lo

".iments. The curve is a “best estimate” of the pressure-inferred results. ‘The shaded
. _region is provrded to bound the representatwe good” 'and marglnal calorlmetry

v L results which are also plotted.

o - The calorlmetry results and global estrmates are typlcal of what would be expected-----::.

o for the lean combustion- tests (< 6% hydrogen combusted) The pressure- 1nferred peak
; ﬂu?(_es are _generally_less _than the, calorlme_try peaks The scatter in.the calornme_tr}y_ L
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Inferred from the Pressure. Data
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Figure 35: Local and globa] total peak heat flux comparisons from the NTS premlxed
combustxon tests ' :

results mlght also be expected since locallzed (and mcornplete) combustion in the dewar

would lead to location-dependent flux measurements. -

v It would be expected that the local effects would diminish as the combustion sever-
ity increases, since the combustion should be more uniform. Unfortunately, this is

‘not seen from the results plotted in Figure 35. The large variance in the caloflmetry '
peak fluxes for the latter tests should probably be attributed to the deterioration of
the instrumentation as a result of the cumulative testing. Problems such as surface.
deterioration of the aluminum cube, insufficient water-cooling for the Schmidt-Boelter
gauges, insufficient data recording rates; etc.,. have been discussed throughout the pre-
ceding sections. It is believed that the calorlmetry peak heat fluxes are too low for the
most severe tests, and that the pressure-inferred estimates are probably more represen-

~ tative of the phenomena. This is based on the. argument that the radiative flux, which

~ should dominate for the most severe combustxon tests, is- predicted to be > 15 W/crn

and that the early-time convection should be large given the combustlon mduced tur-
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- bulence Therefore the average peak total fluxes would be expected to be at least 20-25
W /cm?, and‘local fluxes perhaps as great as 30-40’ ‘W /cm?. : .
" Similar trends can be noted from the total energy depos1t10n results shown for

: standard and steam-laden tests in Figure 36. The shaded region becomes progressively
larger with increased hydrogen consumption. The energy depositions shown for the
calorimetry Ere for the duration of the experiments, while the pressure-inferred results
are for postcombustion times only. It would have been expected, therefore, that the
calorimetry depositions would have been greater for all conditions considered, although
this is obviously not the case_. ‘The deterioration of the calorimetry performance in-the -
most severe (13%) combustion test can be seen again from this figure, since the energy
depositions shown’ for thlS test are actua]ly less than for the 10% and 11% hydrogen
combustion experiments. - :

, Energy depositions measured by the calonmetry for the sprays -on tests -are shown
"in Figure 37. Comparisons of global depositions are not provided, owing to the lim-
itations of the SMOKE pressure signal processing. For this case, the shaded region
provides-an estimate (which is only a best guess and which has not been verified) of
what might be expected when sprays are operative. The different calorimeters mea-
sured essentially the same total heat fluxes for the most severe test (NTSP21). Given

-the rapid decay of the gas pressures and temperatures (measured by thermocouples),

the Schmidt-Boelter instrumentation probably did not overheat (leading to erroneous B

measurements). Slrmlarly, given the short time interval of interest (when sprays are
operative), the semi-infinite solid approximation for the thin-film was valid so that
‘these results also are probably reasonable. Note that the upperbound of the shaded
region is less ‘than would be expected for the standard and steam-laden tests given the -
significant gas.cooling obtained from the. evaporatlon of the sprays. ‘

One of the goals in the assessment of the. NTS premixed combustion data was to
‘determine if local phenomena were considerably dlfferent from- globa] estlmates for the
phenomena in such a large-scale test vessel. Unfortunately,_ this i issue cannot be_‘reso]ved
based on the data which have been reported in this work. Instrumentation operability
-'has been shown to be questionable for most of the total heat flux instrumentation for at
- least a few ‘of the tests. In addition, most operable total mstrumentatlon were located ;
in the same vicinity, so that the measurements would have beén expected to have been
cornparable if the mstrumentatlon had functioned as’ mtended. Radiative data, which

' could -be used to.characterize local phenomena, also were not obtained. It remains .

‘to be seen whether local effects can be characterized, using the remaining wall and
gas thermocouple data which were not provided to-SNLA. At-this time, based on the
comparisons presented in this and previous sections, it must be recommended that the
global results be used. for bounding the experiments-and for benchmarkmg cornputer
'simulations. ‘




: - Upperbound Lstlmato from Al(‘ ( alrulatlon 'L

— — Inferred from Pressure Data '

D _Thin- Film Gauge

' ‘ Cardon (;augc H106 ,

, O Schmldt Boelter Gauge 11502 _
A Schmidt- Boélter Cqugo 1503

. @

300

200 -

 TOTAL ENERGY DEPOSTION ( J/cM2)

Lo 2 4 8 I - B
T HYDROGEN COMBUSTED ( ) -

Flgure 36 Local and global total energy deposmon comparxsons from the standard
and steam- laden NTS premlxed combustion tests ‘ -

350' . v g T - Y — L \ - —

LT Upperbound Estnma(e from AIC (,alculatlon
300 = D Thin-Film' Gauge : ;
.| @ Gardon Gauge H106.
o) O Schmidt-Boelter (;auge 11502
250 [~ AN bchmldt Boelter Gduge HoOi

1200

T o

TOTAL ENERGY DEPOSTION (J/CM2) |

" HYDROGEN COMBUSTED ( ) ’ o

Flgure 37 Local total energy deposmon results from the sprays on NTS premlxed
combustlon tests o L ,




69
6 _Summary — Closing Remarks
This report provides resuits from an in- depth analysis of twenty-one premixed com-. -

“bustion experiments conducted in the 2084 m?® spherical hydrogen dewar located at
- the Nevada Test Site. These tests funded _]omtly by EPRI and the NRC, were per-

 formed to study combustlon processes in a large-scale vessel and to evaluate associated

safety-related equlpment response to the resultmg thermal environments. ‘Hydrogen .
concentrations in these tests ranged from 5 to 13% (by volume) and steam concentra-

. tions from 4 to 40%. Several tests also incorporated spray systems and/or fans which ’
enhanced the combustion rate and significantly altered the postcombustion gas cooling.
. .Data provided by EPRI from instrumentation associated with estimating the-ther-_
mal environment in the dewar during and following combustion have been evaluated in
this work. Data from the representative safety-related equipmént' installed in the de-
war to assess equipment survival issues have not been reviewed. Further, this work has
been restricted to the analysis of only those data records which were provided to San-
‘dia on computer tapes. The data reduction package SMOKE has been used to process.
data from thin-film gauges and capacitance calorimeters (Sandia supplied), Gardon

. and Schmidt-Boelter heat flux gauges (EPRI supplied) gas and wall thermocouples .

" (EPRI supplied), and pressure sensors (Sandia and EPRI supplied). Local estimates of o

‘the heat transfer were obtalned from the calorimetry, and global averages were inferred
from the pressure. Instrumentatlon “goodness” for each test has been assessed based
‘on reviews of the raw data and on comparisons of local and global results.

Overall conclusions about the goodness of the mstrumentatlon and the assoc1ated
performance are as follows:

Instrumentatlon Assessment

¢ Pressure signals from the different sensors were reasonably consistent for the dif-
ferent tests. Multiple pressure measurements for a given test were also compara- .

