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1. SUMMARY 

The recently completed irradiation of capsule HFR-B1 in the 
high-flux reactor at the Petten Establishment in The Netherlands pro- 

vided some excellent data for fission-product release. The data were 

obtained under irradiation and temperature conditions close to those 

expected during normal operation of the Modular High-Temperature 

Gas-cooled Reactor (MHTGR). Some of the tests at Petten were designed 

to measure release of fission gases during hydrolysis of failed fuel. 

Hydrolysis was initiated by injecting known amounts of water vapor into 

the capsule sweep gas. 

capsule sweep gas indicated that a non-negligible amount of graphite 

corrosion was also occurring during the hydrolysis tests. Hence, these 

measurements provide some unique data for in-pile corrosion of grade 

H-451 graphite by steam. 

The measured concentrations of CO and C02 in the 

In the present report, an analysis of graphite corrosion during the 

Petten hydrolysis tests is described. The calculations were performed 

using the REACT program, which is based on an improved corrosion model. 

The REACT program was developed as part of a research program at the 
University of California, San Diego, and is in operational status in the 

General Atomics (GA) Production Code Library. Predictions obtained with 

REACT show excellent agreement with the Petten graphite-corrosion data. 

Some small discrepancies are likely caused by reactions occurring within 

the fuel compacts, which are not presently modeled in REACT. 

agreement indicates that the currently used correlation for the 

steam-graphite reaction rate, which was obtained from out-of-pile 

measurements, may also be used to predict in-pile corrosion with good 

accuracy. This successful validation of REACT is a strong justification 

for further development of REACT to include the chemical-reaction and 

mass-transfer processes (including fuel hydrolysis) that occur within 

the fuel compacts. 

This good 
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2. INTRODUCTION AND BACKGROUND 

Two important issues that affect the design of the MHTGR are 

(1) corrosion of fuel-element, reflector, and core-support graphite and 

( 2 )  hydrolysis of defective or failed particles. In reference to the 

first issue, graphite structural integrity must be maintained for the 

loads and oxidant concentrations experienced during both normal opera- 

tion and accident conditions. For economical plant operation, graphite 

corrosion must not impact the normal fuel-element replacement schedule 

and must not be the cause of extended reactor-shutdown periods. 

The second issue is directly related to plant safety. During fuel 

hydrolysis, water vapor reacts with exposed fuel-kernels to release 

gaseous and volatile fission products that have been stored in the ker- 

nel void space. For accidents that involve ingress of water or steam 

into the core, the increases in fisson-product release caused by hydrol- 

ysis must not result in violation of the Environmental Protection Agency 

(EPA) Protective Action Guidelines or the UserlUtility Requirements. 
For the MHTGR fuel elements, graphite corrosion and fuel hydrolysis are 

inherently coupled; the water vapor must first penetrate a web of 
graphite before reaching the fuel compacts that contain the small 

fraction of failed and defective particles. 

To ensure that the plant-design requirements are satisfied, mecha- 

nistic models have been developed to estimate graphite corrosion and 

fuel hydrolysis in the MHTGR. These models have been incorporated into 

the computer codes SURVEY/HYDROBURN (Ref. l ) ,  OXIDE-3 (Ref. 2 ) ,  and GOP 

(Ref. 3 )  that have been used for MHTGR design and safety analyses. In 

general, satisfactory agreement between current computer-code calcula- 

tions of corrosion and data obtained from integrated experiments that 

2- 1 DOE-HTGR-885101Rev. 0 



involve both transport and reaction phenomena had not been obtained 

previously. This lack of code validation results from approximations 

used in developing the mechanistic models, lack of sufficient data to 

accurately estimate model parameters, and possible misinterpretations of 

experimental results. The impact of using nonvalidated computer codes 

for plant design can be enormous. Without validated models, 

conservative calculations must be performed that may result in 

prohibitively high capital costs in order to meet plant-design 

requirements. 

