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ABSTRAC1T

The safety potential of the Modular High-Temperature Gas Reactor (MHTGR)

evaluated, based on the Preliminary Safety Information Document (PSID), as
submitted by the I )epartment of Energy to the U.S. Nuclear Regulatory Com-

mission.

The relevant reactor safety codes were extended for this purpose and
applied to this new reactor concept, searching primarily for potential acci-
dent scenarios that might lead to fuel failures due to excessive core tempera-
tures and/or to vessel damage, due to excessive vessel temperatures.

The design basis accident scenario leading to the highest vessel tempera-
tures 18 the depressurized core heatup scenario without any forced cooling and
with decay heat rejection to the passive Reactor Cavity Cooling System
(RCCS). This scenario was evaluated, including numerous parametric variations
f input parameters, like material properties and decay heat, [t was found
that significant safety margins exist, but that high confidence levels in the
ore effective thermal conductivity, the reactor vesseli and RCCS thermal emis-
sivities and the decay heat function are required to maintain this safety mar-

fdent extensions of this depressurized core heatup scenario in-
8 of complete RCCS failure, cases of massive air ingress, core
scram and cases of degraded RCCS performance due to absorbing
actor cavity. Except for no-scram scenarics extending bevond

fuel never reached the limiting temperature of 1600°C, below which
L fallures are not expected. In some of the scenarios, exces-
concrete temperatures could lead to investment losses but are
lead to any source term beyond that from the circulating in-

future extensi ( the current work are suggested.




EXECUTIVE SUMMARY AND CONCLUSIONS

In support of the safety evaluations of the MHTGR concept by the NRC,
performance evaluations of the conceptual design were performed at BNL. These
efforts are documented in this report.

This summary section follows the sequence of accident scenarios as pre-
sented in the body of the report, beginning with depressurized core heatup
transients, which are still considered to Ye design basis events, and continu-
ing, thereafter, with more severe accident scenarios. Ultimately a summary of
the suggested future work is given.

Safety Evaluation of the MHTGR During Derressurized Core Heatup Transients
with Functioning RCCS

The scenarios considered in this section assume that scram, depressuriza-
tion, and loss of all forced circulation occur at the beginning of the acci-
dent, with conduction ard radiation heat transfer from the core to tte passive
RCCS, which continues to function normally. Corresponding events are consid-
ered in Chapter 15 of the PSID, specifically in DBE-11 and SRDC-6 to 11.

During normal full power operation the RCCS continually removes about 0.8
MW from the reactor vessel. 1In the easrly phases of the accident scenario the
decay heat exceeds the heat removal by the RCCS, and the excess energy is
stored in the core, resuiting in a gradual core heatup. After 60 to 70 hr the
RCCS heat removal exceeds the decay heat, and the system begins to cool down.
In the best estimate case, a peak fuel temperature of about 1370°C is reached
after 55 hr and a peak vessel temperature of about 425°C occurs after 91 hr.
These best estimate temperatures are lower than those cited in the more con-
servative PSID evaluations. Typical results of reactor temperatures and heat
flows for such a transient are shown in Figures 3.1 and 3.2.

The major emphasis of our analysis was to independently verify the PSID
evaluations and to identify the parameters which, within their uncertainty
bounds, could have a w«igrificant safety effect on the accident transient.
Peak fuel and vessel temperatures during the transient were the output param-
eters of primary concern.

Excessive fuel temperatures can lead to fission product release. Current
DOE data appear to iadicate that very few, if any, fuel failures are likely to
occur in the 1600 to 1800°C temperature range. Neverthelees, a value of
1600°C has frequently been cited as the threshold below which one is assured
of no additional fuel failures, and no fission pioduct releases beyond the
circulating and plated out inventory. At temperatures of 2200°C and above,
massive fuel failures would be expected.

Vessel temperatures in excess of the maximum allowable ASME code values
could prevent future reuse of the pressure vessel. A maximum permissible tem-
perature of 480°C was considered during this study. Since completion of this
work, the vendor has decided to apply for an ASME code extension to 540°C as
maximum permitted vessel temperature.

To establish the effect of various uncertainties in the input data on the
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peak fuel and vessel temperatures, a large number of parametric evaluations
were made. Many of these variations, such as in-core gaps between fuel ele~-
ments, initial graphite {irradiation damage, air inlet temperature to the RCCS,
as well as thermal emissivities of the reactor and RCCS materials had no major
impact on the peak fuel temperatures. The vessel and RCCS thermal emissivi-
ties did have a significant effect on the vessel temperatures, indicating that
this parameter should be controlled during manufacture and operation, primari-
ly by avoiding any polishing or painting of the steel surfaces.

The two parameters having the most significant impact on the fuel and
vessel temperatures were the decay heat and the effective thermal conductivity
of the fuel elements and reflector blocks. Parametric evaluaticns were per-
formed in order to establish the effect of these two parameters on peak fuel
and vessel temperatures.

The results of Figures 3.12 and 3.13 show that a 302 increase in decay
heat or a 37% reduction in effective thermal conductivity would be required
before peak fuel temperatures of 1600°C would be reached. Significantly
larger margins exist before the 2200°C threshold would be reached. A 27% in-
crease in decay heat was found to cause peak vessel temperatures of 480°C, the
value beyond which the restart capability of the vessel might be compro-
mised,} Thus, during depressurized core heatup scenarios with functioning
RCCS, significant performance margins exist before tuel failures and addition-
al fission product release would be expected. However, the evaluations show
that a high confidence in the decay heat function and effective core thermal
properties 18 required to assure that vessel temperatures do remain within
safe bounds.

Safety Evaluation of the MHTGR During Depressurized Core Heatup Transients
Without Functioning RCCS

The passive RCCS has a very low failure probability, and even in case of
catastrophic failures, only parts of the system would be likely to fail, re-
sulting in partial flow blockages and/or partial loss of draft. Parametric
evaluations of RCCS performance have shown it to be highly "self-adjusting”
(large increases in flow resistance lead to some flow reduction and higher air
exit temperatures, with a relatively small loss in total energy removed).
Nevertheless, as a limiting case, depressurized core heatup without any cool~-
ing by the RCCS is being considered in this section.

In order to protect the surrounding concrete surfaces, the RCCS design
includes thermal insulation. Additional shielding and thermal insulation are
provided at the top and the bottom of the reactor cavity. This thermal in-
sulation is the most significant heat transfer barrier in any heatup scenarios
without functioning RCCS. The failure assumed here is & most unlikely case,
in that 1t postulates a worst case combination of:

l. Eliminating all air flow by blocking all flow passages completely,
while

2. keeping all thermal {nsulation in place.

IThe corresponding margin to 540°C is 55%.
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Adding more conservatism, for our Base Case evaluation, a concrete of
relatively low ths wmal conductivity and a poorly conducting soil (clay) were
assumed, Several parametric variations 1in concrete/soil properties and con-
figurations were evaluated. A corresponding case is considered in Appendix G,
Section G.2 of the PRA report for the MHTGR.

Our analyses found that the peak core temperatures exceeded those for the
corregponding cases with RCCS by about 35°C orly, and were essentially inde-
pendent of concrete and soll conditions, since these structures were still
relatively cool at 78 hr, when the core temperatures peaked. However, che
vessel temperatures eventually reached levels between 700 and 800°C, typically
peaking between 400 and 1,200 hr, i.e., weeks after the onset of the acci-
dent. Poorer concrete and soil conditiong affected the peak vessel tempera-
tures slightly, but greatly slowed down the ultimate cooldown. Several re-
glons of the concrete walls of the reactor silo reached temperatures as high
as 700°C. Thus, at least partial failure of .hese structures, weeks after the
onset of the accident, is not precluded.

Parametric variations of decay heat and core effective thermal conducti-
vity (with RCCS failed) gave only slightly smaller margins than the corre-
sponding cases with RCCS as shown in Figures 4~14 and 4~16: a 27% increase in
decay heat and a 33% reduction of the core effective thermal conductivity were
required to reach peak fuel temperatures of 1600°C. However, unacceptable
vessel and concrete temperatures are possibly reached. A 40% increase in de-
cay heat brings the peak vessel temperature to 1000°C (however, only after 6
weeks). While there 1is no specific vessel fallure temperature or failure
mode, mechanistic accident scenarios can be envisioned here, during which some
fuel failures occur around 100 hr, and subsequent vessel failures occur after
several weeks, when core temperatures have already returned tu the 1200 to
1300°C range.

To establish whether the reactor cavity could be designed to withstand
even these core heatup accidents without functioning RCCS, an evaluation was
made for a case of best estimate rather than conservative concrete and soil
properties, and without the thermal insulation within the RCCS (this insula-
tion 18 not really required for the RCCS to function properly under normal or
accident conditions). In this case, the vessel temperatures peaked about
100°C lower than in the preceding cases, and the peak concrete temperatures at
critical areas peaked near 250°C. One local peak concrete temperature at the
side wall surface reached 560°C. Thus, a "hardened” reactor silo design with
significantly lower vessel and concrete temperatures may be achievable with
appropriate design modifications, i1.e., elimination or reduction in insulation
and proper concrete selectior.

In summary, the decay heat and thermal conductivity margins for fuel
failures are very close to the corresponding cases with RCCS functioning.
However, higher decay heat levels can significantly impact on the peak vessel
and concrete temperatures, and some structural failures of these components at
very long times are possible.

Evaluation of Large Air Ingress Scenarios

-

For significant amounts of air to enter the core large failures of the
primary loop pressure vessel system must be postulated. These could be either
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in the form of multiple reactor vessel failures, or in the form of a cross
duet double~guillotine break. The latte. was assumed here.

In either case, the total gas flow through the core after such a break
was found to be limited by the friction pressure drop through the 1f mm diame-
ter and approximately [2 m long coolant holes in the core.

Assuming an unlimfited supply of pure air and no recirculation between the
gasses exiting and entering the vessel at the break, the core inlet flow rang-
ed from an initial value of 700 kg/hr to about 260 kg/hr for most of the !0
day transient evaluated (for 50 volume % mixtures of helium and air the flow
rates were about one third of the above values). Varying the chemical reac-
tion rates and the gas species diffusion coefficients by several orders of
magnitude, it was found that in virtually all conditions all the air entering
will oxidize, exiting almost exclusively as carbor monoxide, and any uncer-
tainty in reaction rates or diffusion coefficients will only affect the length
of the reaction zone. The corresponding graphite oxidation rate was about 60
kg/hr for most of the transient. The thermsl contribution from this exother-
mal graphite-air reaction to the core heatup was small, amounting to only
about 10%Z of the nuclear decay heat.

As the air volume in the reactor and steam generator cavities is general-
ly 1imited, significant air inflow could last but a few hours, with the inflow
being originally a helium air mixture, gradually being replaced by a He/CO/Nz
atmosphere. Early during such a scenario, local burning of the exiting CO in
the reactor cavity is not impossible, and this could possibly continue for a
few hours. For the graphite oxidatiorn to proceed to the point that structural
damage inside the core would become possible, an unlimited air supply would
have to be available for many days. It should be noted that the air flow into
the core and the corresponding amount of graphite reacted, as given here, are
larger than those reported by the DOE team. This is apparently due to our use
of a finer nodalization in the computation of the downward flowing gas tem-
peratures at the core barrel. While our conclusions are relatively insensi-
tive to these differences in air flow rates, it appears rhat our results would
be the more accurate ones.

Evaluation of Moderate Water quress Scenarios

Considering the moderate steam generator break of SRDC-6 (single off-set
tube rupture) the long term consequences of graphite oxidation during the sub-
sequent depressurized core heatup transient were evaluated.

Subsequent to the shutdown of HTS and/or SCS, their respective flow
valves are in a closed position. 1If they were hermetically closed, only in-
ternal in-core recirculation of the He/H,0 mixture of about 18 volume % 1,0
would be possible, resulting in very small in-core flow rates of about 0.5
kg/hr. As both valves are designed to permit some bypass flow in their closed
posfition, initial estimates indicate a net circulation between steam generator
and core of about 3 kg/hr, which is very minor. However, after the first few
hours, the core temperatures are sufficiently high that all H,0 entering the
core will react (endothermic), oxidizing about 1 kg/hr of graphite.

The gas exiting the cora would have a 30 volume % concentration of water
gas (CO + H2). However, it could leave the primary loop only after passing
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through the steam generator and relief valve train, where it would be strongly
diluted. Therefore, it is very unlikely that any combustible mixture could
enter the reactor building.