- ble. However, the EPRI/EG&G- prov1ded Sensors typlcally measured slower pres-
sure decays (followmg completion of combustlon) than did the SNLA prov1ded L

gauges for the few tests in which comparisons were possible. ‘Since the global
total heat transfer depends on the time rate of change of the pressure, the total
heat fluxes and energy depositions computed from EPRI/EG& G-provided sensors
might not be conserVative (i.e., provi'de upperbou'n'ds for the heat transfer).

e Global estlmates of the gas temperature 1nferred from the gas pressure compared
well with measured temperatures from the. 3-mil thermocouples. Results from
the 32-mil thermocouples did not follow the early_ transients (as expected due
to thermal inertia, effects) associated with combustion but they agreed with the 3

-mil data and pressure-inferred temperatures for the late-time cool-down period.

e Results were inconsisteht from the two.wall thermoco_up'les for which data were -
provided. It is believed that one thermocouple (T120) responded as would be -,
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expected in the dewar. T120 measurements also compared reasonably well with
global wall tehlperatufe estimates obtained from the pressure signal processing.

e Sandia-supplied total thin-film egd slug calbrimetry functioned for nearly all tests.
 Problems with the electrical connections for the thin-film gauge led to failures
during some of the early tests. Once corrected, the gauge operated effectively for
the remainder of the tests. The slug calorimeter provided “'good”_or “marginal”
signals for all tests. '

e EPRI-provided total Schmidt-Boelter gauges functioned for most of the 12 tests
of the Equipment Survival Testing Program for which they were installed in the
dewar, although problems with the water cooling for these gauges may have been
responsible for their poor performance during the most severe tests. In addition,
the uncooled total Gardon gauge appeared to have operated effectively for 7 of
the 8 tests in the Hydrogen Behavior Test Series for whlch it was 1nsta11ed in the
dewar. : ’

e The Sandia HBS flat-plate calorimeter failed early in the testing. The results from
this calorimeter were inconsistent, and all results were assumed to be “bad”. The
HBS aluminum cube calorimeter provided reasonable flux results for the 12 tests*

for which it was installed in the dewar.

e Sandia-supplied calo_fiméters for estimation of the local radiative heat trans-
fer were inoperable for most of testing, and data from EPRI-supplied radiative

~ calorimetry cotld not be reduced given- uncertamtles in the calibration and the
correctlon terms to account for the sapphlre cover p]ates

,Assessment of Heat Transfer Results

- o Early- time total heat flux results from the Sandia—provided calorimetry (thin-film

gauge, slug, and cube calorimeters) were generally comparable with the EPRI-

supplied total calorimetry (Schmidt- Boelter and Gardon gauges) for the tests

where the hydrogen concentration was < 8%. The total calorimetry results devi--

ated 51gn1ﬁcantly for those experiments at higher concentrations conducted near

the end of testing. These dev:atlons have been" prlmarlly attributed to instru-
"_"mentatlon deterloratlon

e The global estimates of total heat transfer rates inferred from the pressure signals

" were typically less than the local measurements for lean combustion and higher

for tests in which the pfecombustion concentrations were above 10% }iydrogen
These global results are believed to- be more accurate than the calorlmetry results

.+ -for the non-lean combustion experlments

‘o Total energy deposmon results from the EPRI—supphed calorimetry were gener- ..

‘ally consistent with the global results inferred from the pressure data for lean .
“combustion tests. The dep051t10ns computed from the calorimetry signals were
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probably low for the most severe combustion experlments performed at the end ‘
of the testing.

o The thin-film energy deposmon results were typlcally 30-50% lower than exther .
the global pressure-inferred or local results obtained from EPRI calorimetry for -
tests in which sprays were moperatlve When: sprays were operating, the thin--
film gauge results were comiparable to the EPRI—calonmetry Discrepancies in
the thin-film energy deposition estimates are attributed to shortcomings in re-
solving the late—tlme gauge response because of the assumptlons used in the data

_ (processmg ‘

. Global estimates of radiative heat tra.nsfer'f‘inferred from-the pressure for lean -

combustion tests were ~ 30-50% of thetotal heat'transfe'r inferred from the pres- .

- sure. For initial hydrogen concentrations > 8%, the radiative transfer became

. more dominant, especially for the steam-laden’ combustion tests. This was re-

" flected in both the radlatlve peak heat ﬂuxes and in the postcombustlon energy
depos1t10ns :

Local versus global issues cannot be resolved from the data prov1ded in"this report
glven the problems with instrumentation performance during the course of testing.
Further, the heat transfer instruments were all located either at-the top of the dewar
or on the equipment platform; results from these instruments would be expected to be
comparable. ‘Since there are additional wall and gas therrnocouple data for locations
throughout the dewar, local conditions may still be quantifiable if the data can be
obtained. It is expected, however, that characterization of the local environment will be
‘difficult for this large- scale experlment and the global data inferred from the pressure' ‘
may have to suffice. : : ‘

Overall, the global (and some. of the local) results prov1ded in thls report_should be
useful for benchmarkmg existing “global” computer simulations used in modehng nu-
clear containment response to degraded “core accidents. The data may also be helpful
for resolving issues pertaining to funct1onab1hty of safety-related equipment in contam-
ment during such accidents. Caution should be exercised when applying the global
results for lean hydrogen— air combustion; given the nonuniform and incomplete com-
bustion. processes. The results obtained from this study, coupled with results obtained
" from intermediate-scale combustion tests ‘(e.g., such as from the FITS and VGES fa--
cilities at Sandia Laboratories, Albuquerque) should also be useful in future modeling
activities to upgrade the combustion and heat transfer models currently used in reactor
safety computer simulations.
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Appendlx A

A ‘Tabular Results for Premlxed Combustion: Tests

Tabular results for the twenty-one premixed combustion tests conducted at NTS are
provided in this appendix. Tests are separated into three categories for presentation:
standard tests, steam-laden tests, and tests with the spray systems operative. The
standard tests are those in which the initial gas temperature is low (approximately 300
K) and the steam concentration is correspondingly low (< 5%). Steam-laden tests have
precombustion gas temperatures which range from 320-350 K, and the saturated steam
concentration varies accordingly between 15-40%. For tests in which spray systems are
' operative, it is believed that 16 or 17 Sprayco 1713A hollow cone nozzles were ‘operative,
. each providing 15 gpm of water spray.

" A listing of the tables included in this appendix is provided below:

Table o ~ Title

Al - Instrumentation Status Durmg Hydrogen Behavior
Test Series _ o - ‘
A2 P_ressure and Thermocouple Instrumentation Status
' during Equipment Survival Test Series
A.3 ' Calorimetry Instrumentation Status Durmg Equlpment
Survival Test Series
A4 Peak Gas Pressure and Temperature Results
- A5 Combustion Duration Results
A6 Gas Thermocouple Results
AT Peak Heat Flux Results:Inferred from Pressure Signals

A8  Peak Total Heat Flux Results from SNLA Gauges and
o from Wall Thermocouples
A9 Peak Heat Flux Results from Gardon and
Schmidt-Boelter Gauges
A.10 Postcombustion Global Energy Deposxtlon Inferred
from Pressure Signals
A1l Total Energy Deposition Results from Calorlrnetry
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Ta.ble A 1: Instrumenta.tlon Status Durlng Hydrogen Behav1or Test Serles -

~Instrument NTSPOO NTSPOI ‘N.-TSP04-_ NTSPO3 NTSP02 .NTSPOG NTSPOS NTSP07 NTSPOS

Designation 7/28/83  8/4/83  8/9/83  8/10/83 8/12/83 8/17/83 8/18/83 8/29/83 9/12/83

- .Pressure Transducers
P02 .. .- U VU U UL U . U
Pios -. -~ G ¢ 6 oa- G G

PRt

v ¢
B B
G B

' _Slug Cdllo:rimetersv |
H103 . B "B
HI4 G G

20
Q
[®]

2
2w
Q w
T w

- »_VbThm Fxlm Gauges o = S e — ' el
CH231 . - B. - B G B.. - B B B .. B B
~ H2s2 : B B . B . B -G B B G G
,; ,.;.";Ga;rdem Cauges

CHwost U
H106t U

Q'™
(®]
[®)
Q
()

‘~5VVan'rhennocoupus B
T120 Sy
CTi21 - U

aa
o a
00

ca
ca
aca
a0

Gas Thermocouples
~T101 -
T105 -
- T114
'T118

aada
| acaa
DOOO

aaac
fo00
ccaa

ccaa
cacq..
“cdqd;

t Only signal quality is evaluated for since no SMOKE processmg was performed

: H106 was a total gauge through test NTSP07 ‘and for NTSP08 was a radiative gauge
"For test NTSPO0S, oonly the signal quality i is evaluated 1.e.; no SMOKE processmg