In order to improve the data base and understanding of graphite 

corrosion and fuel hydrolysis, technology development programs have 

been established under the Department of Energy (DOE) sponsored MHTGR 

program. Under these programs, experimental research is performed in 

order to satisfy Design Data Needs (DDNs) identified during a systematic 

analysis (formally referred to as Functional Analysis) of the plant 

design. In the United States, most of the MHTGR technology-development 

work is performed at Oak Ridge National Laboratory (ORNL). Additional 

experimental data is obtained from technology exchange agreements 

with foreign institutions, including the German national laboratory, 

Kernforschungsanlage (KFA) and the French Atomic Energy Commission, 
Commissariat a L’Energie Atomique (CEA). 

Under representative MHTGR normal operating and accident condi- 

tions, very little experimental data exist for corrosion of grade H-451 

graphite and hydrolysis of failed UCO fuel particles. 
corrosion and hydrolysis processes, the only available data were 

obtained from the irradiations of capsule HRB-17 at ORNL (Ref. 4 )  and 

capsule HFR-B1 at the Petten Establishment in The Netherlands (Ref. 5 ) .  

In these experiments, the loss of graphite mass as a- function of time 

can be estimated from the measured concentrations of CO and C02 in the 

gas exiting the capsule. However, the only successful measurements for 

CO and CO2 concentrations were obtained during the Petten experiment. 

For the coupled 

2-2 DOE-HTGR-88510/Rev. 0 



The Petten experiment was a cooperative program involving GA, KFA, 

ORNL, and the Petten Establishment of the Joint Research Center (JRC). 
The experiment was performed under the auspices of the US/FRG Umbrella 

Agreement for Cooperation in Gas-cooled Reactor Development. The 

primary purpose of the experiment was to obtain data for fission-gas 

release from failed fuel under both dry conditions and during fuel 

hydrolysis, and to obtain data for transport of metallic fission 

products in fuel compacts and graphite. The capsule geometry, tem- 

perature, and irradiation conditions were similar to those expected 

during normal operation of the MHTGR. The capsule irradiation lasted 

445 full-power days and ended on July 10, 1989. 

Although obtaining data for graphite corrosion was not a primary 

goal of the Petten experiment, the fuel compacts were housed within 

a graphite body, and graphite corrosion did occur during the fuel- 

hydrolysis experiments. Hence, the experiment provided data for 

the coupled processes of graphite corrosion and fuel hydrolysis under 

representative reactor conditions. The data may be used to partially 

satisfy DDNs M.lO.O1, "Validation of Design Methods for Graphite 

Corrosion," and M.07.12, "Data for Validation of Fission Gas Release" 

(see Ref. 6 for a description of DDNs). As described in Ref. 5 ,  the 

estimated loss in graphite mass showed reasonable agreement with 

approximate hand calculations for graphite corrosion. The purpose of 
the present analysis is to perform a more detailed evaluation of the 

Petten graphite-corrosion data and to use the data to validate an 

improved graphite-corrosion model. Also, this analysis is a logical 

first step to understanding and modeling the complex phenomena that 

occur during fuel hydrolysis under reactor conditions. 

The following sections describe the experimental data, model 

predictions, and conclusions drawn from this analysis. Two appendices 

are also included. 

graphite-corrosion model in the REACT program, which was used to 

simulate the Petten conditions. Sample REACT output i s  provided in 

Appendix B. 

Appendix A provides a detailed description of the 

2-3 DOE-HTGR-885101Rev. 0 



3. EXPERIMENTAL DATA 

As shown in Fig. 1, the HFR-B1 capsule actually consisted of three 
separate capsules that were housed in a singular container, each with 

independent sweep-gas lines and temperature-control devices. Each 

capsule contained twelve fuel compacts in a cylindrical H-451 graphite 

body. The primary function for each capsule was to obtain data for 

fission-product release under irradiation conditions near to that 

expected in the MHTGR. To obtain statistically meaningful data, 

approximately 9% of the UCO particles in the fuel compacts were 

designed-to-fail (dtf) particles. In place of the normal TRISO coating, 

the fuel kernels for dtf particles were coated with only a single thin 
(20-30 pm) layer of pyrocarbon. These layers failed early in the 

irradiation to provide an adequate source of fission products. From 

capsule 1, fission-gas release data were obtained at near-isothermal 

conditions for temperatures in the range of 880° to 992OC. The effects 

of temperature cycling were studied in capsule 2, and the temperatures 

were varied from 880-1230OC. 

the data obtained from capsule 3 ,  in which water vapor was injected on 

sixteen separate occasions. The estimated burnups of fissile fuel were 

18.3, 18.4, and 16.7% FIMA (fissions per initial metal atom) in 
capsules  1, 2, and 3 ,  respectively. 