Thus, no serious safety consequences from this accident scenario have
been identified. Extension of this work to include large water ingrcss rates
is planned.

pepressurized Core Heatup Accident Scenarios Without Forced Cooling and
Without Scram

Te case of a depreesurization accident without scram and without any
forced cooling, but with functioning RCCS was investigated, using the reacti-
vity feedback coefficients from the »ISID for an EOC condition and best esti-
mate cross section data supplied by GA. A similar case 1is presented in Sec~-
tior G.1 of Volume 2 of the PRA report for the MHTGR.

The reactor was found to shut down within about two minutes, due to the
negative Doppler feedback coefficients. The power generated during this ini-
tial period amounted to about 40 full power seconde, resulting in an average
active core temperature rise cf about 100°C.

Recriticality due to Xenon decay was observed at about 50 hr, with power
spikes occurring about one per hour, with an initial peak of 17 MW, decaying
to a final steady level of about 1.2 MW.

Beyond about 120 hr an equilibrium condition was observed, where the
positive reactivity due to low Xenon concentration just balances negative
reactivity due to elevated fuel t mperatures.

The peak core temperatures for this best estimate evaluation reached
1600°C at about 60 hr and peaked at 1760°C at about 120 hr, prevailing at this
level for hundreds of hours rather than decaying moderately fast, as in the
corresponding accident with scram. Thus some fuel damage and fission product
release after 60 hr must be expected. Vessel temperatures of about 550°C
would preclude reutilization cf the vessel.

Further investigations will consider the case without functioning RCCS,
and the sensitivity of the results to variations in the core and reflector
temperature coefficients and the cross section data, in particular since in
these accident scenarios the peak core temperature is sirongly dependent on
the Doppler feedback coefficients.

Reduction in Reactor Cavity Heat Transfer due to H,” and/or CO, Accumulation

Water vapor, carbon dioxide and, to a lesser extent, carbon monoxide can
reduce the heat transfer via radiation from the reactor vessel to the RCCS

panels.

Water vapor could reach the reactor cavity in accident scenarios involv~
ing massive failures of the secondary loop, such as a main steam line break in
the steam generator cavity. Significant accumulations of CO0, would require
prior massive ingress scenarios and chemical reactions in the primary loop,
and therefore is of much lower probability.
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The case of core heatup without scram is to be extended to investigate
the effect of uncertainties in the reactivity and cross section data currently
supplied by DOE and to consider the case without RCCS cooling.

The more detailed model of banded gas radiation 1is to be coded and
applied to obtain a firmer assessment of the negative effects of H,0 and CO,
on reactor cavity heat transfer and the resulting higher peak vessel! tempera-

tures.
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TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . - . . - . . .

EXECUTIVE SUMMARY AND CONCLUSIONS ¢ o o o o s o o ¢ o o o s o o

LIST OF FIG[’RES. . . . . - . . . . . . . L . . . . . . . . . . . .

LIST ()F TABLES - . . . . . - . . . . . . . . . . v . . . . - - .

ACKNO“LF:DGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . .

b

10,

11.

Introduction Bl Lol Sl s il el S Ll e el T R R
Design Description and Outline of Reactor Safety Codes . . .

Parametric Evaluation of Depressurized Core Heatup Scenarios
with Functioning C 3 4y PRI o I Gl A Sy e R o e i T T ey R |

Parametric Evaluation of Depressurized Core Heatup Transients
Without Opﬁrating RCCS (“Earth Heatup") PP R G N vee s 2P TR S S

Alr Ingress During Depressurized Core-Heatup Accidents with
Failed Cross Duct and/or Failed Reactor Vessel. o+« « o+ o+ o o« &

Water Ingresﬂ SEPNETLEN & 6 8 4 G R e R e e

Core Heatup Accident Scenarios without Forced Cooling
AGE WELHOUL BOPEE 4 » & 4 3 & # KR B8 B AW e BOG BB AN

Reduction in Reactor Cavity Heat Transfer due to H,0 and/or
002 ACCUmUlation FAE R G Gl BTN R REE W de (R TR SR SR RN VIR SET TRET TNE R TN

Temperature Transients Subsequent to a Collapse of the
Core Support BEEFUCEHPRL & & - B WS RN R AR

Future DRSO R A e R T I N

T L Gy el o e R G I S ST e S G L S S Gt R L T e TS e T g e

APPENDIX A: Summary of Input Data and Material Properties for

Depressurized Core Heatup Accident Analyses . . + .+ &

APPENDIX B: RCCS Performance Evaluation + o« « ¢ o o ¢ o o ¢ o o o

APPENDIX C: Reactor Kinetics and Xenon-135 Model for Core Heatup

Accidents Without BOTRE « 4 & + 4 & 4 8 % % 8% & & »

APPENDIX D: Initial Band Approximation Model for Reactor Cavity
Radioactive Heat Transfer in the Presence of Partici-
pating Gases ST N S TR SIN toaly TR LU GEAC Wil JRME T MR Gher QI Nt DA G RS |

Page
154§

XV
xix

xxi

25

41

51

57

63

65
71

75

77

83

89

93



Figure No.
2~1
2-2
2=3

3=1

-2

3-4

33

3-6

3-8

3-9

3-10

3~12

LIST OF FIGURES

MHTGR in Underground Site (Bechtel, 1986) . « +« + « « « o« o+ &
Schematic of MHTGR Primary Loop (Bechtel. 1986) + + + « & - &
Passive Decay Heat Removal System o« « o o o o o« o o o o o o &

Core and Vessel Temperature During a Depressuriz~d Core
Heatup Transient with RCCS Cooldown (Base Case) « + « + « o

Decay Heat and Heat Flows During a Depressurized Core
Heatup Transient with RCCS Cooldown (Base Case) + « + + & « &

RCCS Performance Puring a Depressurized Core Heatup Transient
with RCCS Cooldown (Base Case) .+ « 4 o« o o o o s s s s o o o

Fractions of Active Core Exceeding Specified Temperature
Limits During a Depressurized Core Heatup Transient with
RCCS Cooldown (Base CaB8€) o« « o o o s ¢ o ¢ & o o 2 o o ¢ » o

Reactor Vessel Gas Inventory During a Depressurized Core
Heatup Transient with RCCS Cooldown (Base Case) + « + o o o &

Reactor Cavity Gas Inventory During a Depressurized Core
Heatup Transient with RCCS Cooldown (Base Case) . + « « + o+ &

Core and Vessel Temperature During a Depressurized Heatup
Transient with RCCS Cooldown (Case of Uniform Radial After
“eat PrOfile) . . . . . . . " . . . . . . . . . . . . . . . .
Decay Heat and Heat Flows During a Depressurized Core

Heatup Transient with RCCS (Case of Uniform Radial After
HeatPrnfile).............

. . . . . . . . . . .

RCCS Performance During a Deprecsurized Core Heatup Transient
with RCCS Cooldown (Case of Uniform Radial After Heat
P!‘ofile)......_....................
Fractions of Active Core Exceeding Specific Temperature
Limits During a Depressurized Core Heatup Transient with
RCCS Cooldown (Case of Uniform Radial After Heat Profile) . .

Effect of Vessel and RCCS Emissivities (e) on Peak Vessel
Temperature (8,) During Depressurized Core Heatup
Transients w1th RCCS Cooldown TNEST TR PR UL SHET SO G G SN BRET G (g g A e
Peak Fuel and Vessel Terperatures as Function of Incieased
Decay“eatseneratio“oo-o.ncn.ocono»ooo

—-X Y-

Pase

10

10

11

11

12

12

15

15

16

16

19

19



LIST OF FIGURES (Continued)

Fioure Eg.

=13

4=1

4=2

4-3

4=4

4-5

4=6

4~7

4-8

&
4
<

4-10

=11

4-12

4-13

h=14

Peak Fuel Temperature as Function of Reduced In-Core
Effective Thermal CO“dUCtiVity W IS T TR WG TR O U e W R

Cross Section of Reactor Silo (Cut Above Reactor Vessel) .

Core and Vessel Temperatures During a Depressurized Core
Heatup Accident without Operating RCCS (Base Case) . . . .

Decay Heat and Heat Flows During a Depressurized Core
Heatup Accident without Operating RCCS (Base Case) . . . .

Core and Vessel Temperature During a Depressui .zed Core
Heatup Accident without Operating RCCS (Base Case) . . . .

Decay Heat and Heat Flows During a Depressurized Core
Heatup Accident without Operating RCCS (Base Case) . . . .

Fraction of Active Core Exceeding Specified Temperature
Limits During a Depressurized Core Heatup Accident without
Operﬂtiﬂg RCCS (Baae Caﬂe) e B T BRT LA W M0 RO e ST S R Ve

Core and Vessel Temperatures During a Depressurized Core
Heatup Accident without Operating RCUS (LTR-4 Decay Heat) .

Decay Heat and Heat Flows During a Depressurized Core
leatup Accident without Operating RCCS (LTR-4 Decay Heat) .

Core and Vessel Temperature During a Depressurized Core
Heatup Accident without Operating RCCS (LTR-4 Decay Heat) .

Decay Heat and Heat Flows During a Depressurized Core
Heatup Accident without Operating RCCS (LTR-4 Decay Heat) .

Fraction of Active Core Exceeding Specified Temperature
Limits During a Depressurized Core Heatup Accident without
Operating RCCS (LTR“6 Decay Heat) G TR T SRR T Nk Y ke R

Concrete Temperatures in the Reactor Silo During a
Depressurized Core Heatup Ac:cident without Operating RCCS
(Baﬂe Case) At JER el TSR N HE SR A R S R ERT O Lo SR g Bo T od A e

Concrete [lemperatures in the Reactor Silo During a
Pepressurized Core Heatup Accident without Operating RCCS
(Case ?; Direct Feat Conduction to Outside Wali and Soil) .

Peak Fuel Temperatures as Function of Increased Decay Heat
Ceneration JINC R ST ST T B Jn WE JRE B N R O A SR S ga mf ont o e S

-xvi~

26

29

29

30

30

33

33

34

34

35

35

36

36



LIST OF FIGURES (Continued)

E} ure No.

b2

6-3

6-4

7=1

1=2

Reactor Vessel Peak Temperatures as Function of Increased
DecayHeatCeneration....-......-........

peak Fuel Temperature as Furction of Reduced In-Core
Effective Themll COﬂductiVity e NP WICSTTT TE Tl Ba RO pe oad R MRS R

Alr Inflow and Graphite Oxidation Rate Subsequent to Double
Guillotine Cross Duct Break with Unlimited Air Inlet Supply .

In-Core Gas Flows during a Depressurized Core Heatup Accident
with Preceding Water Ingress as Functicn of Main Loop Shutoff
valve Flow Resistance (t = 20 hr) .« o+ « ¢ ¢ o o o o ¢ ¢ ¢ o o

GCas Flow into Core, and Graphite Oxidized during a
Depressurized Core Heatup Accident with Preceading Water
Ingress with Open Main Loop Shutoff Valve (MLSV) .+ « « « « .

Gas Flow into Core, and Gruphite Oxidized during a
Depressurized Core Heatup Accident with Preceding Water
Ingress with Closed Main Loop Shutoff Valve (MLSV) . . « . .

In-Core Gas Flows during a Depressurized Core Heatup Accident
with Preceding Water Ingress with Closed Main Loop Shutoff
Valve(MLSV)........................

Decay Heat and Toval Power During Onset of Recriticality
During a Depressurized Core Heatup Accident with Functioning
RCCS but Without Scram 7 Gae ST R WEEY ShAT CU MEE UMY WS Ol MER N Sl Gl N I AN’ S

Core and Vessel Temperatures During a Nepressurized Core
Heatup Accident with Functioning RCCS but Without Scram « « »

Core Power and Reactor Heal Flows During a Depressurized Core
Heatup Accident with Functioning RCCS but Without Scram . . .

Voiume Fractions of Active Core Exceeding Indicated
Temperature Limits During a Deprescurized Core Heatup
Accident with Functioning RCCS but Without Scram .« + + « + »

RCCS Performance During a Depressurized Core Heatup Accident
w'ith Functioning RCCS but w1th0ut Sctam P ey R AT R SR W U oy g

Active Core in Relation to Other Reactor Vessel Coawponents .

Max{mm Temperature of Fuel Element Reflector and Vessel for
a Single Fuel Element Resting at the Vescel Surfare . . + + »

~xyii=-

Page

37

37

52

54

54

55

59

59

60

60

61

66

66



LIST OF FIGURES (Continued)

Figure No.
9-3

9-4

B-5

Average Temperatures of Fuel Element Reflector and Vessel

for a Single Fuel Element Resting at the Vessel Surface ., .