‘U’ = Data not provided by EPRI (i.e., data are unavaxlable )

‘G’ - Data are “good” = sxgnals processed '

LM - :Data are “marginal” - signals processed -

- ‘B’ - Data are “bad” - signals not processed

SLSAL NOILSAGWO0D AAXIWAY HOJ SLINSTY UVINGVL -V




Table A. 2 Pressure and Thermocouple Instrumentatlon Status Durmg Equlpment Survnval Test Serles

Ir{strument‘ NTSP09 v NTSPll NTSP12 NTSPQP NTSP14 NTSP13 NTSP16 NTSP15 NTSP18 NTSP20 NTSP21 NTSP22

D’ééignaeion* 11/10/83 11/15/83 11/17/83 '12/1/83 12/6/83 12/19/83 '12/20/83 . 12/22/83 1/9/84 1/12/84 1/23/84 1/25/84

Pressure ’I}'aneducers

P101 . B - B B -G G . . G- U U - G- G G . G
P102 ¢ .~ G -7~ B ~ ‘B G. * B. ‘M M -G G G G
P103 G G: G =~ .G - G - G U U G G- G - G
~'Wall Thermocouples R e

Ti20,, = . G U G . G . M G G
T121 o G U G G G G G G M M M M
-Gas Thermocouples T

T101- G U G M G ‘G G G G G G G
T102 G G G G G G G G G M G G
T105 G U G G G G . G G G G G G
T118 G U G G G G G G M G G G
‘T151 G U G G G -G G G G B B B

¥ Pressure Instrumentatlon P104 and P105 were found to be “bad” for all tests of thls series
‘U’ - Data not provxded by EPRI (1.e:, data are unavallable ) :

‘G’ —:Data are “good” - signals processed :
‘M’ - Data are “marginal” - signals processed

‘B’ ' Data are “bad” - sngnals not processed

SN |
=3




Table A.3: Calorlrnetry Instrumentatlon Status Durmg Equlpment Survwal Test Series

8L

_lnatrument NTSP09 NTSPll NTSP12 NTSP9P NTSP14 NTSP13 NTSP16 NTSP15 NTSP18 NTSP20 NTSP21 NTSP22-

De51gnatlon7 11/10/83 11/15/83 11/17/83  12/1/83° 12/6/83 12/19/83 12/20/83 12/22/83 1/9/84  1/12/84 1/23/84 1/25/84

Total Slug Calorlmeter

H104 G .G ¢ ¢ M M ¢ M G- M M G
Total Thin-Film Gauge : o ) : o
,H232 ' G- G - G G G G G G G G G G
A]ummum Cube Calorlmeter | L o o
T504.- B G G M G. M M G G B B
'T505 - B G~ G G B G G G G G M G
‘_’fTotal Schmldt Boelter Gauges §
CHS02 o -G G G G G G G G B G G B
R H503 G- G G G G G G G G G G G
" Hs04 G M B B B B 4B M G B G G
:»_H506 -G G G G G G “M G M B B B
HSOT @ G G G G G B M B B G G
:Radiati\re .Sef;nllidt-Bo'elter and Gardon Gauées’ : |
YH106 - G M o M i M- B B B B B B B
H501. 6 M. G G- G G B G B M M B
~-‘H505 A G - G- .G _ G e G G G G -G G G

T The followmg mstrumentatlon were found to be “bad” for all tests: T501 T502 T503 T506 H103 H105 and H23l
% Only the signal quality i is evaluated for radiative gauges since no SMOKE processing was performed

¢G?~ Data are “good” - signals processed

‘M’ - Data are “marginal” - signals processed

‘B’ ~ Data are “bad” - signals not processed

SISAL NOILSNEIWO0)D AAXIATYd HOd SLTNSTY YVINAVL ¥



Table A. 4 Peak Gas Pressure and Temperature Results

Tt H, H0 O P /B TolTo . -
Name . % % % P101 :P102 P103 P105. AIC" P101 P102 P103 P105 AICt -

"-Stlaﬁdard Tests‘ E

'NTSPO1 5.3 42 32 NA._ NA NA 163 NA NA NA 15 164

1.48
NTSP9P 60 46 53 169 B 164 B 214 172 B 167 B 218
NTSPO9 ‘6.1 .42. 60. B 181 18 B 231 B 185 18 B .. 235
'NTSPOO 66 45 66 NA NA NA 222 253 NA NA. NA 227 259 i
: NTSPO4 7.7 42 1000 NA 'NA ~'NA 319 351 NA NA NA 332 365
NTSP13 .78 44 100." 313 B " 814 B 335 327 B 328 B 370
NTSP15 99 42 1000 NA 361 NA B 414 NA 381 NA B 435
_ Sﬁeam-La&en Tests .~ - = % o ‘ . T R
NTSPO7 55 143 45 ~NA NA  NA 166 18  NA NA NA .169 184
NTSP03 5.8 144 50. NA 'NA NA 178 194 NA NA ~NA 1815 197
NTSPO6 6.0 137 54.. NA ' NA NA 184 206 . NA 'NA 'NA 187 210
NTSP12 69 283 58 B B} 18 B 218 B B - 19 B 223
NTSP14 81 387 94 216 214 216°° B 299, 225 223 225 B 310
NTSPO5 7.8 313 100. NA . 266 NA 263 310 NA’ 266 NA 263 3.23
.NTSP16 10.1 295 100: NA 32 NA B 362  NA 338 NA B 381
" NTSP08 11.1. '27.2 .100. NA 361 NA - B 38 NA - 38 NA B 402
NTSP20 12.9 278‘ 100.  3.85 3.87 3.87 - B 422 413 414 414 B 451
Tests w1th Spray System Operatlve : o A o S .
. NTSP22 ~ 52 145 31. 136 136 136 - B 146 135 135 ;1 35 B 144
: NTSP11 58 49 58 B 195 19 B 212 B 196 197 .B 212
'= 'NTSP02 _,5.»8, 143 70. NA NA NA 215.222 NA NA °~ NA 216 . 223 -
NTSP18 6.6 - 27.3 69.- 2.09 210 209 B 226 211 212 . 211 B 228 .
NTSP21 132 274 100: $3.88: 391 391 B 425 409 412 412 B 447"
o Combustlon complet.eness value (cC). a551gned by, Sandla
t Result from adiabatic isochoric combustion calculation .
‘NA’ - Data not provided by EPRI or mstrumentatlon not mcluded in test -
‘B’ Data are “bad” B S - o S ~1
o , ©
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Table A 5 Combust"‘:{n Duratlon Re?"ults o

Y 1y Atq, o)

T Test  H,  H,0 ;;,cc' '-»Ignf/_'- e
9 ! P102 P103 P105 :P101 - P102 P103'5P105y

Nanie % %  Fanst. . -(s)

Standard Tests B

NTSPO1

. NTSPOP
_  NTSP0S

. NTSP0O:
NTSPO4

- NTSP13

“NTSP15 -

- NTSPO5

. "NTSP16
- _-NTSP08
NTSP’ZO:,,-

" NTSP22

NTSP11'”

- NTSP02
NTSP18

N,Tsti(

. 5.5
5.8
- 6.0

6.9

8.1
ST1.8"
10:1-
BINE
129

5.2°

5.8
5.8
6.6 -

13.2

o SteémTL'aden-;Tes,ﬁs. '
= NTSPOT7.
+:. NTSPO3 -
... NTSP06 -
.. 'NTSP12’
~-NTSP14

14.37°
1447
137
283"
-38.7
31.3..
29.5 7
212

27.8

ioses
© 530

2 60.
L lie6.

4.4° 100.
© 100,

54.
58. .
. 94," .
100. -
100..
100. .
100.:'

31

70.
69.

_1001 .

BN
‘B/N .

B/N

" B/N.

‘B/N-
B/N

B/N.

2E/F.
.C/F
T/F

B/N

B/N

B/N

B/N. .
“B/F
B/N.