Of interest for the present application is 

Cross-sectional views of the capsule 3 geometry are shown in 

Fig. 2. The arrangement of fuel compacts and coolant holes is similar 

to that for the MHTGR fuel element. However, during the experiment, 

helium coolant did not flow through the coolant holes shown in Fig. 2. 

Instead, so-called piggyback samples, which consisted of unbonded fuel 

particles, encapsulated particles, and various non-fueled samples occu- 

pied the space in the central hole and in the coolant holes in order 

to satisfy other test objectives. The sweep-gas, which consisted of 

helium, injected impurities, and sometimes neon (for temperature 

3-1 DOE-HTGR-88510/Rev. 0 
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I 

(c) 
Fig. 2. Graphite body of capsule 3. (a) Top view of the capsule. 

(c) Top view showing 
Note that the thermocouples were 

(b) Side view of the capsule. 
thermocouple locations. 
positioned around the fuel compacts. 
aq_e - 

The dimensions given 
in millimeters. This figure was taken from Ref. 2 
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control), flowed between the outside of the graphite body with diameter 

d = 6.2 cm and the inside of the stainless steel shield containing the 

capsule with d = 7.4 cm. Thus, the transport paths of the water vapor, 

reaction-product gases, and fission gases differed from that in a 

representative MHTGR fuel element. However, the irradiation and 

temperature conditions were very similar to that expected in the MHTGR 

during normal operation (see Table 1). 

During the sixteen injections, the water-vapor concentration was 

The graphite temperatures were measured varied from 180 to 10,600 patm. 

with 18 thermocouples, the locations for which are shown in Fig. 2c. A 

numerical average of the 18 thermocouples resulted in temperatures vary- 

ing from 670 to 900°C. 

measured, but estimated from heat-transfer calculations. Based on these 

calculations, the fuel-compact temperatures were approximately 15OoC 

higher than the average of the graphite-thermocouple measurements. The 

sweep-gas pressure was maintained at 3.6 atm and the mass-flow rate was 

about 0.83 mg/s (Reynolds No. = 0.2), with slight variations resulting 

from temperature changes. 

The fuel-compact temperatures were not directly 

N 

A gas chromatograph was used to measure the concentrations of CO, 

C02, H2, N2, CH4, and H20 in the gas exiting the capsule. Figures 3 

through 16 show the measured data for CO, C02, CH4, and H2, as well as 
the inlet-HzO concentrations and the time periods for injection. The 

temperatures given in Figs. 3 through 16 refer to the calculated 
fuel-compact temperatures. 

Since the CO and C02 result almost entirely from graphite 

corrosion, then the measured CO and C02 concentrations may be used to 

estimate the loss in graphite mass as a function of time. 

thermodynamic conditions in the Petten reactor, the likely reaction for 

steam-graphite corrosion is given by 

For the 

C +'H20 -> CO + H2 . 
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Table 1 
Comparison of HFR-61 and MHTGR Operating Conditions 

r- - Units I Parameter 

~ ~ 

HFR-B1 MHTGR 

Target Levo1 I Actual Oporation Normal Oporation 1 Core Conduction Cooldown (1) 

10E+25 n/m-2 
9: FlMA 

9: FlMA 

Peak Fast Fluence 5.0 6.8 5.0 5.0 
22.0 18.5 26.0 26.0 
3.0 5.0 4.0 4.0 

Peak Firs. Burnup 
Peak Fort. Burnup 

Fuel TemD C 

atm 
cm-3/min 

Helium Cat Press. 

Helium Gas Flow Rate 

050 - 1050 020 - 1050 700 - 1250 900-1620 
3.0 3.6 63 1 - 63 
300 300 1.19€+5 small 

(1) The ranges for values include both pressurized and 

depressurized conditions. 
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is taken from Ref. 2. 
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Fi .g. 12. Gas-impurity data during water-vapor injection No. 11. The 
temperature given refers to the fuel compacts. The 
water-vapor concentration is the inlet value. This figure 
is taken from Ref. 2. 
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Fig. 16. Gas-impurity data during water-vapor injections Nos. 15 and 
16. The temperature given refers to the fuel compacts. The 
water-vapor concentration is the inlet value. This figure 
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I n  t h e  sweep-gas, t h e  water -gas-sh i f t  r e a c t i o n  w i l l  conver t  some CO t o  

c02, v i z .  