Heat Flows for a Single Fuel Element Resting at the Vessel

BUSEADE 50 &0 8 0% 840 e e e a .
Fuel Element Effective Radial Thermal Conductivity
Fuel Element Effective Axial Thermal Conductivity .
Thermal Conductivity of H45]1 Graphite . « ¢ « « « &
Thermal Conductivity of Stackpole 2020 Graphite . .
BPRCSLic Neat-of DNePhive s 4 % %% 8 aile o Gowlw
Schematic of RCCS Up~Flow Channel « « s « « ¢ o & &

Fin Effectiveness Factor at Base Channel Dimensions

for

Varying Air and Reactor Vessel Temperatures (h = 6 in.;

8-21:\.:6-0.251“0)oo-ocoonocorc

Fin Effectiveness Factor as Function of Air Flow fer

Various Fin Spacing and Fin Thicknesses . « « « o &

RCCS Performance for Steady-State Ful'l Power Production
Function of Ducting Pressure Drop Loss Coefficient for

Various Fin Thicknesses (s = 2.0 in.; H = 27.5 m;
0 -219°C;9 '21°C) B A R ol T N
v air in.

RCCS Performance for Steady-State Full Power Production
Function of Ducting Pressure Drop Loss Coefficient for

Various Stack Heights (s = 2.0 in; § = 0.25 in; 6, ~ 219°C;

= 21°C)l . . . . . . . . . . . . . . . . .

eair in.

-xviii=-

as

Page

67

67
79
79
80
80
81

84

84

85

85

87



LIST OF TABLES

Radiant Heat Transfer Between a Hot Surface at 8, and a Cold

Surface at 373°K .

“Xix-

~

.

Table No.

3-1 Assumed Base Case Reflector Irradiation . « 4+ ¢ o o o« o o o »
3-2 Parametric Comparison of Jepressvrized Core Heatup Transients

with Oper‘ting RCCS . . . . . . . . - - - . . . . . A . . . .
3-3 Peak Fuel and Vessel Temparatures as Function of Decay

Heat and Reactor Graphite Thermal Conductivity . « « « « & & &
4-1 Parametric Comparison of Depressurized Core Heatup Transients

withr,ut C‘perating RCCS . £l . . Bl - . . - . . . . - . . . . . .
4-2 Parametric Evaluation of Batety Margin During Core Heatup

Scenarioa Without RCCS oPeratiOn PR Sk R i MR TR GbE f SRn A Rl JRET e i |
fi=1 Oxidat{on Results at 20 hr for Core Hot Channel . . « « & + &
5=2 Core Gas Inlet Flow and Total Graphite Oxidation Rate for

Best Estimate Case, Case of Reduced Binary Diffusion, and

Cuse of Helium—-Air Mixture Entering Core « « « s o o o o o o &
9-1 Peak Fuel and Vessel Temperatures for a Simulated Single Fuel

Element Resting Against the Vessel Surface . . +« ¢« + « o o & &
A"l ReactorNodalization..-..................
D1 Averaged and Planck Mean Absorption Coefficients for H,0 . . .
D-2 Optical Thickness 1ty and Dimensionless Heat Flux 6 for

48

69

78

95

95



] n
helpful an

-Shou Cheng

f the D

Ue

suppotr




1. INTRODULCTION

The conceptual design of the Modular High Temperature Gas-Cooled Reactor
(MHTGR), currently being developed under DOE sponsorship has been submitted to
the NRC in a Preliminary Safety Information Document (PSID). In support of
the Safety Evaluation Repcrt to be 1ssued by the NRC, initial safety evalua-
tions of this concept were conducted at BNL, in part to validate the vendors
performance claims, and in other cases extending thne analyses to more remote
and more severe accident scenarios.

The starting point for our efforts were the codes developed and used in
the Source Term Study for the 2240 MW HTGR (Reilly et al., 1984). 1In several
areas significant code extensions were required, including models for the pas-
sive air cooled Reactor Cavity Cooling System (RCCS), adding a point kinetics
model, and including initial models for graphite oxidation during water and
alr ingress scenarios.

A brief design description and an overview of the codes used in the
analysis 1s given in Section 2. The initial analyses for the conceptual de-
sign are presented in Section 3 to 9, while Section 10 outlines the required
cede extensions for future evaluations as the design progresses to the pre-
liminary and final design stages.

Some details of the models are described in the appendices.



2. DESIGN DESCRIPTION AND OUTLINE OF R.ACTOR SAFETY CODES

The reactor vessel and the cteam generator are located in two adjacent
cavities of an underground silo as shown in "igure 2-1. A schematic of the
reactor with steam generator is shown in Figure 2-2. Further details of the
design of the MHTCR are given, for instance, in a concept description report
[Bechtel National, 1986]. Power 1is gencrated in a ceramic graphite moderated
core using inert helium as Line primary coolant for energy transfer to the
steam generator. The active core fuel elements are arranged in an arrular
cylinder, surrounded in the center and on all sides by graphite reflector
elements. Helium flow is normally provided by the main circulator. 1In case
the main circulator or any other steam generator component is not available
for service, the reactor would be scrammed, and a shutdown cooling system,
located at the bottom of the reactor vessel would generally be used for decay
heat removal.

A third heat removal system, which comprises one of the inherent safety
features of the MHTGR is a passive air cooling system, the Reactor Cavity
Cooling System (RCCS). It 1s shown schematically in Figure 2-3. I. case
neither of the above forced flow cooling systems 1s available, the reactor
will be scrammed and heat rejection is then predominantly by conduction and
radiation from the active core via the side reflectors and the reactor vessel,
across the reactor cavity to the RCCS cooling panels. Inside the cooling
panel an airflow 1s created by natural circulation assisted by the outlet
stack.

The reactor vessel 18 not thermally insulated and during normal power
operation a parasitic heat loss to the RCCS of about 0.9 MW (0.25% of 350
MW}, design power) 1is allowed. Thus, the RCCS 1is a completely passive
system, without valves, damper or other active components. 1t 1is always in
operation, self activeted, whenever there 1s a heat flow from the reactor
vessel.

The analysis of the basic depressurized core heatup transients was por~
formed with the THATCH code, analyzing transient conduction ard radiation in
the reactor vessel, coupled with the PASCOL code, which analyzes quasi-static
RCCS flow and heat transfer conditions.

The THATCH code is a general purpose reactor code, which was applied here
to the MHTGR reactor vessel geometry., It solves the conduction equation for
all major solid capacitances, as nodalized by the user, applying an Alternat-
ing Direction Implicit numerical method, using prescribed temperature depen=-
dent property functions for all reactor components.

Heat transfer across internal gaps can be modelled as conduction, convec-
tion, and one~dimensional radiation, or any combination of these, as specified
by the user. For larger internal volumes, multi-dimensional radiation model~-
ling will provide better results and can be employed as a code option. It is
used here in the upper and lower plena. During normal reactor operation, the
thermal conductivity of all the core graphite and some of the reflector
graphite decreases due to {rradiation damage. During the relatively slow core
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3. PARAMETRIC EVALUATION OF DEPRESSURIZED CORE HEATUP SCENARIOS

WITH FUNCTIONING RCCS

Of the accidents scenarios covered in Chapter 15 of the MHTGR PSID, the
depressurized core heatup transients without forced flow cooling by either the
HTS or the SCS, result in the highest core and vessel temperatures. Under
these conditions decay heat removal is predominantly by conduction and radia-
tion from the core to the passive RCCS, and from there by convection to the
environment. The RCCS constitutes the only safety-grade decay heat removal
Bystem.

To establish confidence in the capability of the MHTGR to achieve reac-
tor cooldown via the passive RCCS, such transients are evaluated in this sec~-
tion. The first evaluation constitutes a base case, using predominantly best
estimate data. Numerous parametric variations in design and operating data
were applied thereafter, to establish the available safety margins, and to
identify possible sensitivities to uncertainties in input data and modelling
assumptions. These results are presented in this section.

The reactor transients were modelled using the THATCH code, which com-
putes the temperature field in the reactor, internally coupled with tne PASCOL
code, which evaluates the passive air cooling module, i.e., the RCCS.

The reactor and RCCS input data are based on the PSID descriptions and
the core material properties and other design data provided by DOE [GA,
1987-01]. The nominal decay heat used for most evaluations, is alsc based on
DOE submittals [GA, 1986-01]. The most important model data and material
properties are summarized in Appendix A.

Parametric evaluations of RCCS performance and its sensitivity to various
design and operating parameters are summarized in Appendix B. As indicated
there, the RCCS was found to be extremely fault tolerant. That is, an in-
crease for instance in the ducting flow resistance would result in a slight
fiow reduction, but slightly higher air exit temperatures, with essentially
unchanged total energy removal. This establishes the RCCS as a passive gys~-
tem, that is relatively insensitive to many variations in design selections
and operating conditions.

3.1 Best Estimate Case for Depressurized Core Heatup Trarsient with
Functioning RCCS

A best estimate "Base Case” of a depressurized core heatup transientwill
be presented here, to be compared below with several parametric variations, to
identify the most important variables that can effect the critical parameters
during such core heatup transients. The main interest is in the peak fuel and
vessel temperatures. Excessive fuel temperatures lead to fuel failure and
fissfon product release. FExcessivevessel temperatures could compromise struc-
tural integrity of the vessel, as well as adherence to ASME code limits for
reusability of the vessel subsequent to any such accident scenario.

The Base-Case used the "nominal" decay heat data submitted by DOE [GA,
1986-01] The radial and axial distribution of after heat was assumed to
follow the full power profiles, as given in the PSID.




In~core gaps between adjacent fuel elements were modelled as | mm
wide in horizontal direction, and 0.5 mm in axlial direction.

All active core graphite was assumed to be fully irradiated. For the re-~
flector blocks adjacent to the core a relatively conservative partial irradia-
tion damage was assumed as summarized in Table 3-1. During the transient,
graphite annealing {s assumed to occur between 1000 and 1300°C, with the
annealed material retaining its recovered properties in any subsequent cool-
down.

The RCCS was assumed to operate at 20°C air inlet temperature, with the
reactor vessel and the RCCS panels having a nominal thermal emissivity of 0.8.

Typical results for this case are shown in Figures 3-1 through 3-6.
Following loss of forced cooling from full power operation, with scram and
loss of primery loop pressure, the core begins to heat up. Initially, the de-
cay heat exceeds the heat transfer out of the core, resulting in temporary
energy stocage in the core. Core temperatures peak at 1320°C at about 60 hr
into the transient. At about the same time, heat transfer out of the active
core begins *o exceed the decay heat, thus resulting in a net cooldown for the
active core. The reactor vessel temperatures peak at 89 hr at 425°C. Beyond
73 hr the net heat transfer ro the RCCS exceeds the decay heat resulting in a
net cooldown of the reactor. The RCCS air flow peaks at 12.8 kg/s, and the
air outlet temperature at 123°C, both around 90 hr, with a heat removal rate
of 1.33 MW. (It should be noted that the abeve temperatures are significantly
lower than results previously reported and aleo lower than the PSID data.
This 1s mainly due to the use of nominal decay heat data, while previous in-
vestigations used the more conservative PSID data or LTR~4 data [Sund,
1973]). Implementation of a full annealing model (see Appendix A), which
presents the actual physical processes more correctly than a simple tempera-
ture dependence of core properties, also contributed to this effect).

The, plote of gas inventory in the regctor vessel and in the reactor cavi-
ty indicate that only very small fractions of the respective gas inventories
are expected to be exchanged with gas in connected cavities.

3.2 Parametric Variation of Major Design and Operating Parameters

To identify any potential sensitivities of the main output parameters of
our analyses -~ peak fuel and vessel temperatures - to variations in input
parameters or modelling assumptions a large number of design and operating
parameters were varied parametrically. The various cases are compared against
the Base Case in Table 3-2.