‘Testc w1th Spray System Operatlve
14.5 7
4.9°
143
27.3
_27.4,

8L 1E/N‘5
'.'._,58. N

T/N

C/N
“T/N. .
: B/F

25.7
2210
21T
'33.1

23.2°

229

29.9
- 1053.0
1040 i

-215'
28,5

24 2
1916

.’.30;7'

NA"
‘NA
NA.

168
" NA
-~ NA -
- NA:

21

‘8.4
NA
o
l-.t7 ¥ '

. NA
: 44.8
_.36 8.
NA
6.4

- "36.'4;'v ‘
N

&
NA  NA
NA.
-

16 8
11, 5

4.4

2.80
21

:"N‘A._

240
172
NA

_ffﬁj'p: wt ww

B
o NA

57.6"
36.8°
.~ NA o
7 NA:#
0 iNA

"~ UNA

NA
L UNAL -1
L2212
19.6° -
o NA T
“ - NA
. NA
U2

NG
NC
- 'NA.

. NC
. ';,NC‘. :

* Combustlon completeness va]ue (CC) aSSIgned by Sandla

- "V Ignition at Bottom (B), Center. (C), Top (T) or by lor r 2 1gmters on wall at Equator (lE 2E)
~ :¥'Fans operative (F) or inoperative(N) . :

~ ‘NA’ - Data not provided by EPRI or mstrumentatxon not mcluded in test

“NC’ - Results not’ obtained from data analy31s smce sprays are not modeled in SMOKE

‘B’ - Dat,a are “bad”
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.A ‘Ta;t;vle A6 C._%a.s_Ther‘r‘hpc.ouple‘ Results L

Test  Tarc/To'  TW/To- - " At (s) Ty/2* (K) Atr,, (s)
Name ' © Ti101 T105 Ti18 ~Ti101 T105 Ti18 Ti01 Ti105 Ti18 Ti101 ' T105 T118
: T102* T151*  T102* Ti151* .T102* . 'T151*  T102° T151"
Standard Tests. o Se T g : P S AT
NTSPO1 164 -~ NA NA NA NA NA NA NA NA NA  NA NA NA
NTSP9P  .2.18 1.94* . -1.82 - 1.55 -28.9° -28.5 24.3 444. 427. 386. 56.4 -93.6 1200
NTSP09 235 0 1.92 197 174 -84 <24 6.0 441 - 448 414 976 © 64.8 - 1036
NTSP00 2.59 NA NA NA°- NA NA NA NA NA 'NA NA NA  NA
 NTSPo4 365 NA NA. “NA ~ NA NA - NA NA® “NA° NA. ~NA ‘NA NA
NTSP13  3.70 320 338 274 -17  -1L7 100  637.. 665, 568.  48.8 252  60.8
NTSP15 =~ 4.35 3.81 4.05 3.04 04 -04 - 64 730 767..  613. 152  16.0. 556
Steam-Laden Tes't‘s_‘ R o S ONr N
NTSPO7 1.82 NA. NA  NA NA “NA NA NA . NA' 'NA “ NA: NA 'NA
NTSP03 1.97 NA° NA - NA " NA NA NA NA NA NA NA: NA® NA
NTSP06 2.10 NA. . NA  NA “ NA. NA “NA NA NA . NA NA., NA.  NA
NTSP12 2.23°  2:11*° 203 182 . 0.9° “-139. 85 529 515 479. 316"  33.6 744
NTSP14  3.10 2.25% 238  1.84 53° .17 10.7 564 586. 493 29.6° 46.0  55.6
NTSPO5 3.23 2.8 295 259 -78 -79 08  647. 672, 611. 418 40.6 - 59.9
NTSP16 3.81 3.47° 346 - 239 .04° .04 17.2 765  765. 582 13.2° 17.2 - 60.8
 NTSPo8 402 392 . 399 333 .08 02 0.8 ° 85  869. 754. 32,5 295 310
NTSP20 451 402 424 278 --03 -0.1 120 859. 895. .646. 252 22.8 48.0
Tests with Spray System Operative o . PR , . .
NTSP22 1.44 - . 1.47* 106  1.05. . -0.4* -0.8 2.4  401* 335 334. . 6.8 360 492
NTSP11 212 © 2.100 NA - NA.. 07*  NA NA 472> NA . NA-: 68 ° NA " NA
NTSP02 2.23 NA NA .  NA ~NA NA NA - NA - NA ~NA NA. NA - NA
- NTSP18 2.28 2.19" . 2.17 - 178 0.0°  -2.4 10.0° 545 543. 475 11.6* 16.4. 25.2°
: 'NTSP21 447" 38T 319 . .255 0.8 44 - 64 " 830.* 714, 606.  10.5* 20.4 252

ot Results prov1ded for mstrument T102 ‘or T151 i S
t Maximum temperature ratio obtamed from an adlabatxc 1sochonc combustxon calculat:on o
¥ Gas temperature - Ty /2 = (T, + To)/2 ' : ’

" *NA’ - Data not provxded by EPRI.or mstrumentatlon not mcluded in test .

s
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Table A.7: Peak Heat Flu‘k Results Inferred from Pressure Signals

14.49

Test H, H,0O CC* gr (W/cm?) " qr (W/cm?)
‘Name % % % P101 P102 " P103 P105 P101 P102 P103 .P105
Standard Tests - : S : : , ,
NTSPO1 53 42 32. NA NA NA 016 NA 'NA NA 008
NTSP9P 6.0 4.6 53.  0.41 B 0.41 B 016 . B 0.14 B
NTSPO9 6.1 4.2  60. B 068 076 B B . 023 024 B
NTSPOO- 6.6 45 66. NA 'NA NA 203 NA NA NA 062
NTSPO4 7.7 42 1000 .NA -NA NA 802" NA NA - NA 333
NTSP13 7.8 44 100. 573 B 579 B ‘303 B 3.06 B

NTSP15 99 42 '100. NA 1058 NA ~ B NA 594 NA B
Steam-Laden Tests , :

- NTSPO7 55 143 45 NA NA NA . 072 NA NA NA o024
NTSP0O3 58 144 50. NA ~NA NA 122 NA "'NA NA 035
NTSPO6 6.0 137 54 NA NA NA 120 NA NA NA 037
NTSP12 6.9 283 58 B~ B 1.35 B B B .055 B
NTSP14° 8.1 387 . 94 241 236 236 B 131 125 128 B
NTSPO5 7.8 313 100. NA 410 NA 631 NA 281 NA 261
NTSP16 10.1 295 °100. NA 9.65 NA B NA 675 NA - B
NTSP08 11.1 272 100. NA . 2124 NA B NA 1234 NA - B
NTSP20 129 27.8 100." 26.17 25.63 2539 B 1508 1527 1534 . B
Tests with Spray System Operative .

NTSP22 52 '145 31. NC NC NC B 007 007 007 B
NTSP11 5.8 49 58 B NC NC B B 033 034 B

“NTSP02 58 143 70. NA NA NA NC NA NA NA o077
NTSP18 6.6 273 69. NC NC NC. B 09 098 0096 B
NTSP21 13.2 274 100.: NC 'NC 'NC ' B 1492 1494 B

"~ * Combustion. completeness value (CC) assigned by Sandia .
‘NA’ - Data not provided by EPRI or instrumentation not mcluded in test

‘NC’ - Total results not obtained from data analysis since sprays are not modeled in SMOKE
‘B’ - Data are “bad” :

(43
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Table A 8 Peak Total Heat Flux Results from SNLA Gauges and from Wall Thermocou-
p]es

Name . H232 H104 ' T504. T505 T120 T121_\'H232' Hi104 :T504 T505 T1’20‘ Ti121 |

Standard ‘Tests S RIS . R S : :
'NTSPOI* B° 040 NA NA NA NA- B 459 NA NA. NA NA
NTSP9P 0.74 1.50 101 <097 149 094 -385 -37.9 -7.1 -7.17" -33.7 6.3
NTSP09 1.06 1.29 B B 284 '1.34 :288 -146 B B 97 99
 NTSPOOC B 099 NA ~NA° NA . NA“ B =~ 64 NA NA NA NA
NTSP04 -~ B ' ~B -""'NA 'NA - NA' - NA". B ~ B NA NA 'NA 'NA
NTSP13 '5.37 '8.46 - 4.38° 443 821 - 334 -08 82 -15 .27 51 . 416
NTSP15 10.29. 11.23 11.28 13.61 '10.61 "6.34 ~~-1.2° 79 -1.7 -1.7° 50 38.1