CO + H20 C02 + H2 . 

A t  lower temperatures ,  t h e  forward-sh i f t  r e a c t i o n  i s  thermodynamically 

favored.  Also,  because of r a d i o l y s i s ,  t h e  r e a c t i o n  r a t e  may be higher  

under r e a c t o r  condi t ions .  From t h e  r eac t ions  given by equat ions  (1)  and 

( 2 ) ,  it is apparent  t h a t  1 mole of C is consumed f o r  every mole of ( C O  + 

C02) produced. The r e a c t i o n  of C02 wi th  g r a p h i t e  (Boudouard r e a c t i o n )  

w i l l  a l s o  r e s u l t  i n  some g a s i f i c a t i o n .  However, t h e  C02-graphite 

r e a c t i o n  r a t e  is  about an order  of magnitude slower than  t h e  steam- 

g r a p h i t e  r e a c t i o n  rate f o r  t h e  same cond i t ions  of temperature  and gas 

concen t r a t ions .  Also, t h e  measured C02 concen t r a t ions  were much smal le r  

than  t h e  i n j e c t e d  H20 concent ra t ions .  Therefore ,  it i s  reasonable  t o  

neg lec t  t h e  Boudouard r e a c t i o n  i n  t h e  p re sen t  a n a l y s i s .  

A summary of t h e  i n j e c t i o n  cond i t ions  and t h e  c a l c u l a t i o n s  f o r  

conver t ing  measured concent ra t ions  of ( C O  + C02) t o  graphite-mass l o s s  

is given i n  Table 2.  From Table 2 ,  t h e  es t imated  graphite-mass l o s s  was 

r e l a t i v e l y  smal l  a t  0.22% of t h e  i n i t i a l  mass, f o r  t h e  combined 2082 h 

i n  which water-vapor w a s  i n j e c t e d .  Table 2 a l s o  g ives  t h e  numerical  

average of t h e  i n l e t  and o u t l e t  water-vapor concen t r a t ions .  Despi te  t h e  

extremely s l o w  sweep-gas f l o w  rates,  water-vapor d e p l e t i o n  down t h e  

l eng th  of t h e  capsule  w a s  r e l a t i v e l y  s m a l l  dur ing  m o s t  of t h e  i n j e c -  

t i o n s .  Therefore ,  g r a p h i t e  co r ros ion  dur ing  t h e  P e t t e n  experiment was 

not completely l imi t ed  by mass- t ransfer  e f f e c t s .  Hence, t h e  d a t a  given 

i n  Table 2 f o r  co r ros ion  of H-451 g r a p h i t e  under i n - p i l e  cond i t ions  may 

be used f o r  code-va l ida t ion  purposes.  
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4 .  GRAPHITE-CORROSION PREDICTIONS 

As discussed previously, the irradiation of capsule HFR-B1 provided 
some unique data for the validation of graphite-corrosion computer 

codes. In the present analysis, a simulation of graphite corrosion 

during the Petten experiment was performed using the REACT program. 

description of the REACT corrosion models and details of the analysis 

are described in the following sections. 

A 

4.1. REACT COMPUTER PROGRAM 

The REACT program is based on the improved corrosion model 

described in Ref.7 and summarized in Appendix A. Predictions obtained 

with REACT have shown good agreement with burnoff-profile and total 

burnoff measurements for unirradiated grade 2020 graphite (Ref. 7 ) .  

Some of the features of REACT include: 

1. A correction, from earlier corrosion models, for the mass-sink 
or source terms in the species-conservation equations. This 

correction was derived from first principles and involves 
dividing the uncorrected terms by the graphite void f r a c t i o n ,  

to obtain the correct units of mass of species per unit volume 

of pore space per unit time. 

2. Inclusion of a term in the species-conservation equations, 

also derived from first principles, to account for the effects 

of gradients in void fraction (which may exist as the result 

of nonuniform burnoff) on transport processes. 
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3 .  Use of a numerical solution, with variable nodalization, that 

allows for variations of model parameters with time and 

spatial location. 