The Base Case used as radial decay heat distribution the corresponding
power profile given in PSID for normal operation. In contrast, a uniform
radial power profile was applied in Case 2. The result was about 50°C higher
peak fuel temperature, and virtually no change 1in vessel temperature. As a
radially uniform decay heat distribution 1is not only more conservative but
also apparently closer to actual conditions, one might consider Case 2 a more




Table 3-1 Assumed Base Case Reflector Irradiation

Percent of

Saturation
Irradiation
Damage
Central Reflector:
Reflector element row adjacent to core 95
Next reflector element row 60
Replaceable Side Reflectors:
2/3 of reflector element row adjacent to core 95
Remainder (1.e., 1 1/3 rows) 60
Top Reflector:
1/2 of reflector element height 100
Bottom Reflector:
1/2 of reflector element height 82
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Table 3-2 Parametric Comparison of Depressurized Core Heatup
Transients with Operating RCCS

Case
No . Description Peak Fuel Temperature Peak Vessel Temperature
Vessel
Varfation Varfation Cross
From Base From Base Over
Value At Time Case Value At Time Case Time*
bl hr o TERP - hr i hr
1 Base Case 1320 58 ——— 425 89 ——— 73
2 Imf{form Radial 1366 55 +46 424 91 o | 74
After-Heat Profil
3 LTR-4 decay heat 1522 70 +202 489 100 +hi 91
4a Without Any In-Core Gaps 1272 56 ~4% 43) 82 +R 66
4b In=Core Cap Widths Doubled 1339 59 +19 421 92 -2 76
5a | All Reflector CGraphite 1261 54 -59 421 83 -4 68
Unirradiated
5h All Replaceable Side Reflectors 1354 63 +34 427 95 +2 18
Plus One Row Fach of Top and
Bottom Reflectors Irradlated
to Saturatfon
6 RCCE Alr Inlet Temperature 43°C 1321 59 +1 436 90 +11 15
7 RCCS and Vessel Emmissivity 0.6 1324 61 +4 474 97 +49 82
B Suppress Craphite Annealing 1405 67 +85 423 92 -2 74
9 Marimize Fuel Temperature (LTR Decay 1579 67 4259 91
Heat; Unfform Radial After-Heat;
RCCS Afr Inlet Temperature 43°C)
10 | Maximize Jessel Temperature (LTR 502 88 +17 81
Decay Heat; w/o In-Core Caps;
Unirradiated Reflector Graphite;
RCCS Afr Inlet Temperature 43°C)

*Time at which heat leaving vesscl exceeds decay heat, i.e., net cooldown of reactor vesscl and internals beginsg.
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cay heat function.

As an additional pairameter, the effective thermal emissivity inside the
reactor vessel and the core barrel was veried. Since these runs inadvertently
used a uniform radial power profile and an air inlet temperature of 43°C, they
cannot be compared directly to the runs in Table 3-2. As the effect was found
to be minor, rerunninpg of these cases, and inclusion in the above table was
not warranted at this time. The results were as follows:

Internal Reactor Vessel Peak Core Peak Vessel
and Core Barrel Temperature Temperature
Emissivity " T
C.5 1377 427
0.8 1369 433
1.0 1367 436

As the gap thermal resistance decreases with increasing emissivity, the
peak fuel temperatures decrease and the vessel temperatures increase. How-
ever, the range of temperature changes is only about 10°C since the core bar-
rel gaps are not the controlling heat transfer resistances.

Further variations of the reactor vessel and RCCS thermal emissivities
were made, again using a constant radial decay heat profile. The emissivities
were varied between 0.5 and 1.0. As mentioned above, the effect on fuel tem-
perature were very minor, but the effect on the peak vessel temperature was
significant. 1t is shown in Figure 3~11, again indicating that the vessel and
panel emissivities ought to be controlled.

Thus, in summary, with operating RCCS it appears to be almost impossible
to reach fuel temperatures of 1600°C, above which some fuel failure and fis-
sion product releases can occur, even with very conservative assumptions.

Under normal transient conditions, the peak vessel temperatures will re-
main below 450°C. However, under very conservative assumptions (in particular
with 287 raise in decay heat or zreater reduced vessel and ) vessel tempera-
tures of 500°C can be reached, and could be reason for concern.

3.3 Variation of Key Parameters to Establish Safety Margins

The results of Section 3.1 indicated that core decay heat removal via
RCCS can be achieved without approaching fuel failures or excessive vessel
temperatures. In Section 3.2 it was shown that reasonable variations in most
parameters did not raise significant safety concerns. However, these results
were based on DOE supplied decay heat data and core graphite properties. In

31t should be noted that our peak vessel temperatures are those .f the
hottest inside node of two radial vessel nodes. Those of the PSID are an
average value at the hottest cross section. Wjith a temperature gradient of
about 25°C across the vessel our values are about 6°C higher than those of the
FSID just due to the different definition of peak vessel temperature,







this section an evaluation 1is made to establish what magnitude of change in
decay heat and core graphite properties can be tolerated before fuel failures
and excessive vessrl temperatures must be expected.

All runs in this section use a radially uniform decay heat profile. The
results are si'mmarized in Table 3-3 and in Figures 3-12 and 13.

It should be nited that the graphite properties for H45] and Stackpole
2020 are based on LJE supplied data, which are given only up to 1527°C and
800°C respectively. Linear extrapolations were used beyond the data base,
which was the practice in previous studies as well, as there do not appear to
be any data for higher temperatures. While such extrapolations may be
reasonable up Lo peak core temperatures of 1700°C, their use beyond that
remains open to question.

In raising the core decay heat beyond the beet estimate values of [GA,
1986-01] the total decay heat curve was raised by the indicated factor
0/0n5+ Figure 3-2 shows that a peak fuel temperature of 1600°C, often con-
sidered as the point where some fission product release may become noticeable,
18 reached if the actual decay heat were 30% above the best estimate values.
To reach peak fuel temperatures of 2200°C, where massive fuel failures are ex-
pected, one would have to stipulate an increase in decay heat of 110%. The
vessel temperatures also increases with decay heat levels, and an increase of
27% would be required to reach a peak vessel temperature of of 480°C.

I varying the core thermal conductivities the whole active core and all
replaceable reflector blocks of H451 were varied by the indicated factor,
k/ko. Figure 3-13 shows that the core thermal conductivity would have to be
63% of it best estimate values before a peak fuel temperature of 1600°C would
be observed. At only 30% of its best estimate value, 2200°C would be reached,
the level of massive fuel fallures. As the in-core temperature gradients in-
crease with reduced thermal conductivities, the peak vessel temperatures de-
crease slightly for lower thermal conductivities.

Table 3-3 includes one case of increased core thermal conductivities. As
expected it results in lower peak fuel temperatures, And while the early
vessel temperatures of this case are slightly higher than those of the Base
Case, due to larger heat removal to the RCCS at earlier times, the ultimate
peak vesscl temperature remains very slight below that of the Base Case.
l.e., higher core thermal conductivities do not raise any concerns with re-
spect to vessel temperature.

It was further observed that variations in decay heat had little influ-
ence on tne times of peak fuel temperatures which occurred between 55 and 57
hr or peak vessel temperatures (occurring around 86 to 92 hr). However, with
decreasing core conductivity, peak fuel and vessel temperatures were reached
later, ranging from 55 to 140 hr for the fuel and from 92 to 166 hr for the
vessel.

To summary, there are margins of 30% in decay heat and 37% in core ther-
mal conductivity before fuel temperatures of 1600°C are reached, and signifi-
cantly higher margins before the bulk fuel failure temperature level of 2200°C
is reached. However, these evaluations do empnasize that a high confidence in
decay heat data and effective core thermal property data, including the







Figure 3-13 Peak Fuel Temperature as Function of Reduced

In-Core Effective Thermal Conductivity



graphite annealing modul, 1s required in order to accept the current best
estimate reactor temperature transients.




4. PARAMETRIC EVALUATION OF DEPRESSURIZEN CORE HEATUP TRANSIENTS
WITHOUT OPERATING RCCS (“EARTH HEATUP")

It is recognized that the passive RCCS has a very low failure probabili-
ty, and that even in case of catastrophic failures, only parts of the system
would generally be lost, with partial flow blockages and/or partial loss of
draft. Nevertheless, as & limiting case, depressurized core heatup without
any cooling by the RCCS is being considered in this section. Depending on the
{nitiator for this extremely severe accident scenario, the reactor silo wails
or the RCCS panels may collapse, and tne system geometry could be affected.
The same could apply to the reactor vessel and/or its supports. One could
gpeculate endlessly at the low probability level of such scenarios concerning
the post accident geometry. For this evaluation it is assumed, non-mechanis-
tically, that all below ground structures remain intact but that all air flow
through the RCCS has ceased. To protect the surrounding concrete surfaces,
the RCCS includes thermal insulation. At the top and at the bottom of the
ceactor cavity, shielding and additional thermal insulation are provided.
This thermal insulation is the most significant heat transfer barrier in core
heatup scenarios without RCCS cooling.

The failure assumed here is a most conservative case, in that it assumes
a very "organized"” event which:

|. eliminates all air flow, blocking all flow passages completely, while
2. keeping all thermal insulation in place.

In all practically conceivable accident scenarios of this kind, large
parts of the air flow passages, but not 100% of them, would be blocked; and
even 90% blockage with some remaining air flow would completely alter the
accident scenario, providing significant cooling. At the same time it is
assumed that this severely destructive event leaves all reactor cavity thermal
{nsulation in place, while one would expect that an event of this severity
would cause some of the insulated panels to collapse, lead’ g to better heat
removal and lower ultimate reactor and cavity temperatures.

[n some initial computations it was established that the reactor cavity
wall surface area was an important parameter for such core heatup scenarios.
Furthermore, heat losses from the top and bottom of the vessel, while being
only 10% of the total heat loss from the vessel, still had a significant ef-
fect on when and at which temperature level peak fuel and vessel temperatures
were reached.

Thus, the two-dimensional THATCH model for this accident scenario in-
cludes top and bottom structures. As can be seen in Figure 4-1, most of the
reactor cavity is surrounded by 1.5 m concrete walls leading to side cavities
and to the steam generator cavity. Less than one third of the vessel surface
“gee" directly the 0.9 m outer concrete wall of the silo with earth behind
{t. Our model assumed peripheral symmetry, with either geometry prevailing
all around. The results did not differ significantly, and an average of these
two cases would represent the actual transient. To identify potential local
vessel hot sapbts, one might want to expand this analysis at a later design
scage to include the actual three-dimensional effects.
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that conservative properties should be assumed, since the current DOE plan is
not to conslder the surrounding soil v the concrete thermal properties in the
design of the reactor cavity.

Results for the Base Case transient are shown in Figures 4-2 through
4-6. The peak fuel temperature of 1393°C is reached at 78 hr, af compared to
1366° at 55 hr for the corresponding case with functioning RCCS (sen Section
3). At the time of peak core temperatures the surrounding concrete s*ru_tures
have been little affected, and concrete/soil properties and configurations
have had virtually no effect on peak core temperatures. But concrete and soil
can have an effect on the speed of the subsequent cooldown, The wvessel
rerches its peak temperature of 754°C at 425 hr. However, this maximum 1is
very flat, and vessel temperatures remain within 10°C of this value from 270
hr to 800 hr. The final cooldown proceeds very slowly, and at 1500 hr (2
months) the maximum core temperature has reached 910°C, and the maxiuum vessel
temperature 1s still 710°C.

Thus, in core heatup accidents without RCCS the peak fuel temperatures
are only about 30°C higher than with RCCS. However, the vessel temperatures
as well as the concrete silo temperatures are much higher, and the ultimate
cooldown is exceedingly slow.

The next section will present a parametric evaluation of the effects of
concrete and soll properties and configuration on the peak fuel aid vessel
temperatures, as fuel and/or vessel failure are the major items of concern.
The section thereafter discusses the margins from the best estimate evalua-
tions, i.e., to temperature levels at which significant failures must be ex-
pected.,

4.2 Parametric Evaluation of the Effect of Concrete and Soil Configuration
and Properties

Several narametric varjations of this accident scenario are summarized ia
Table 4-1., As shown in Figure A-1, the base configuration of heat rejection
via concrete sidewalls and across side cavities to the outer walls applies
over a larger part of the perimeter and is more representative than the case
of direct heat transfer to the 0.9 m outer concrete walls and surrounding
soil. As Case 2, such heat transfer directly to outer walls and to the rather
adverse clay soil of low thermal conductivity was evaluated. As expected, the
peak core temperatures were not affected by this change, since the back sides
of the concrete have not yet begun to heat up when the peak core temperatures
are reached. However, the vessel {n this case peaks much later, at 1105 hr
and at a 13°C higher vaiue of 767°C. 1In actuality, a combination of these two
cases would best describe the actual transient. At the time scales considered
here, there will be significant peripheral conduction in the vessel walls, and
the actual peak vessel temperature will be between the values of Case 1 and
Case 2. Both cases are very close in their peak vessel temperatures, but Case
2 results in a longer duration of the high vessel temperatures, Therefore,
one can consider Case 2 as a more conservative evaluation, with the Base [ase
being more representative of a best estimate evaluation. In any case, a
three~dimeusional evaluation, considering a complete combination of hoth cases
with peripheral vessel conduction is not justified, particularly in 1light of
the signifi~ nt uncertainties in concrete and soil propecties.
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Our Base Case and Case 2 evaluations assume a reduction of concrete ther-
mal conductivity with dry out. This conservative assumption was not included
in the DOE evaluations. Case 3 uses the Base Case geometry and the GA-A15000
concrete properties without such dry out. 1In this case, the vessel tempera-
ture peaks earlier, at 310 hr and at 739°C, 1.e., 15°C below the Base Case.