Steam-Laden Tests ° R A R L ; ,
.. NTSPO7- . 049 071 NA ~'NA NA" NA- 01 86 ‘NA NA 'NA NA
NTSP0O3 " B ..268 NA “NA- 'NA NA“'B -~ 10 NA NA NA 'NA
- - 'NTSPO6 B 134 -NA NA NA -NA B 149 NA NA NA NA P
NTSP12 092 218 193 216 183 1.06 -19.1 -119: -13.4 02 -12.4 224 S
NTSP14 186 3.78 290 B 346 202 07 .©68 07 B 20 46.1
NTSPO5 -~ B 669 NA~ 'NA 1443 535 B -36 NA - NA- ' 45 296
' NTSP16.. 878 84  812. 440 693 549. .28 ‘82 10 -10 45 365
NTSP08 12.11 1048 NA NA 896 952 08 20 NA NA 143 345
NTSP20 18.34 738 '19.4 812 .10.04 693 -0.1 42 0.4 -0.8 4.1  36.7

Tests. w1th Spray qy:tem Operative S P

NTSP22 053 080 B~ 046 091 029 ~ -1.5 -4.3 B -27 45 473
NTSP11 139 237 249 155 NA :NA .23 .07 -38 -12. NA NA
NTSP02- 2.09 -3.35- - NA - NA° NA “NA .12 10 NA "NA "NA NA
NTSP18 2.54 208 211 2.20. 556 076 --2.8. 42 . -1.0 -1.0 82 326
NTSP21‘ 16.74  7.97 ‘ _--_B 2027 13 06 3.24 04 466 B 05 71 292

‘NA’ - Data not provided by EPRI or. mstrumentatxon not mcluded In test
‘B* - Data are “bad” Lo .
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Table A.9: Peak "I_‘ot.al H_éat Flux Results from Gdrdon and Schmidt-Boelter Gauges

¥8

Test 2017 (W Jem?) , or (W/em?) "Bty (9)
Name H106 H502 HS503 H506 H507 H106  H502 H503 H506 H507 H106 H502 H503 H506 H507

Standard Tests R :

NTSPo1 00 ‘NA NA NA NA 174 NA NA NA NA .47 NA NA NA NA
NTSPOP R 004 003 002 007 R 083 106 08 129 R -37.7 -305 -10.1 -17.3
NTSPO9 R 0.06 008 0055 B R 085 087 1.09 B R 08 -27.2 -152 B
NTSPOO NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NTSPo4 00 NA NA NA NA 109 NA NA NA NA 15 NA NA NA NA
NTSP13 R  0.12 0.085 0045 0175 R  4.43 505 4.46 6.78 R 20 -16 24 04
NTSP15 R 02 015 010 0325 R 828 967 974 11.17 R 0.8 -08 -1.2 -1.2

Steam-Laden Tests
NTSPO7 -001 NA  NA NA NA 084 NA NA ‘NA NA -6.1 NA NA NA NA

NTSPO3 0.0 NA NA NA NA 136 NA NA NA NA 65 NA NA NA NA
NTSPO6 0.0 NA NA NA NA 132 NA NA NA NA -49 NA NA NA NA
NTSP12 R 035 038 0263 0625 R 231 260 190  3.56 R -15.1 -19.1 59 1.1
NTSP14 R 0575 0.625 0.385 0.85 R 332 322 161 518 R -12.1 59 1.9 .21
NTSPO5 0.0 NA NA NA NA 651 NA NA NA NA .79 NA NA NA NA
NTSP16 R 0.65 0.675 035 095 R 570 8.28 5.58 10.57 R 20 -08 -20 -04
NTSPO8 R NA NA NA NA " R NA NA NA NA R NA NA NA NA
NTSP20 R 0.70 0.75 B B R 7.11 15.58 B B R 0.8 1.6 B B

Tests with Spray System Operative

NTSP22 R ‘B 0.275 B 025 - R B 0.75 B 0.61 R B 0.1 B 4.9
NTSP11 R 021 004 009 004 R 1.76 145 279 140 R 2.5 01 -03 .0.7
NTSP02 -0.05 NA NA NA ~NA 358 NA NA NA NA 17 NA NaA NA NA
NTSP18 R B 0.75 0.075 B R B 2.78 226 B R B 04 44 B
NTSP21 R 1.70 1.075 B 1.20 R 8.94 15.39 B 12.96 R 0.4 0.4 B -0.1

‘NA’ - Data not provided by EPRI or instrumentation not inciuded in test
‘R’ - Gauge is configured as a radiative devxce
‘B’ - Data are “bad”
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Table A.10: Postcombustion Global Energy Deposition Inferred from Pressure Signals

Test H; H,0 CC' Qaict tp** . Qr* (J/em?) Qr," (J/em?)

Name % % % J/em®* (s) P101 P102 P103 P105 P101 P102 P103 P105

Standard Tests _ a .

NTSPO1 53 42 320 428 759 NA 'NA NA 271 NA NA NA 90

NTSPOP 60 46 53 758 765 348 B 353 B 145 B 117 B

NTSPO9 6.1 42 60. 897 2164 B 468 485 B B 163 157 . B -
NTSPOO 66 45 66. 1074 365 - NA NA NA 718 NA NA NA 236
'NTSP04 ~ 7.7 42 100. 2030 279 NA NA NA 1392 NA NA NA 687
NTSP13 78 44 100. 2065 348 1440 B 1442 B 706 B 71.3 B

NTSP15 99 4.2 100, 29.1 328 NA 1979 NA B NA 928 NA B

Steam-Laden Tests . . : o

NTSPO7 5.5 143 45.  571.7 401 NA NA NA 381 NA NA NA 134
NTSP0O3 58 144 50. 69.2 34 NA NA NA 497 NA NA NA 179
NTSPO6 6.0 13.7 54. 71.7 365 NA NA NA 484 NA NA NA 15.
NTSP12 69 283 58 914 571 B B 52.6 B B ‘B 26.9 B
NTSP14 8.1 38.7 94. 1726 48.1 733 727 . 73.0 B 47.7 45.7 412 B
NTSPO5s 7.8 31.3 100. 1781 349 NA 1016 NA 1086 NA 720 NA 536
NTSPi6 10.1 295 100. 2590 348 NA 1550 NA - B - NA 1141 NA B
NTSPOS  11.1 27.2 100. 3620 10558 NA 2343 NA B NA 195 NA B
NTSP20 - 129 27.8 100. - 342.8 725 '217.0 218.0 2189 B 1619 162.7 1636 B

Tests with Spray System Operative , o v
NTSP22 52 145 31. 288 209 NC NC 'NC
NTSP11 58 49 58. 74.8 335 B NC - NC
NTSP02 58 143 70.  83.2 283 NA NA NA
NTSP18 6.6 273 69. 1084 190 NC  NC NC
NTSP21 13.2 274 100. 3327 329 NC NC: - NC

1.4 1.4 1.4 B
'B 49 45 B
NA NA NA 84
13.2 143 129 B
110.3 1136 1123 B

w2
Ww S ww

TCombust.lon completeness value (CC) assigned by Sandia

* Maximum global energy deposition that could be removed from gas based on AIC calculatlon

* Integrated heat flux for times after the peak pressure is reached (i.e., postcombustion energy deposition)
**Estimated time of peak pressure

‘NA’ - Data not provxded by EPRI or instrumentation not included in test

‘NC’ - Total results not obtained from data analysis since sprays are not modeled in SMOKE

‘B’ ~ Data are “bad” .
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Ta.b]e A 11 Total Energy Depos1tlon Results from Calorlmetry