4. Use of improved models for the burnoff factor and burnoff 

dependence for the effective diffusivity of steam in helium. 

5. Boundary conditions that account for both transport across the 

boundary layer and reactions on external graphite surfaces. 

4.2. MODEL GEOMETRY AND NUMERICAL SOLUTION 

The graphite body (see Fig. 2)  was modeled as a hollow cylinder 

with inner radius R1 = 1.9 cm and outer radius R2 = 3.1 cm. 

radius was obtained from the actual graphite-body dimensions and the 

inner radius was calculated to conserve the estimated total graphite 

mass of 300 g. As discussed previously, the sweep gas containing the 

water vapor flowed in the gap space (width = 0.6 cm) between the 
graphite body and stainless steel shield. 

The outer 

A one-dimensional numerical solution was obtained for 28 nodes 

placed from the graphite-gas interface at R = R2 to the inner radius at 

R = R1. 
gradients in water-vapor concentration near this surface. Both the 

A fine grid was used near R = R2, because of the larger 

nodalization and time steps were systematically varied to ensure that a 

stable and accurate numerical solution was being obtained. The actual 

node spacings and time steps may be obtained from Appendix B, which 
provides sample output for a representative calculation. 

Obviously, the model geometry is an approximation of the actual 

geometry. For example, the thermocouple wells were not explicitly 

modeled in this analysis. However, this should not introduce 

significant errors since the associated volumes were small and the wells 

did not penetrate the complete length of the graphite body and form a 

4-2 DOE-HTGR-88510/Rev. 0 



continuous gap. Also, reactions occurring within the fuel compacts were 

not considered in this analysis. This approximation is reasonable, 

since most of the corrosion will occur at high temperatures, when little 

water vapor will penetrate through the region between the sweep gas and 

fuel compacts (width 0.5 cm). However, at lower temperatures, there 

may be a significant contribution to the measured CO and C02 concentra- 

tions from reactions with fuel-compact material. 

Although a simplified, one-dimensional calculation was performed, 

the actual corrosion will vary in all three spatial directions. 

the circumference, most of the corrosion will occur near the fuel 

compacts where temperatures are higher. In these regions, gradients in 

burnoff in the radial direction are expected to be much larger than 

gradients in burnoff in the circumferential direction. There will also  

Around 

be variations in corrosion in the axial direction, caused primarily by 

depletion of water vapor from the sweep-gas flow down the length of the 

graphite body. However, water-vapor depletion was not large, 

particularly at the higher water-vapor concentrations, so that use of an 

average water-vapor concentration should not introduce significant 

errors into the analysis. Hence, an approximate, one-dimensional 

calculation is justified. 

4.3. MODEL PARAMETERS 

The model parameters required for the REACT program are described 
in Appendix A. The numerical values used in the present analysis are 

given below: 

p ~ , ~  = graphite density = 1.77 g/cm3 , 

AB ET,^ = BET surface area = lo4  cm2/g , 

$o .= structural parameter used to calculate the burnoff 

factor = 20 . 
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In the above symbols, the subscript o indicates the initial or unreacted 

value. Pressure gradients across the graphite body were assumed to be 

negligibly small, so that the approximation Pe = 0 was used, where Pe is 

the Peclet number. 

Another parameter that significantly affects the graphite corrosion 

is the graphite temperature. The initial predictions were obtained 

using the graphite temperatures given in Table 2, which are a numerical 

average of all 18 thermocouples. When these temperatures were used, t h e  

predicted corrosion was about a factor of 2 higher than the measured 

values. Since the gasification rate was jointly controlled by in-pore 

diffusion and chemical kinetics, an intrinsic reaction rate that was a 

actor of Z2 = 4 lower would result in much better agreement with the 

data. This result was verified by performing calculations using a 

multiplier of 0.25 on the intrinsic reaction rate. It was noted that 

nearly the same effect would result if the absolute graphite 

temperatures were lowered by 5% from the thermocouple-averaged values. 