As the soill properties are not controlled, even worse soils than low con-
ductivity clay may be encountered. 1In Case 4 this effect is shown, by arbi-
trarily lowering the soil conductivity to 50% of its Base Case value of 1.28
W/mK. This will increase the peak vessel temperatures by only 39°C, but it
should be noted that the cooldown will be much slower with core and vessel
temperatures about 80°C higher than the Base Case at 1500 hr (2 months from
scram) .

Using LTR~4 decay heat [Sund, {973), significantly higher core and vessel
temperatures are indeed obtained. Peak fuel temperatures of 1636°C at 125 hr
and peak vessel temperatures of 964°C at 1015 hr (8ix weeks) were computed,
However, the arbitrary use of this decay heat may not be realistic. Over the
first 100 hr it releases 28% more in energy than the best estimate data indi-
cate, and over 1500 hr the increase amounts to 38%. Results for this case are
shown in Figures 4-7 through 4~11,

Thus, with best estimate decay heat data and for several fairly conserva-
tive concrete and soil configurations, the peak core temperatures were found
to be about 1400°C at about 80 hr, and the peak vessel temperatures ranged
from 740°C to 795°C. However, the transient would take months, and for less
favorable concrete and soil conditions it would proceed significantly slower.

The concrete at the center of the cavity can reach very high tempera~
tures. In the Base Case it peaked at 605°C at 1200 hr. In Case 2 it reached
673°C at 1500 hr and was still rising slowly. 1In Case 5, with a very consger-
vative soil property assumption, it was 710°C at 1500 hr, and still rising,
although slowly. Such temperatures would cause loss of most or all bound
water, and, for most concretes, would result in a loss of strength and crack-
ing. These peak concrete temperatures, occuring at the inside reactor cavity
wall surface, roughly at the mid-elevation of the vessel, are included as
"side max" in Figures 4~12 and 4~13 for the Base Case and for Case 2.

It was also observed that the concrete of the operating floor above the
reactor cavity was getting rather hot. For instance, in the Base Case it
peaked at about 1100 hr with temperatures from 110°C at the top surface to
480°C at the bottom surface of the 0.9 m thick floor. Whether structural in-
tegrity of the floor can be assured at such temperatures may not be assured.
It should be noted, however, that our modelling and nodalization, as well as
assumptions on thermal insulation for the top reglon, were not as refined as
for the center portions of core and reactor vessel, which constituted our
major concern. Thus, 1f this reglon were to be of concern, our modelling of
it should be 1mproved before significant conclusions are drawn. Nodal peak
temperatures of the top floor and the average top floor temperature are in-
cluded in Figures 4-14 and 4-15 for the Base Case and for Case 2.

The concrete temperatures in the region of the vessel supports were also

fairly high, 450°C in the Base Case and 500°C in Case 2, and still rising in
both cases. These data are also included in Figures 4-14 and 4~15.
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Another possible area of concern is the metal core support structure. In
the Base Case | its peak temperature was about 650°C at 1200 hr. It varied by
less than 10°C from the centerline to the area of attachment *o the reactor
vessel. These values agree fairly well with thos reported by the DOE team,
which staced that onl!y minor creep would be expected at such temperatures.

To establish whether the reactor cavity could be designed to withstand
even these core heatup accidents without functioning RCCS, an evaluation was
made in Case 6, using more average rather than conservative concrete and soil
properties and removing the thermal insulation within the RCCS (this insula-
tion is not really required for the RCCS to function properly under normal
operation or under design basis accident coaditions). In this case, the ves-
sel temperatures peaked at 647°C, about 160°C lower than in the preceding
cases, and the peak concrete temperatures at critical areas peaked near
260°C. One local peak concrete temperature at the side wall surface reached
500°C. Thus, a "hardened"” reactor silo design, showing significantly lower
vessel and concrete temperatures under such eevere accident scenarios, may be
achievable «lith appropriate design modificatfons, 1.e., elimination ur reduc-
tion of insulation and proper selection of concrete and backfill soil.

Thus, in suumary, under best estimate decay heat conditicns, it appears
that there will be no significant core temperature excursions and that core
and vessel integrity rvemain intact. The ultimate core cooldown would take
many months. Concrete temperatures at the side of che reactor silo would be
in the range of 600°C, which would result in release of bound water and loss
of strength. If operating floor temperatures of 100 to 500°C become reason
for concern, more detailed modelling of those areas should be implemented.

4.3 Evaluation of Safety Margins in Decay Heat and Core Properties on Reactor

Feak Temperatures

As in Section 3-3 the decay heat was raised to establish the effect of
uncertainties in the given best estimate data. The results are summarized in
Table 4-2 and in Figures 4-14 and 4~15. Peak fuel temperatures are again
largely independent of concrete and soil configuration and property effects,
as only small portions of the concrete have begun to heat up at the time of
the peak fuel temperatures of 70 to 80 hr.

Figure 4-14 shows that a 27% increase in decay heat would bring peak fuel
temperatures to 1600°C., It also shows that the peak fuel temperatures remain
about 30°C to 40°C above those with operating RCCS. Thus, failure of the RCCS
does not have a major impact on the peak fuel temperatures.

Effects of decay heat variation 1in vessel temperature are shown 1in
Figure 4-15. A 40% increase in decay heat would result in peak vessel temper-
atures above 1000°C more than 1000 hr (6 weeks) after the beginning of the ac-
cident.

While there is no specific vessel temperature at which failures are cer-
tain, at 1000°C vessel integrity can most likely not be assured. At the same
time the peak fuel temperature at such decay heat levels are about 172807¢,
with only 19% of the core ever exceeding 1600°C, in the time range from 24 to
330 hr. At the time of peak vessel temperatures, core average and peak tem-
peratures are 1215°C and 1320°C respectively. Thws, at such increased decay
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Table 4-2 Parametric Evaluation of Safety Margin During Core Heatup Scenarios without
RCCS Operation
Case
No . Description Peak Fuel Temperaturen| Peak Vessel Temperature
Value At Time Value At Time
" hr ¢ hr
Increased Decay Heat
Heat Rejection Via Side Cavities
To Soil
0/Qo
11 1.0 (Base Case) 1393 78 754 420
12 1.2 1545 72 859 780
13 1.5 1778 76 1023 1220
Increased Decay Heat
Heat Rejection Directly To
Cutside Wall and Soil
Q/Qo
21 1.0 (Case 2) 1393 78 767 1100
22 Lsd 1545 14 894 1470
23 15 1778 76 1055 1500
Decreased Core Thermal Conductivity
Heat Rejection via Side Cavities to
Soil
k/ko
11 1.0 (Base Case) 1393 78 754 420
31 0.6 1659 90 758 430
32 044 1951 116 759 460
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upward through the core and downward in the outer core barrel channel. Typi~-
cally, the FLOXI parallel flow channels follow the THATCH radial nodalization,
and six parallel flow channels were employed here. Axially, each flow channel
had 28 nodes, of which 20 were in the active core.

The gas flow through the reactor is modelled by a quasi-steady momentum
equation, primarily balancing buoyancy and friction forces. The gas tempera-
ture is assumed to follow the temperature of the solid structures, which is
believed to be a good assumption in the core during these very slow transients
with a low thermal capacitance gas flowing through a structure of very large
thermal capacitance. Alternately, the gas temperatures can be computed,
modelling the convective heat transfer between the so'id structures and the
gas. This was done in some of the later rums for the core barrel region, re-
sulting in more accurate flow computations, which typically yield 10% lower
core gas flows. Gas properties are evaluated for the prevailing mixtures,
permitting 0,, N, CO, CO,, HyO, H, and He as gas components. The flow compu~
tations include the effect of gas expansion resulting from the chemical reac-
tion and its effect on the increased friction pressure drop.

In all cases the core flow was found to be laminar, with Reynolds number
generally between 5 and 50, and with gas velocities between 0.l and 0.4 m/s.

The graphite oxidation process is a function of the temperature regime.
At low temperatures, *he carbon/oxygen reaction kinetics control the reaction
rate., At intermediate temperatures, the in-pore diffusion is controlling,
while at high temperatures the coolant to surface mass transfer by diffusion,
here in a laminar flow field, is controlling.

To consider all three regimes a model including external mass transfer,
in=pore diffusion, and chemical reaction kinetics would be required, as 1is
done, for instance in the Oxide-3 code [Peroomian et al., 1974]. For the cur-
rent initial applications it was decided to use a simpler approach, combining
the in-pore diffusion and chemical reaction process into a single Langmuir-
Hinshelwood type semi-empirical equation as done, for instance, by Moormann
and Petersen [1982]. This equation is

-cl/e
kle pOzw //5— Moles 02
g, e "
1 + k,® p
2 02w

where R 1is the oxidation rate per unit surface area, Po, 18 the partial
pressure of oxygen and D is the binary diffusion coefficient® of oxygen in the
gas mixture. 6 1is the gas temperature, ki, k;, ¢) and c, are constants, Dg
i{s the binary diffusion coefficient at reference temperature and pressure.
This relationship ie solved simultaneously with the coolant to surface mass
transfer relationship

Moles O

2] (2)




whece tue mass transfer coefficient B 18 computed from the Sherwood number

correlation

Bd
Sh = —
D

and for purely laminar flow

X

D

Sh = = 4.3 (3a)

R 18 the universal gas constant, d the coolant hole diameter, Re the Reynolds
number and v the gas viscosity. The subscripts w and str refer to wall and
bulk stream values, respectively.

The shortcoming of this model is that for the in-pore diffusion regime it
cannot predict the lateral distribution of the oxidation process, 1i.e., the
depth of the reaction zone. (In the chemical reaction controlled regime the
burn-off is essentially uniform throughout the graphite, while for the coolant
to surface mass transfer controlled regime essentially all the oxidation
occurs at the surface.)

As will be shown below, the temperatures in the center of the core vir-
tually always extend well into the mass transfer controlled regime, and essen-
tially all incoming oxygen will react. Therefore, the total amount of carbon
reacting is determined by the gas inflow rate, which in turn i3 limited by the
high core friction pressure drop. Thus, this model 1is sufficient for our cui~-
rent evaluations.

The binary diffusion coefficients for various non-polar gas mixtures were
computed based on the Chapman-~Enskog kinetic theory [Bird et al., 1960]).

For most of the current evaluations it was assumed, conservatively, that
the gas inflow at the cross duct was pure air. Therefore, as moet representa-
tive, the binary diffusion coefficient of oxygen in nitrogen was used.

For the Best Estimate Case the reaction rate constants nf Katcher and
Moormann [1986] for A3-3 graphite, a typical core graphite, were used, since
these reaction rate constants were readily available in the required format.
Corresponding data represents. e of U.S. core graphite will be used in future
work. However, parametr? variations of the rate constants by one order up
and two orders down will show below, that the total oxidation is strictly gas
flow limited.

Only the reaction

+ CO

was considered here. While it is possible that initially some CO, is formed
in the cooler bottom regions of the core, this CO, would then react in the
hotter core regions with carbon to CO. For the amount of combustible gases
formed, and for the total burn~off, the assumed reaction 1s conservative. If




any significant amounts of CO, were to leave the reactor this would result in
a higher chemical energy release from the oxidation. But even if, hypotheti-
cally, all oxygen would react to CO;, the effect of this chemical energy re-
lease would still be small in comparison to the decay heat.

52 Best Estimate Evaluation

Initially, after scram from full power operation, the bottom regions of
the core were the hottest (about 690°C), and assuming pure air inflow at the
break, some of the entering oxygen did not react. The valume fraction of air
leaving the core was 6% at the beginning of the transient. However, within a
few hours, the temperatures at the center of the core rose, and the incoming
gas flowed into hotter regions, where it reacted fully. Using best estimate
chemical reaction rates, most of the oxidation occurred in the very bottom
regi.ns of the core, where the in-pore diffusion process was still control-
ling. In addition to the increase 1in temperatures, the total coolant to
graphite exposed surface area also increases very markedly in the upflow
direction from the lower plenum post blocks, to the flow distribution blocks,
and to the bottom reflector blocks, thus further iacreasing the reaction rate
per unit length of core flow channel.