Ter Qurol B s W 1 R
Name_,..»_v."(J/cmz)'..H232 -H106 HS502 ~“H503 H506 H507 v-.=H232 H106 H502. H503 H506 H507

Standard Tests' . A i . . . v ' _

~° NTSPo1 428 B 62 NA NA. 'NA NA B 305 NA_ . NA NA NA

.. NTSPOP 75.8 385 R 657 . 715 549 832 1803 R . 41.6 7335 27.1 481
NTSPO9 - 89.7-, 507 R 667 528 505 B 2265. R . .-46.1. 305 307 B
"NTSPOO 1074 B. NA NA NA NA B NA. NA 'NA NaA" :
NTSPO4-  203.0 B 2166 NA NA NA NA_ B~ 1774 NA NA NA NA
NTSP13 . 2065 1133 . R 148.7 149.0 920 160.4 90.18 R  131.2 1241 720 134.9
NTSP15  296.1 ° 1481 R 1851 2045 1363 249.7 1226 R~ 164.4 163.2 113.7 227.3

Steam-Laden Tests . i B S '
"'NTSPO7. 577 - 229 412 NA" NA NA' NA 185 337 'NA NA " NA. NA

© NTSP0O3 ~  69.2 B 620 NA NA NA NA B 504 NA NA NA NA
~'NTSP06 717 . B 265 NA NA . NA NA "B. 116 NA “NA NA NA
... NTSP12 914 33.0 R 1310 102.3 833 158.9° 15.7 R 1056 60.5 585 118.7
- .NTSP14 178.1.. 549 R 856 1228 983 1866 339 - R 629 101.0- 76.7 137.2
NTSPO5 1726 © B 2051 'NA NA NA . “NA * B. 1459. NA NA “ NA _NA
.. NTSP16  259.0. ~ 1410 : R 1647 161.0 344 B 1123 . R 1670 1266 204 " B
' NTSPO8 3620 186.5 R NA 'NA _NA NA 1112 R 'NA. NA NA NA
" NTSP20 3428 1726 . R 838 109.2.. B~ B 1586 R 1048 .1489 B B

. Tests with Spray System Operative - - - . T
 NTSP22 = 288 - 92 R B .64 B 101 57 -R B 74 B, 102
NTSP11 748 281 R 488 334 611 508 216 , R 593 290 66.4 . 386
_NTSP02 832 291 524 NA _NA NA NA 234 418 NA  NA - NA +NA
NTSP18 1084 382 R, B 484 247 B 248 'R B 463 195 B

. NTSP21_° 3327 1395 R 1306 1350 B 1416 1261 R. 1254 1215 B 1416

G _? Maximum global energy deosition that could be removed from gas based on AIC calculation
) " Integrated heat flux for the combustion and postcombustlon times of interest -
- ¥ Integrated heat flux for times after the peak pressure is reached (i.e. postcombustlon energy deposition)
% “NA’ - Data not provided by, EPRI or instrumentation not included in test '
©. ‘R’ - Gauge is configured as'a radiative device '
‘B’ - Data are “bad”
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Appendlx B

B Comparatlve Graphlcal Results

Comparatlve graphlcal results are given' in thlS appendlx for pressure r1se com-
bustron duration, heat transfer rates, and energy deposmons In addition, measured
- gas and wall temperature profiles for representative tests are compared. The data are
. provided in three different sets, Standard, Steam-Laden, and Sprays-on tests Included
in this presentation are comparative time histories of results as well as summary plots
‘of some of’ the 1mportant data tabulated m Appendlx A, B

Bl COmparati__v‘ev Results,_-from St'andard Tests A N RS

. 7
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I
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b
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T
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NISPOI(5 %)

: . b L | PR U ]
TIME. AFTER START OF COMBUSTION (S) ‘

Figure B.1: Gas pressure proﬁles for standard tests. Numbers in parentheses are 1n1t1al
hydrogen concentratlons ' '
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Flgure B 3 Combustlon duratlon 1nferred from pressure results (standard tests)




B.1 Comparative Results from Standard Tests’
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Flgure B.4: Gas thermocouple proﬁles for standard tests Numbers in parentheses are
" initial hydrogen concentratlons

A: 3-mil thermocouple results .
B:'32-mil thermoeouple r_esultsv S




‘e . B COMPARATIVE GRAPHICAL RESULTS
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-Figure B.5: Dewar wall thermocouple profiles for standard tests. Numbers in paren—
theses are 1n1t1al hydrogen concentrations. L o £ :

A: Thermocouple. T120 results
. B: Thermocouple T121 results




“B.I Comparative Results from Standard Tests R BT
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'Flgure B.6: Heat transfer profiles from H232 for standard tests. Numbers 1n parentheses
~ are initial hydrogen concentrations. S . S LR
o '  A: Total heat flux o ' : . _ E
~ B: Total energy deposition o - : -’ B




s e . B COMPARATIVE GRAPHICAL RESULTS
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Flgure B 7 Heat tranisfer proﬁles from H503 (standard tests) ‘Numbers in parentheses =
N are 1n1t1al hydrogen concentratlons Rt R SR

Av Total heat. ﬁux _ _
B: Total energy depos1t10n CE




< B "_j__Cdrnparfa;tivé Resu]ts from ‘Sjtan:da'rd‘:Te_sts L
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Flgure B.8: Total heat transfer proﬁles from pressure sensors (standard tests) Numbers _ i

“in parentheses are initial hydrogen concentratlons : L e Cie e

& _ A: Total heat flux ' o '
- - B:'Total energy depOs_itionf R
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B COMPARATIVE GRAPHICAL RESULTS
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Flgure B. 9: Radiative heat transfer profiles from pressure Sensors (standard tests).
Numbers in parentheses are initial hydrogen concentratlons

CA: Radlatlve heat flux
~ B:‘'Radiative energy deposition
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Figure B.10: Total heat transfer re_s:ults frofﬁ_ standard tests

A: Total heat flux
~ B: Total energy deposition
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' B COMPARATIVE GRAPHICAL RESULTS
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Figure B.11: Heat transférﬁ ré’Su]t_s inferred from pressure Sensors (standard"t'ests) .

. A: Heat.flux

B: Energy deposition.
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Flgure B. 12 Gas pressure profiles for steam-laden tests. Tests shown ¢ are 30% (nominal)
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NONDMENSIONAL GAS TEMPERATURE ( T/T,) _ :

25 0 25 s 75 W00 ®© 80 W X0
. "TIME AFTER START OF. COMBUSTION ( S)
3 - /f v
| \:: ok _NTSP20 (13 %) B
Y . }/\;_-mspos 8% .
- 225 - : L
' ~ NTSP%6 (10 %
ST IR deae
g a7s b 3 l
. § 10 F e
x ol
R C§3 125 F”“.*-z‘ “E .{
-5 0 - :2:% 5 75. K0 - @S . KO 1S 2000 -
S <TME, AFTER STARTOF COMBUS'TION (S) - :

Figure B.15: Gas thermocouple proﬁles for- steam—laden tests Tests shown are 30%
; (nomlnal) steam by Volume Numbers in parentheses are initial hydrogen concentra-

.tions.

A: 3-mil thermocouple results .