The best estimate run was established by iterating between the THATCH and
FLOXI code to include the effect of chemical reaction heat on the core temper-
ature field. This additional energy release amounted to about 10% for the
first 100 hr. However, since it remains primarily concentrated in the lower
reflector regions, the peak core temperatures rose by only 16°C to 1382°C,
when compared to the best estimate case without air ingress of Section 3 (Note
that comparison i1s to the case with uniform radial after heat distribution).

The air inlet flow and the amount of core g-aphite oxidizing are shown in
Figure 5-1. The air flow decreased early in the transient from about 800
kg/hr to about 260 kg/hr for mnst of the transient. In the laminar flow
regime, as core temperatures rise, the increased in core friction pressure
drop is more pronounced than the increase in buoyancy, thus leading to a flow
reduction as the core heats up and a later slight flow increase, as the core
begins to cool down.

When all oxygen was consumed in the lower portion of the core, after the
first two to three hours, the gas mixture through most of the core was about
35 vol % CO and 65 vol % N+ The amount of graphite oxidized, as shown in
Figure 5-1, decreased proportional to the air inflow from 150 kg/hr early in
the transient to about 45 kg/hr for most of the transient.

As the total initial air inventories in the reactor and steam generator
cavities are of the order of 500 kg air each, it 1s clear that a sustained
pure air inflow is physically impossible as long as the Reactor Building re-
mains intact. Even with an unlimited air supply, eignificant recirculation
would occur at the break between the gas entering through the inner section of
the cross duct and the gas leaving through the surrounding annular section of
the cross duct, and the assumption of pure air inflow again constitutes an
upper limit.

In an intact reactor building, the available air would be converted with-
in a few hours tc¢ CO and N2. 1In particular, if the He concentration in the
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Figure 5-1 Air Inflow and Graphite Oxidation Rate Subsequent to Double
Guillotine Cross Duct Break with Unlimited Air Inlet Supply




affected cavities after blowdown is sufficiently low, combustible gas mixtures
of CO and air could be formed temporarily, and local burning in the reactor
building outside of the primary loop would be possible.

5.3 Parauetric Variation of Reaction Rate Constants

To assess the effects of uncertainties in graphite oxidation rates and
gas diffusion coefticients a set of parametric evaluations were made. These
evaluations used an earlier decay heat function which exceeds the current best
estimate decay heat functicn by 28%. The resulting peak core temperatures
were about 1600°C, and for this hotter core the predicted gas flow rates were
about 5 to 10% lower than in the current best estimate case.

Varying the graphite reactivity, the rate constant ky of Equation (1) was
raised from its base value of 2.34 by one order and lowered by two orders.

As the results in Table 5-1 show, the only effect of drastically lower
reactivity is a relatively minor upward extension of the oxidation region. It
has virtually no effect on the total amount of graphite oxidized. The total
amount cof graphite oxidized actually increases very slightly with decreasing
reactivity, since the coolant average density is affected by the changing gas
composition, and less of the total core flow path has to carry the increased
mass flow after reaction, thus resulting in a slightly lower friction pressure
drop, and a higher gas inflow. As seen from the oxygen partial pressures at
the core inlet, the in pore diffusion and chemical reaction are the control-
l'ng effects at the core inlet. Generally the reaction was found to be com~
pleted before the hotter core regions were reached, where the coolant to sur-
face mass transfer would be limiting.

The above eveluations used a binary diffusion coefficient of oxygen 1in
nitrogen, comnuted from the Chapman-Enskog model. To assess the effect of un-
certainty In this coefficient, a run with a two orders lower diffusion coeffi-
cleat was made, 1In this case, with greatly increased coolant to surface mass
transfer resistance, the oxidation process was genervally controlled by the
mass transfer resistance and some of the oxidation did occur in the center of
the core. Beyond the first few hours, most, but aot all, of the oxygen react-
ed in this case.

Table 5-2 compares the gas flow rates and carbon burnt for the case of
reduced yas diffusion coefficient against the base case. Again, the delayed
chemical reaction results in a slightly higher mzss flow through the core and
a slightly higher total core graphite oxidation rate during most of the tran-
sient. But the result indicates that uncertainties in the diffusion coeffi-
clents have very little effect on the total amount of carbon reacting.

Also included in Table 5-2 are the results for a case where the inflowing
gas composition is a 50/50 mixture by volume of helium and air. This would be
more typical of potential gas ingress scenarics, subsequent to a blowdown,
than the more hypothetical but also more limiting case of pure air inflow. As
the helium contribution reduces the total core mass flow to about one-third of
that for pure alr inflow, tne amount of carbon burnt is also reduced to about
one third «f the base case burn-off.
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6. WATER INGRESS SCENARIOS

Water ingress scenarios in connection with depressurized core heatup tran-
sients were considered briefly in connection with the SRDC-6 and 7 scenarios of
Chapter 15 of the PSID. The more severe Bounding Event Sequence BES-4 remains
to be considered in the future. The main emphasis was to determine whether sig-
nificant graphite oxidation or the accumulation of combustible gases would have
to be expected.

The computations were made with the THATCH/FLOXI code, using the same
modelling as described in Section 5 for the case of air ingress, except that
water properties and the water/graphite chemical reactions were applied here.

These accident scenarios Znclude scram and depressurization early in the
transient, followed by a depressurized core heatup transient. The chemical
reaction between steam and graphite is endothermal, but its energy consumption
remains very small compared to the core decay heat, and the thermal transient
was assumed to proceed identical to the basic depressurized core heatup tran-
sients of Chapter 3.

The in-core gas after depressurization can include sigaificant concentra-
tions of H,0, since several tons of water were released into the primary loop
during SRDC-6 scenarios. For the current evaluation a mass fraction of 50% H,0
and 50% He was assumed, corresponding to 18 volume 7% of H;0.

As the HTS is lost, the main loop shutoff valve closes, thus restricting
flow between the steam generator and the reactor vessel. However, the valve is
designed to permit a bypass flow of about 10% of the core flow during normal SCS
operation. Thus, some flow through the steam generator must also be expected in
the current depressurized core heatup scenario. Scaling from SCS operating
conditions, one finds that the pressure drop loss coefficient for the flow path
through steam generator and main loop valve should be about 80 to 100 times the
corresponding coefficient for the core. However, such scaling from forced flow
conditions to natural flow conditions at about 3 orders lower flow rates is
questicnable. Figure 6-1 shows the in-core gas flows as functions of the MLSV
flow resistance. (This "equivalent flow resistance” has such high values, since
{t 1includes a factor of flow cross section areas (Acore barrel/Avalve)zo
which 1s very large for a nearly closed valve.) For an open MLSV (K aquiv in
the range from 10 to 100) the gas flow through the primary loop is about 22
kg/hr at 20 hr into the transient, and no flow recirculation occurs in the
core. At Ky equiv * 95 X 10° in-core recirculation begins, and the flow from
the steam generator de~reases to a few kg/hr. Scaling from the flow distribu-
tions during SCS operation would result in a "best estimate” equivalent K,
value of about 107. At that value, the gas flow from the steam generator is
about 1 kg/hr with an in-core up-flow of close to 3 kg/hr and an in-core down-
flow of less than 2 kg/hr. For a hermetically sealed MLSV, one would obtain an
in-core natural circulation flow of about 2 kg/hr.

Thus, even with an open MLSV, the in-core flow of helium gas mixture would
be lower than those encountered during air ingress, primarily due to the lower
molecular mass. While it is not certain without more detailed valve data where
flow rates for closed MLSV would lie, they will be significantly lower, and can
be expected to be about an order of magnitude lower than those with an open
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MLSV.

Actual gas in-flow rates during the transients and the amount of graphite
oxidized are shown for the case of an open MLSV in Figure €-2, and for a closed
valve in Figure 6-3., Figure 6-4 shows the in-core recirculation flows for the
best estimate closed valve condition. As in the case of air ingress, it was
found that except for the first few hours, all entering H,0 will react, forming
CO and H,, but that the actual amounts of graphite oxidized remain very small.
For the case of a closed valve, it amounted to ~bout 0.3 kg/hr, and even if the

MLSV were to remain open, the graphite oxidation rate amounted to about 5 kg/hr
over most of the transient.

Cases of more massive tube breaks, such as BES-4, will be evaluated in the
future. However, since the gas flow rates after depressurization cannot be much
larger than che ones encountered here, it is not anticipated that this will lead
to much higher graphite oxidation rates.

The effect of the available steam on fuel kernel hydrolysis resulting in
some additional fission product releases will also be incorporated into the
FLOXI module, and will be evaluated later.
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Figure 6-4 In-Core Gas Flows during a Depressurized Core
Heatup Accident with Preceding Water Ingress
with Closed Main Loop Shutoff Valve (MLSV)




7. CORE HEATUP ACCIDENT SCENARIOS WITHOUT FORCED COOLING AND WITHOUT SCRAM

1f all forced conling 1is lost, che reactor is to t2 scrammed and decay
heat is to be removed by the passive RCCS. In case of failure of the scram
syitem, the reserve shutdown system should be activated to cause neutronic
shut down, and to keep the reactor subcritical.

This section evaluates accident scenarios where, after loss of all forced
circulation, neither of the two scram systems succeeds iu shutting down the
reactor. Most of this analysis was done for the case of the RCCS operating
and with primary loop depressurizatior early in the accident scerario. An ex-
tension to the corresponding accident without functioning RCCS, and to the
case of pressurized conduction cooldown, will be discussed qualitatively.

7.1 Reactor Kinetics and Xenon Decay

During conduction cooldown scenarios without scram, the core will ini-
tially heat up, resulting in a rapid power decrease due to the negative
Doppler feedback. Additionally, the Xenon-135 concentrations will rise, and
the reactor will remain subcritical. After about two days the Xenon concen=-
tration has decreased sufficiently that recriticality becomes possible, re-
sulting in power oscillations with a period of about one per hour, decaying
to a final quasi-steady level, where positive reactivity, due to low xenon
levels, just balances the negative reactivity, dve to elevated fuel tempera-
ture.

To model these effects, a point kinetics model with six delayed neutron
groups [Cheng, 1976) was adapted and incorporated into the THATCH code, to-
gether with a Xenon decay model [Knief, 1981]. Details of the model are sum-
marized in Appendix C.

7.2 Depressurized Core Heatup Transient with Functioning RCCS

Using the neutron kinetics data mostly provided by GA and included in
Appendix C the resuiting best estimate depressurized core heatup transient
with function RCCS was evaluated.

Assuming and instantaneous loss of forced circulation at time zero and no
scram, the core begins to heat up, resulting in a negative reactivity inser-
tion and loss of power. Within 200s the neutronic power is reduced to 1% of
full power level, with the total power being produced during this period cor-
responding to about 38 full power seconds. During this time the peak active
core temperature rose by 46°C, while the average core temperature rose by
120°C, with the temperature rise being most pronounced in the colder upper
regions of the core, where the cooling by ccld inlet helium was interrupted.
As the xenon concentration increases with decreasing power, additional nega-
tive reactivity is inserted. At 200s this amounts to 20% of the total nega-
tive reactivity.

The xenon concentvation peaks at 10 hr, reaching about four times tbhe
full power equilibrium level. At about 40 hr the xenon concentration drops
below its full power equilibrium value, while the average active core tempera-
tures have nearly reached their peak values and are relatively constant at

-




1030 °C. As the xenon concentration decreases further, the net reactivity be-
comes positive at about 49 hr, resulting in the onset of power oscillations,
with the first four peaks as listed below:

Peak Time Power
No [hi] [MW]
1 49.8 16.9
2 50.9 8.7
3 5147 Sal
4 5244 4.4

Decay heat and total power for this period are shown in Figure 7-1. As
the oscillations subside, a quasi-steady level 1is reached, where the power
just keeps the xenon level at a value to balance the negative reactivity due
to 2levated fuel temperatures. After this state is established, the rcactor
temperatures remain virtually constant with a peak active core temperature of
1760°C being reached at about 95 hr. The core average temperature remains
about constant at 1315°C.

Tvpical results for this transient are shown in Figure 7-2 to 7-5. Up to
about 50 hr the transient proceeds simlilar to the case with scram, except
that, due to power input of the first few minutes, the effective initial tem-
peretures are about 120°C higher. At apout 50 hr, as peak core temperatures
are being approached, the power oscillations begin (In the 50 to 60 hr range,
the plot points supplied in Figure 1-3 were too coarse to produce the correct
oscillations, which are shown correctly, however, in the expanded scale of
Figure 7-1). Subsequent to the power oscillations, the total core pover
settles at about 2.8MW at 57hr, decaying slowly to about 2.1 MW at 100 hr, re=-
maining roughly constant thareafter.

Due to this increased core power, core temperatures begin to rise again
at 49 hr and reach their final plateau at about 100 hr, with peak and average
core temperatures of 1760°C and 1310°C respectively. 1In 18% of the core the
temperatures exceed 1600°C. The reactor vessel temperatures reach the ASME
code limit value of 480°C (900°C) at 75 hr and remain close to 550°C beyond
130 hr. The RCCS can successfully absorb the heat load of 2.1 MW with an air
exit temperature of 165°C. As the temperatures in the core exceed 1600°C be-
yond 60 hr, remaining indefinitively at this level, additional long term fis-
sion product releases, after maybe 100 hr, from the fuel to the reactor vessel
atmosphere would have to be anticipated. However, with little or no gas ex-
pansion in the primary loop, not much of this release would be expected to es~
cape from the reactor.

As the indicated peak vessel temperatures exceed the projected ASME code
limit of 480°C, a re-use of the reactor vessel, subsequent to the accident,
would be precluded.

Without scram the above accident temperatures would persist indefinitely
and a successful scram would be required to initiate a final core cooldown.

The final core temperature level during this accident scenarios is dic-
tated by a balance between negative fuel temperature coefficients,positive
reactivity from moderator and reflector, and reduced xenon concentrations.
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RCCS Performance During a Depressurized Core Heatup
Accident with Functioning RCCS but Without Scram




All these values depend on the total reactor tempsrature ficld, as well as on
the microscopic Xenon-135 cross section and the macroscopic fission cross sec-
tivns. Best esctimates of these values were used here. However, to establish
more confidence in the quantitative results, a further sensitivity study is
planned in order to identify any possible uncertaiaties i1 the resulting peak
fuel temperatures. This 1is essential, since the peak fuel temperatures are
strongly dependent on the Doppler feedback coefficient.

Initial variations indicate that using a lower Xenon microscopic cross
section of 1.4 x 10° (flux weighted value, typicallg' used in LWR applica-
tions), rather than the “Barn-book"” value of 2.65 x 10° b, results in recriti-
cality occurring about 41 hr, i.e. about 9 hr earlier than in the Base Case.

7.3 Exteasion to Pressurized Core Heatup Transient Without Scram

This case has not been evaluated yet, but future evaluations are
planned. With the above mechanism for core heatup transients without scram,
one can anticipate that the transient will proceed very similarly to the de-
pressurized case, although with slightly lower peak core temperatures.

This case 1s particularly important, since 1t could lead to the only
mechanistic accident scenario with significant fuel failures, even though its
probability may be vanishingly small.

Assume loss of all forced circulation and no scram. The system remain
pressurized and decay heat removal via RCCS begins. Recriticality occurs
around 50 hr. Fuel failure temperatures are reached at 60 hr, with peak fuel
temperatures above 1700°C lasting for days. T.e expected peak vessel tempera-
tures, above 500°C, are well beyond the design limits for an extended period
of time. Ultimately vessel failure and depressurization would have to be ex-
pected, for instance at 120 hr. The primary coolant then released to the at-
mosphere would have a much higher fission product concentration than those of
the other accident scenarios considered so far. While this scenario may have
an extremely small probability, these considerations indicate the desirability
of scram systems of high reliability and redundancy.

7.4 Extension to Core Heatup Transients Without Scram and Without Functioning
RCCS

This case has not been evaluated yet, but future evaluations are
planned. Qualfitatively, we can again expect a transient very similar to the
transient with functioni:z RCCS, most likely with very similar peak core tem-
peratures and slightly higher long term vessel temperatures, due to the less
efficient vessel to cavity heat transfer conditions. For the first 100 hr the
transient should proceed very close to the corresponding case witi RCCS.
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only 5-10% of the tota. heat transfer would be enhanced, possibly even includ-
ing some condensation and vaporization on the RCCS panels. Furthermore, the
estimation of heat transfer reduction in Appendix D assumed black surfaces,

and the fractional reduction for grey surfaces would be expected to be slight-
ly lower.

At this time, indications are that the peak vessel temperatures under
such a scenario would increase measurably, yet remain below the permissible
values of 480°C (or 540°C).

bl




9.

TEMPERATURE TRANSIENTS SUBSEQUENT TO A COLLAPSE OF THE CORE SUPPORT
STRUCTURE

As the core geometry subsequent to a collapse of the core support struc-
ture iy not defined, the evaluation of such scenarios remains rather uncer-
tain, However, some qualitative features can be pointed out. The current
analysis considered here 18 only a preliminary step, and more comprehensive
evaluations of further scenarios should be conducted at a later time.

In the hypothetical event of a complete collapse of the ccre support
structure, the fuel and reflector elements could fall and fill up some of the
hottom plenum space. Figure 9-1 (Figure 4.3-6 of the PSID) shows the location
of the active fuel elements, surrounded by layers of reflector elements on all
sides. The figure clearly shows that even 1if such a collapse of the core sup-
port structure were to occur, it would be extremely unlikely that any fuel |
elements could find their way to the vessel walls. Nevertueless, the current
analysis evaluates the ranges of fuel and vessel temperatures to be expected
1f individual fuel elements should rest next to the vessel wall.

The fuel elements, hexagonal prisms, can never touch the cylindrical or
spherical vessel walls at all of their surface, i.e., gaps must remain between
fuel elementa and the vessel surface, except at local points. With these un-
certainties in mind, several simplified geometric configurations with simpli-
fied fuel element, vessel and gap geometry were investigated. The fuel ele-
ment was modelled as a cylinder having about the same volume and thickness as
an actual fuel element, as well as the same decay heat power density. The
element was considered to be surrounded by reflector elements, except for its
bottom face, which was facing either the steel vessel surface, or a concrete
surface. The outer surface of the steel vessel faced an air gap of 2m and
then thermal insulation, and shielding, with concrete below these layers,
typical of the bottom region of the reactor building.

In the Base Case, assuming a collapse of the core structure as initiator
of the accident, a hot fuel element of 800°C average temperature is assumed to
rest against the vessel walls with an average gap width of 2 cm. The vessel
is initially at 220°C, and the sutrounding reflector blocks are at 700°C. The
maximum and average temperatures for this case are shown in Figures 9-2 and
9-3. Initially, the inner sections of the fue! element experience a slizht
temperature rise, peaking after 17 minutes at 835°C and then decreasing to
about 690°C, while the fuel element average temperature decreases from the be-
ginning, settling after about 5 hr at about 670°C.

The vessel maximum and average temperatures rise to their respective peak
values of 665°C and 645°C over a period of about 25 hr, and remain virtually
constant thereafter up to 100 hr.

The fuel temperatures in this case do not come anywhere near the values
of 1300 to 1400°C, which are encountered in the core heatup accident scenarios
discussed in Chapter 3. The local vessel temperatures e.g., under the fuel
element, get much hotter than in core heatup scenarios, and one might have to
consider whether at these temperatures the vessel (locally) could continue to
hold the load that it is subjected to.
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10,3 Alr Ingress Scenarios

The evaluations of Section 5 have been based on chemical reaction rate
constants representative for H451 graphite. Variations of these constants by
several orders of magnitude showed that all incoming air would be consumed,
under virtually all conditions.

The core support structure and the lower reflector blocks (flow distribu-
tion block) are made out of Stackpole 2020 graphite which is expected to be
more reactive than H451, possibly by a factor of 3 [GA, 1987-01]. On the
other hand, temperatures in this region are wuch lower than in the core, and
the exposed surface area is significantly lower than in the core. Neverthe-
less, future evaluations should be made to determine whether preferential oxi-
dation in this lower region should be expected, and if so, whether it could
cause any significant reduction in strength of the core suppcrt structure.

10.4 Water Ingress Scenarios

An evaluation of massive water ingress, as assumed in Bounding Event Se-
quence BES-4, should be investigated. This analysis can be conducted with the
THATCH/FLOXI code, without model changes, for pressurized or depressurized
core heatup scenarios.

Fission product release due to hydrolysis of failed fuel particles should
be added to our chemical reaction models.

10.5 Core Heatup Transients without Scram

The evaluations of Section 7 have essentially confirmed the vendors acci=-
dent description with recriticality in our evaluations coming at about 48 hr.
Later extensions of our model have included the long-term buildup of samarium,
using preliminary samarium cross section data. The addition of this effect
appears to delay recriticality slightly, and to reduce the final peak fuel
tenperatures a little, but it does not change the basic features of this
trausient.

All no-scram evaluations of Section 7 were done with best estimate data
for feedback coefficients and cross section data, as supplied by the vendor.
Analogous to our work in Sections 3 throngh 5, parametric variations of these
input data should be applied to establish the sensitivity of our results to
possible uncertainties in the input data.

To date, all unscrammed scenarios have been run with functioning RCCS.
Rung without functioning RECS should be made following Bounding Event Sequence
BES-5. Even though Respounse 15-8 of the PSID states GA's plans on sealing the
reactor buflding, these ruas shculd be run to about 120 hr when a final peak
core temperature has been attained, so as to be cognizant of the effect of
this scenario on peak fuel temperatures. Once the thermal RCCS restart
transient mentioned in Section 10.1 has been modelled, an evaluation of this
scenarfo would be routine and would not require any further model changes.







between the reactor building and the environment after blowdown is strongly
affected by the heating and cooling of the various cavities, and will include
times of inflow from the atmosphere into the reactor building. it is »
relatively minor effort to revise the current MHTGR model in ATMOS to
correspond to the current reactor building design. Thereafter, we would have
the capabilities to evaluate the anticipated gas exchange between the various
parts of the building and the environment.

The modelling that remains to be included is the fission product trans-
port during this long time transient, which ie potentially affected by such
phenomena as radioactive decay, plate out and deposition, as well as aerosol
settling. GA currently uses the SORS code for this analysis. It is suggested
to include models for the most important fission products and their transport
phenomena into a module of the ATMOS code in order to cbtain an independent
capability to assess the fission product release for various accident
scenarios. As further data and correlations for fission product transport
become available from the Regulatory Technology Development Program, these
should be factored into the code to improve our predictive capabilities.

ke
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APPENDIX A

SUMMARY OF INPUT DATA AND MATERIAL PROPERTIES FOR DEPRESSURIZED CORE
HEATUP ACCIDENT ANALYSES

The reactor model used in the THATCH cede to analyze the depressurised
core heatup scenarios is primarily based on PSID data, augmented by data sub-
mitted by DOE during the review process.

The nodalization of the major reactor components is summarized in Table
A"lo

The core material properties for gruphite include a complete annealing
model as specified by DOE [GA, 1987-01]. The data as implemented at BNL are
given in Figures A-1 to A-5. The GA data for H45]1 were provided to 1800K and
for Stackpole 2020 to 1073K. 1In some of the severe accident transients data
beyond these temperatures were needed. Linear extrapolations were employed in
those cases.

The best estimate decay heat data wer: provided by DOE in [GA, 1986-01].
Some of our earlier evaluations (as noted in Section 3) also used the more
conservative PSID data [PSID, Table 4.2-15], or those of LTR-4 [Sund, 1973].

The PSID data of Figure 4.2-10 were used to obtain an average radial
power profile for the six radial active core nodes, two nodes for each of the
three rings of fuel elements. The PSID data of Figure 4.2-11 were used to
supply the axial profile, using one averaged value for each of the three axial
zones.

Heat transfer from the reactor vessel across the reactor cavity to the
RCCS panels is by radiation and natural convection. Thermal emissivities of
0.8 were assumed for the vessel and for the RCCS panels. Radiation was by far
the dominant mode of heat transfer in the reactor cavity. At the prevailing
temperature levels and dimensions, the natural convection was found to be tur-
bulent, but nevertheless, did not contribute more than 5 to 102 of the total
heat transfer.

In general a one-dimensional radiation model was employed, which is
slightly conservative with respect to peak vessel temperatures. For the later
cases of non-functioning RCCS a two-dimensional radiation model for the reac-
tor cavity was incorporated into the code, and was used for all cases of non-
functioning RCCS. However, even at these higher temperature levels, the ef-
fect of the two-dimensional radiation model on the peak vessel temperatures
was not very significant.
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APPENDIX B

RCCS PERFORMANCE EVALUATION

Most of the RCCS geometry is described in sufficient detail in Section
5.5 of the PSID.

The up flow channel of the RCCS contains internal fins as shown schemati-
cally in Figure B-1. The heat arriving from the reactor vessel at the RCCS
front panel is distributed by conduction and radiation to the inside surface
of the front panel, the fins, and the back panel. From all inside surfaces it
{s then transferred by cenvection to the upward flowing air.