B 32-m11 thermocouple results




_ "1‘-100_ ,

Flgure B 16 Dewar wall thermocouple proﬁles for steam-laden tests
are 30% (nommal) steam by volume

‘ concentratlons

" WALL TEMPERATURE RSE (K ) -

. WALL TEMPERATURE RISE (K

40

20

s 8 8 3

8

20

" 'B COMPARATIVE GRAPHICAL RESULTS

mspbs 8%

NTSP20 (13 %)

NTSP6 (10 %)

NTSPR2 (7 %)

R BRI T 3 RSN T L

5 s . .75 00, @ 10 75 200
TIME AFTER 'START OF COMBUST]ON ( s) -

© NTSP20.(13 %)

r

NTSP6.(10%)

~ NTSPOS &%)

" Nrsmz 7n

o S l L L S

258D 00  ©5 B0 175 260"
TIME. AFTER STARTOF COMBUSTDN (S)

Tests shown
Numbers 1n parentheses are. 1n1t1a1 hydrogen

A Thermocouple T120 results k -
B Thermocouple T121 results ‘



- 'B.2. Cdmpafative Results from Steam-laden Tests " L 101

20 e . : . v —  '
”s S ' A ]
5F 1
3
s T NTSP20 (13 %) -
=
T,
2 75 F
b NTSP16 (10 %)
g st | |
O E _
TS NTSP12 (7 %)
0 . L ' =
-20 0 ] 40 . 60 80 100
' TIME. AFTER START OF COMBUSTION (S)
- T -
ot B

NTSP20 (13 %) .

g

B ~]
v

NTSPI6 (10 %) B *

TOTAL ENERGY DEPOSITION ( J/CM2 ) -
‘ 3

75
S0
% NTSPR (7 %)
o . L AL 1 1 . A
(v} - .80 150 200 250 300

100 .
TIME AFTER START OF COMBUSTION ( S)

.

Figure B.17: Heat transfer proﬁles from H232 for steam-laden tests. Tests shown
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B.3 Comparative Results from Tests with S‘prayvs—on
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Figure B.23: Gas pressure profiles for tests with Sprdys—on. Numbers in parentheses_
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Appendlx C

- C Graphlcal Results for Each Premlxed Combus-.
tion Test

Graphlcal results for the twenty-one premlxed combustlon tests conducted at NTS
are provided in this appendix i in the same order given in the tables of Appendix A.
Included are gas pressure and gas and wall temperature data obtained from “good”
instrumentation. In addition, local total heat flux and energy deposition results are

. presented for representative good” Gardon Schmidt-Boelter and thin-film gauges. In-“»h_l R
. strumentation goodness desngnatlons as deﬁned in the text (Sectlon 5) are tabulated
- in Tables A-1 = A-3 of Appendix A. '

~ Global (also referred to as average) results obtamed from the pressure signal | pro-
cessing are also prov1ded in graphical form for comparison purposes These results
include estimates of the gas and wall temperatures and also radiative and total heat

transfer rates and energy.depositions.. The global estimates of radiative and total heat.

- transfer are provided only for times following the time of peak pressure. (i, assumed
time of completion of combustion) given the limitations of SMOKE for modeling the

' - _actual combustion phenomena (see Section 4). Comparative global results inferred L
' from pressure data processing are not provided for tests in which the spray systems

" were operative, since the effects of sprays are not accounted for in SMOKE. 'Results
.. obtained from processing pressure transducers P105 (Hydrogen Behavior serres) and
- P103 (Equipment Survival series)-are used if these sxgna.ls are good” Otherwrse
results from transducer P102 are prowded for comparlson ‘purposes.
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A Gas pressure- durmg combustlon

“B: Gas pressure for entire test.
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- 'A: Heat ﬂux (Gardon gauge and inferred from pressure)
- B: Energy’ deposition (Gardon gauge and’ inferred frpm pr_essure)
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Flgure C.3: :Gas pressure and gas and wall temperatures for test NTSP9P"

A: Gas pressure durmg combustion

. B: Gas pressure for entire test,’
C: Gas temperature (measured and inferred from pressure)
D: Wall temperature (measured and.inferred from pressure).
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Figure C.4: Heat flux and energy deposmon results for test NTSPQP

A: Heat flux (thin-film gauge and inferred from.pressure)

B: Energy deposition (thin-film gauge and- mferred from pressure)
.C: Heat flux (Schmidt-Boelter gauges) _ :

D: Energy deposition (Schmidt-Boelter gauges) = -
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Figure C.5: Gas pressure- and gas and wall temperatures for test NTSPOQ

A Gas pressure during combustlon

.B: Gas pressure for entire: test’ ' v
_ ~ C: Gas temperature (measured and inferred: from pressure)
- D: Wall temperature. (measured a_nd inferred frorn_ pressure)
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‘Figure C.6: Heat flux and energy deposition results for test'NTSPOQ._
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B: Energy deposition (thin-film gauge and inferred from pressure)
C: Heat flux (Schmidt-Boelter: gauges)
D: Energy deposition (Schmidt-Boelter gauges)



GAS PRESSLRE. ( KPa )

GAS TEMPERATURE (K )

122 C GRAPHICAL.RESULTS FOR EACH PREMIXED COMBUSTION TEST

NTSP00 - 6.6% H, / 4.5% H,O

GAS PRESSURE. ( KPo )

— T E 3% v v -
650 ‘ S _ : M D
AVERAGE ESTIMATE USING P105 DATA
s00 |- . . .
' AVERAGE ESTMATE USING P105 DATA
ss0 | :
500 | W
450 4
400 +
350 L
<3°° i L 1 . T sp0 b 1 I Ly :
0 .-  wo B - 20 250 300 o %W W 200 20 300
TVE (S) - TME (S)
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A: Gas preséure‘ during combustion -
B: Gas.pressure for entire test
C: Gas temperature inferred from pressure
D: Wall temperature inferred from pressure
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. Bi'Gaspressure for entlre test AU
o Cr Gas temperature 1nferred from pressure
D Wall temperature mferred from pressure-.
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Frgure C 10 Heat ﬂux and energy deposxtlon results for test NTSP04‘

A: Heat flux (Gardon gauge and inferred from’ pressure)
~ B: Energy deposmon (Gardon gauge and 1nferred frorn pressure)
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Flgure C.11: Gas pressure and gas and wall temperatures for test NTSP13 -

- A: Gas pressure -during combustlon
B: Gas pressure for entire test

"C: Gas temperature (measured and mferred from pressure)
D: Wall temperature (measured and lnferred from pressure)
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Figure C.12: Heat flux and energy deposition results for test NTSP13

A: Heat flux (thin-film gauge and inferred from pressure)

B: Energy deposition (thin-film gauge and inferred from pressure)
C: Heat flux (Schmidt-Boelter gauges)

D: Energy deposition (Schmidt-Boelter gauges)

300 400 500



128

GAS PRESSURE ( KPa)

- GAS TEMPERATURE (K )

350
300

250

600

C GRAPHICAL RES ULTS FOR EACH PREMIXED COMBUSTION TEST
NTSP15 =9, 9% Hz / 4. 2% H2
- .
- 400 -
;‘ ;50 o
- - § 300
. g 20
- : z 200 |
- ‘ 4 50
1 1 1 1 l . 100 { 1 1 1 1
2 % - 4 s ‘-6 70 80 o s w0 w0 300
™E(S) ™ (S)
T 380
- o
5 | 5
= ) =~ B}
£l
B ] % 330 b / ..............................................................
! ,‘ AVERAGE ESTMATE USNG P102 DATA
K L R ] g 320 + : /
— | L AVERAGE ESTMATE USNG 1 = |1 i .. L :
: - P102 DATA » o LI [ S S :
07 s K0 0 200 . 250 300 - . 0. 50 100 ,.m' 200 2% 300

CTME (S) T (s

' Figure C.13: Gas pressure and’ gas and wall temperatures for test NTSP15

A: Gas pressure during combustion

B: Gas pressure for entire test - o .