The PASCOL code, which evaluates the performance of such passive air
cooled decay heat removal systems, can (optionally) solve for simultaneous
conduction and radiation in this finned channel, or can empioy a user provided
overall fin effectiveness factor ¢, which is defined as

Total Convective Heat Flow to Air
Convective Heat Flow to Air from Unfinned Front Panel

¢ =

parametric evaluations were made to establish this fin effectiveness fac~
tor (FEF) as function of reactor vessel surface temperature, RCCS air tempera-
ture, mass flow of air and channel dimensions. As indicated in Figure B-2, it
was found that the FEF was very insensitive to air temperatures and reactor
vessel temperatures. Further results are, therefore, only shown for a repre-
gentative air temperature of 100°C and a vessel temperature of 350°C.

Figure B-3 shows the effect of changing fin pitch and fin thickness.
Closer fin spacing and thicker fins increase performance at a given mass
flow. However, the main emphasis of this Figure is that the FEF of 4.5, used
in DOFE evaluations, is readily achievable with a base fin pitch of 2 in and a
fin thickness of 0.25 in. Higher values would also be possible, in particular
by reducing the fin pitch.

As set of parametric evaluations of steady state RUCS performance was
made, using as base values an average reactor vessel temperature of 219°C, an
air inlet temperature of 21°C, an effective stack height of 27.5 m. With the
tortuous inlet and outlet paths of the air ducting, the inlet and exit losses
are fairly high, estimated at about ten velocity heads eaci, (based on actual
ducting cross section areas). As there are uncertainties in these estimates,
the inlet and exit loss coefficients were usually treated as independent vari-
able in these performance evaluations.

Figure B-4 shows air flow, air temperature rise and total heat removal as
function of 1loss coefficients, evaluated for the fin thicknesses. while
Figure B-3 showed that for a given mass flow performance would increase with
greater fin thickness, the results here show, that for the RCCS system, under
otherwise constant conditions, an increase in fin thickness does raise the air
temperature rise, However, it also increases the flow resistance, and thus
lowers the mass flow. Therefore, the net é€ffect on the total energy being re-
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moved is an optimum at a fin thickness of & = 0.25 in.

Considering the case of optimum fin thickness § = 0.25 in, an increase in
ducting losses from 1| to 15 velocity heads in each, the inlet and exit ducting
(i.e. a total change from 2 to 30 velocity heads), results in a decrease of
the air flow by only 16%. At the same time the air temperature rise increases
by 14.8%, with a small net loss in energy removed of 3.5%. This tendency of
RCCS system performance, of being rather insensitive to stack and ducting
parameter changes, prevailed over most parametric variations.

The stack uses a "serondary chimney design” described in the PSID to re-
duce sensitivity of RCCS air flow to exterior wind effects., TIntuitively this
design appears to be wrll suited to such an application. However, its perfor-
mance under actual operating conditions should be subjected to field testing.
In the current design the lower stack inlet/outlet ports are about 17.5 m
above the top of the RCCS cooling panels, and the top ports are 27.5 m above
the top of the cooling panels. While the previouc evaluations assumed full
draft contribution from this upper stack section, this Base Case is being com-
pared in Figure B~5 to a Case of a stack height of 17.5 m only, i.e. complete-
ly disregarding the upper stack section. The resulting loss in steady state
performance amounts to about 11% less air flow, about 10% increased air tem-
perature rise, with a net loss in energy removal of about 2.6%. Also included
in Figure B-5 are the PSID performance predictions for normal full power
operation. The PSID data generally tend toward slightly higher air flows and

slightly lower air temperature rises, resulting in virtually identical energy
removal rates.

Steady state performance is a very strong function of reactor vessel tem-
perature, and an increase of ouly 6°C form 219°C to 225°C increased the RCCS
energy removal by more than 5%, This means that under normal power operation
any variations in flow resistance would be compensated for by minor adjust=-
ments Iin the vessel temperature. As was also pointed out in the accident
analysis of Section 3, the reactor vessel and RCCS panel thermal emissivity
are essential for good performance. An increase from ¢ = 0.8 to only 0.85 in
the reactor cavity resulted in 6% higher energy rvemoval. While emissivities
of this order are readily achievable for steel surfaces, the surface emissivi-
ties ought to be controlled by technical specifications to avoid, for
instance, inadvertent painting or polishing of these surfaces.

Based on the above parametric evaluations, an effective stack height of
22.5 m, a fin effectiveness factor of ¢ = 4.4, a thermal emissivity of 0.8,
and a set of loss coefficients ki, = 16 and kex = 12 was generally used in
our THATCH accident transients. (Test runs were also made with internally
computed FEFs. However, values remained close to the above chosen level, and
it was clearly more cost efficient to use a prescribed value of 4.4).
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APPENDIX C

REACTOR KINETICS AND XENON-135 MODEL FOR CORE HEATUP ACCIDENTS WITHOUT SCRAM

To model the neutronics and Xenon-135 concentrations during core heatup
accidents without scram the following point kinetics model [Cheng, 1976] and
Xenon-135 depletion model (Knief, 1981]) were incorporated into the THATCH
code.

The reactor point kinetics are modelled as follows using six delayed
neutron groups:

D e o v
Rl F ¢lac (c-1)
d e "

i i
y -yl | p xic1 i=1,6 (c-2)

where P = P/P, = N/N,, with P the reactor power, P, the steady state
full power level, N the neutron flux and N, the neutron flux at steady state
full power, and C{ = Cy/N,.
Further

P = reactor Power

Cy= delayed precursor concentrations of group 1

Ay= decay constant of group i

Bi= delayed neutron fraction of group i

B total delayed neutron fraction

p total reactivity

¢* = prompt neutron generation time

At initial steady state, ﬁ = ]| and p = o, with
p By
Ci W o g e . (C—-3)
L% 4

The delayed group concentrations and decay times as well as the prompt neutron
life time were taken from [GA, 1987-02] as follows




and

where

L* = 4,0 x 1058

Delay Group B4

3

6

The Xenon-135 concentration is obtained from the two following ODEs:

dl Te 1
bl S PR
dX X I b X
o i PR N B Xo,0 - A°X
I I-135 concentration
X Xe-135 concentration
* fission yleld of tellurium or iodine (due to short half-11ife
le
of Te-135)
yx fission yield of Xenon-135
X ¢ the fission rate [fiasion/mas]
f
AI,A fodine and Xenon decay constante [s~']
o: microscopic Xenon-135 cross section [m?]

2,140 x 10™*
1.424 x 10~3
1.273 x 10-3
2.567 x 10~3
74470 x 10™"

2,732 x 10~"

A

~
[s=1)

1.251 x 10-2
3.151 x 10~2
1.190 x 10~}
3.061 x 10~}
1.135

2.876

(C~5)

The steady state full power concentration of iodine and xenon follow from the
above equations as

Te

I (149,

* Note apparent typographical error in [GA, 1987-02)

500w

(c-6)



Te X

X, = - L SFOR (c-7)
OA X
; (L), + A
o 4
Using these to scale equations 4 and 5, one obtains
& - ¥ (p -1 (c-8)
and
8 X - - 8 "
dX AT 8 x Te X
- Te(Y P+y I)=(GP+1)X (c-9)
. il &
where
e X/Xe, 1w 1/%0
P = P/Po= [ 0/(]0)
and
X X
0 o P
A A 0
G = ( *Y;——— ) (zf.)o ( ; s )
f
where
Xf is the macroscopic fission cross section, P, the steady state, full

power, power density and E the energy per fission.

The values used are

yTe = 0.056 i ¥Y* = 0.003

E = 200 MeV/fission = 3.2042 x 10~'! J/fiesion
P, = 5.96 MW/m®

Al w2 0udo™® Ve 3 e ddxiv® Us

The macroscopic fission cross section data were estimated by GA [GA,
1987-03] for a single group thermal cross section as follows:

bl e



(begin of cycle)

nl—
-

Zf = 0.00251

= (0,00213 (end of cycle)

()I-—-
3

The corresponding total macroscopic cross sections were glven cs

J = 0.00427 (begin of cycle)
t
= 0.,00380 (end of cycle)

For the microscopic absorption cross section of Xenon a value of 2.65 x 106
barn (=2.65 x 1022 n?) was used for the base case calculations. The total
change in reactivity is composed of the contributions from

fuel temperature change
moderator temperature change
reflector temperature change
xenon concentration change

and can be expressed as

dp = cpdOfye) + cMdOpoderator (C~10)
+ cRdOpefiector + cxdX

The core temperature coefficients were given in Chapter 4 of the PSID and are
tabulated in integrated form from a base cold temperature in [GA, 1987-02].
The Xenon coefficient is

where the above EOC values were used for Et.

For typical ATWS transients, in particular in LWRs, transient analyses
are extended over relatively short time spans. In contrast, for the core
heatup accidents, to be considered here, several hundred hours of a transient
must be considered. For such long time applications the typical {implicit
finite difference solution to the above set of nine simultaneous ODEs were
found to be too time consuming and the DGEAR ODE solver of the IMSL library
was employed. As the reactivity iucreases typically remained small, further
simplifications of tle currently used point kinetics equations could most
likely be employed. This has not been done at this time.
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APPENDIX D

INITIAL RAND APPROXIMATION MODEL FOR REACTOR CAVITY RADIOACTIVE
HEAT TRANSFER IN THE PRESENCE OF PARTICIPATING GASES

To obtalan an initial estimate of the effect of participating gases like
H,0 and CO, on the radiation heat transfer from the reactor vessel to the RCCS
panels, the Band Approximatio . Model, as described by Sparrow and Cess [1988],
was appliad (ibid Sec. 8.3).

As pointed out by Sparrow and Cess, this model "although crudc at best,
nevertheless constitutes a reasonable first approach" towards radiative heat
trangfer in non-grey gases.

For use of this method, the user must choose the band width of the vari-
ous absorbing bands. Sparrow and Cess give in Section 1.3 integrated band ab-
sorption data for both H,0 and CO, and the approximate temperature and pres-
sure dependence of these data. Only the results for H,0 will be given here,
since that 1s the item of most concern.

The band widths were iteratively adjueted here such that over the temper-
ature range of 400 to B0OO K the total absorpticn of all bands matched the
known Planck absorption coefficients as well as possible. The final band
width selected in this way were:

Band (yu) 2.7 6.3 20
Lower Limit (u) 2.50 5.00 20
Upper Limit (u) 3.00 7.00 50

The 1.38 and 1.87 py bands were included in the evaluation, but their con=-
tributions were found to be negligible in the current temperature range. With
the above chosen band width the avercged absorption coefficients x were com-~
puted and compared to the Planck mean absorption coefficient Kp g in Table

D=1."

Using these values, the radiative herst flux between two black surfaces of
prescribed temperatures was evaluated, parametrically varying the hot surface
(reactor vessel) from 450 ¥ to 1000 K, but keeping the cold surface at 373 K,
representative of RCCS panel temperatures. (Variations of the cold surface
temperature were also applied and ylelded about the same results.) Table D-2
gives the resuiting optical thickness 1 = ¢ L, where L 1is the cavity gap
width., It also gives the dimensionless radiant heat flux Q which is the ratio
of actual heat flux to heat flux across a transparent gas.

It is seen that the gas 1is optically thick (tr >> 1). Furthermore, the
dimensionless heat flow remains fairly constant over a wide temperature range,

“Note that by definition the average absorption coefficient must be larger
than the Planck coefficient.

) F



and even if our values of x were inaccurate, this would not affect the results
significantly, as shown by including values of () evaluated for t = 8 and 1000.

Thus, the Band Approximation Model {indicates that the participating gas
HyO in the reactor cavity will reduce the radiant heat transfer by about 32%
since:

B8 Actual Radiant Heat Flux
Transparent Medium Radiant Heat Flux

Q = 0.68

This is the result to be applied in Section &.




Table D=1 Averaged and Planck Mean Absorption Coefficients for H,0

Temperature K Kpg
(x) (1/m) (1/m)
400 86.5 26.5
600 48.7 15.9
800 2742 9.2

Table D-2 Optical Thickness -, and Dimensionless Heat Flux Q for
KRadiant Heat Transfer Between a Hot Surface at 0,
and a Cold Surface at 373 K

1000 7346 21.6 +660 691 640

o (1/m) o 6"% e tre1000 |
450 82.6 75.6 690 729 685 i
600 60.9 55.7 678 717 671 ‘
800 38.5 35.2 673 709 661 i

|
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