C: Gas temperature (measured and inferred from pressure)
~D: Wall temperature (measured and: inferred from pressure).
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Figure C.14: Heat flux and energy deposition results for test NTSP15

A: Heat flux (thm-ﬁlm gauge and inferred from pressure) -
B: Energy deposition (thin-film gauge and inferred from pressure)

C: Heat flux (Schmidt-Boelter gauges)
D: Energy deposition (Schmidt-Boelter gauges)
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Figure C.15: Gas ~preSSure and gas and wall'vtemperatures for test NTSPO7

~A: Gas pressure during combustion
B: Gas pressure for gntiré test
C: Gas temperature inferred from pressure
D: Wall temperature inferred from pressure
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Fxgure C.16: Heat ﬂux ‘and energy deposmon resu]ts for test NTSP07

A: Heat flux (thln-ﬁlm gauge and inferred from pressure)

B: Energy: deposrtlon (thm film gauge and inferred from pressure)
* C: Heat flux (Gardon gauge and inferred from pressure)

D Energy deposmon (Gardon gauge and inferred from pressure)
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- Flgure C 17 Gas pressure and gas and wall tempera.tures for test NTSP03>A

A Gas pressure durmg combustlon

B Gas pressure for entire- test

o ‘Gas temperature 1nferred from pressur BT

~D Wall temperature 1nferred from pressure
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Figure C.18: Heat flux and energy deposition results for test NTSP03

A: Heat flux (Gardon gauge and inferred from pressure)
B: Energy deposition (Gardon gauge and inferred from pressure)
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NTSP06 — 6.0% H, /13.7% H;0 / Fans
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Figure C.19: Gas pressure and gas and wall temperatures for test NTSP06
" A: Gas pressure during. combustion . ' S
-+ B: Gas pressure for entire test .
- C: Gas temperature inferred from pressure
~ D: Wall temperature inferred from’pressure
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Flgure C.20: Heat flux and energy deposmon results for test NTSP06

A: Heat flux (Gardon gauge and mferred from pressure)
B: Energy deposition (Gardon gauge and inferred from pressure)
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- Flgure C.21: Geas pressure and gas and wall temperatures for test NTSP12

A: Gas pressure durmg combustlon
B Ga.s pressure for entlre test : L

.. C:Gas temperature (measured and 1nferred from pressure) '
‘D: Wall temperature (measured and mferred from pressure)
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Fxgure C 22: Heat ﬂux and energy deposmon results for test NTSP12

-f.vA Heat, flux: (thm-ﬁlm gauge and mferred from pressure)
~B Energy deposmon (thm film gauge: and mferred from pressure)
© C:"Heat fliix: (Schmldt Boélter gauges)” " T
D Energy deposmon (Schmldt-Boelter gauges)
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Flgure C.23: Gas pressure and gasand wall temperatures for test NTSP14 :

" "A: Gas pressure durmg combustlon o
. B:Gas pressure for ‘entire:test . < ce e
C:'Gas ternperature (measured and mferred from pressure) '

D: Wall tempera.ture (measured and inferred- from pressure)
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Flgure C.24: Heat flux and energy deposmon results for test’ NTSP14 ‘

A: Heat flux (thin-film gauge and:inferred from pressure) -

B: Energy deposition (thin-film gauge and mferred from pressure)
C: Heat flux (Schmidt-Boelter gauges)

D: Energy deposition (Schmidt- Boelter gauges)
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* Figure C.25: Gas pressure and gas and wall temperatures for test NTSP05

A: Gas pressure during combustion

B: Gas pressure for entire test

C: Gas temperature (measured and inferred from pressure)
D: Wall temperature (measured and inferred from pressure)
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Flgure C.26: Heat ﬂux and energy deposmon results for test NTSPOS. -

A: Heat flux (Gardon gauge and inferred-from' P105)
~ B: Energy deposition (Gardon gauge and inferred from P105)
 C: Heat flux:(Gardon gauge and inferred from P102) = = =
D Energy deposmon (Gardon gauge and 1nferred from P102)
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- Figure C. 27 ‘Gas pressure and gas and wall. temperatures for test NTSP16

A: Gas pressure during <¢ombustion -

-+B: Gas pressure for entire test -

C: Gas temperature {(measured:and. 1nferred from pressure)

- D: Wall temperature (measured and mferred from pressure)
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Flgure C. 28 Heat flux and energy deposmon results for test NTSP16 e

“A:Heat flux (thin- ﬁlm gauge and inferred from. pressure)

B: Energy deposition (thin-film gauge and- mferred from! pressure) - -

C: Heat flux (Schmldt Boelter gauges)
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Figure C. 29 Gas pressure and gas and’ wall temperatures for test NTSPOS ]

A: Gas pressure during combustion -

B: Gas préssure for entire test = e

C: Gas temperature (measured and inferred from pressure)
D:‘Wall temperature (measured and inferred from pressure)
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,v Figure C.30: Heat flux. arid energY dePOSItlon results for test. NTSPOS '

A: Heat flux (thin-film gauge and inferred from pressure)
B: Energy deposmon (thln—ﬁlm gauge and mferred from pressure)
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A Gas Pressure during combust:on T '
. "_B Gas pressure for entlre test . v . -

Gy Gas temperature (measured and mferred from pressure)

D: Wall temperature (measured and. 1nferred from pressure) o
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Flgure C. 32 Heat ﬂux and energy’ deposmon results for test NTSP20

A: Heat flux (thin- film gauge and inferred from pressure) _
.B: Energy deposition (thm-film gauge: and 1nferred from pressure)
. C:Heat flux (Schmldt -Boéelter gauges)
. D: Energy deposmon (Schmldt Boelter gauges) S
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Flgure C 33: Gas _pressure and gas and wall temperatures for test NTSP22

A: Gas pressure durmg combustlon

- B: Gas pressure for. entire test
A - C: Gas temperature _
D: Wall temperature -
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Flgure C.34: Heat flux. and energy deposmon results for test NTSP22

A: Heat flux (thin-film gauge)
B: Energy deposition (thin-film gauge)
C: Heat flux (Schmidt-Boelter gauges)

D: Energy deposition (Schmidt-Boelter gauges)
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Flgure C.35: Gas pressure ‘and gas and wa]l temperatures for. test NTSPll

A: Gas pressure. durmg combustlon
-B: Gas pressure for _entlre test
- .. ' .C: Gas temperature




HEAT FLUX ( W/CM2 )

151 -

- 'NTSP11 - 5.8% H, / 4.9% H,0 / Sprays

' _ HEAT FLUX ('w/c_Mz )

2 ~-r T 40
s | A 3 B
—~
150 - 1 g 30
=
125 { 2 = |
1} : % 0F
o7s | .. 5 |
050 | % [ =
025 I~ R 5
0 , LT - , 0
] 2% S0 % WO @5 WO M 200 0
“TME (S)
2 : v " 60
. <L
1'5 B ) ~—~
L wf
1 F ~—
| 5wl
05 | 1 §
' 20}
oY ‘r'-\"“f\k—d'v\._»—\_.,\_ ’ §
0
H503 LVl o
-05 [ 1 1 1 L1 o
N 00 25 . B0 WS 200 ) 50 0 200 20 300

T™ME (S) T™E (S)
Figure C.36: Heat flux and energy deposition results for tesﬁ NTSP11
Ci A: Heat flux (thin-film gauge) '
B: Energy deposition (thin-film gauge)
C: Heat flux (Schmidt-Boelter gauges)
D: Energy deposition (Schmidt-Boelter gauges)
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Flgure C 37 Gas pressure and gas and wall temperatures for test NTSPOZ

A: Gas pressure during combustlon
B: Gas pressure for entlre test
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Figiire C.38: Heat flux and ehergy deposition results fo’r._test“NTSPOZ : _
A: Heat flux (thin-film and Gardon gauge) -~ ; - o
B: Energy deposition (thin-film and Gairdon gauge) ~ * ‘
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Figure C.39: Gas ‘preASISure'_ and gas and wall temperatures for test NTSP18

A: Gas pressure during cpmbusti_oh
B: Gas pressure for entire test

C: Gas temperature

D: Wall temperature
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Figure C.40: Heat flux and ene'rgy'deposi‘tion results for test NTSP18
A: Heat flux (thin-film gauge) : '
B: Energy deposition (thin-film gauge)
C: Heat flux (Schmidt-Boelter gauges)
D: Energy deposition (Schmidt-Boelter gauges)
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Figure C.41: Gas pressure and gas and wall temperatures for’ test NTSP21

A: Gas pressure during combustion

B: Gas pressure for entire test R

C: Gas temperature
D: Wall temperature
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. Figure C.42: Heat flux and energy deposition results for tesﬁ-NTS_PZl

A: Heat flux (thin-film gauge)
- B: Energy deposition (thin-film gauge)

'C: Heat flux (Schmidt-Boelter gauges) _
- D: Energy deposition (Schmidt-Boelter gauges)
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