From Fig. 2, it can be seen that the thermocouples were located in the 

hotter regions around the fuel compacts, so it is expected that the 

actual average graphite temperatures will be somewhat lower than the 

thermocouple-averaged values. Also, the thermocouples in the regions 

between the fuel compacts and sweep-gas flow typically read about 5% 

lower than the thermocouples located interior to the fuel compacts. 
example, during injection No. 11 thermocouple 43 measured 1199 K but  

thermocouple 46 measured 1139 K. As will be shown later, most of the 

corrosion occurred in the web region between the fuel compacts and 

sweep-gas flow. There may also be some localized cooling caused by the 

endothemic steam-graphite reaction. Therefore, it is reasonable to use 

graphite temperatures that are somewhat lower than the thermocouple- 

averaged values. 

For 
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4 . 4 .  RESULTS 

Figure 17 shows a comparison of model predictions for total burnoff 

with the experimental data. A s  discussed in the previous section, the 

predictions were obtained using more representative graphite tempera- 

tures that were 5% lower than the thermocouple-averaged temperatures. 

Except for the time period 650-1350 h (water-vapor injections 6-10), the 

model predictions agree remarkably well with the data. During this time 

period, the model underpredicts the data, with the difference being 

about 30% at 1350 h. As indicated by the change in slope of the burnoff 

versus time curve, graphite temperatures were lower during this time 

period (see Table 2). The data indicate a greater generation rate of 

CO and C02 than can be inferred from the model predictions of graphite 

corrosion. Two explanations can be given for this behavior. First, 

radiolysis may be enhancing the gasification rate. The effects of 

radiolysis will be more apparent at lower temperatures, when thermal 

reaction rates are low. The correlation for the steam-graphite reaction 

rate does not account for radiolysis, since the reaction rates were not 

measured in a radiation environment. However, if radiolysis were the 

primary cause for the disagreement, then it is expected that the model 

should underpredict the data after 1350 h since temperatures are first 

increased and then decreased again after this time. 

A second and more likely cause for the disagreement is that there 

may be an additional source of CO and COz,  other than graphite 

corrosion, during this time period. Figure 18 shows the predicted 

water-vapor concentration as a function of depth into the graphite for 

injection No. 7 (thermocouple-averaged temperature = 68OoC) and 

injection No. 11 (thermocouple-averaged temperature = 890OC). 

From Fig. 18, it is apparent that at lower temperatures significant 

amounts of water vapor will penetrate the graphite to reach the fuel 

compacts.. Potential sources for CO and C02 in the fuel compacts are 

reactions with matrix material, graphite-shim particles, pyrocarbon 

coatings, and the UC2 
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Fig. 17. Comparison of REACT predictions with the HFR-B1 graphite- 
corrosion data. 
ABET 
and $e = 0 (see Appendix A for symbol definition). 
experimental conditions are given in Table 2. The graphite 
temperatures were assumed to be 5% lower than the 
thermocouple-averaged values, to account for the slightly 
cooler-than-average graphite in the high-corrosion regions. 

The predictions were obtained for 9, = 20, 
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phase of exposed UCO fuel kernels. 

approximately 130 mg of carbon was reacted. Although the reaction rate 

of UC2 with water vapor is much higher than the steam-graphite reaction 

rate, there are only about 4 mg of carbon in dtf particles in capsule 3 .  

Hence, fuel hydrolysis is not the primary additional source of CO and 
CO2. 

normally about 10-20 times more reactive than H-451 graphite. For the 

HFR-B1 compacts, the matrix material may have been even more reactive, 
since the iron content was about a factor of 5 higher than the design 
value. Also, reaction rates within the fuel compacts will be higher 

because of the higher temperatures and possibly because of catalysis 

caused by fission metals such as barium or strontium. 

During the time period 650-1350 h, 

The most likely source is reactions with matrix material, which is 

At later times, temperatures were also lower, but an additional 

source of CO and CO2 is not apparent in the data. 

this source may have been completely consumed during the reaction-time 

period 650-1350 h. A possible source may be a highly reactive component 
of the matrix material. 

This suggests that 

Figure 19 shows the predicted burnoff profile as a function of 

depth into the graphite after the final water-vapor injection. The 

local burnoff is less than 1% at the surface exposed to the sweep gas 

and most of the burnoff occurs near this surface. Because of the low 
burnoff, it will probably not be useful to measure the burnoff profile 

during the PIE. 
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5. CONCLUSIONS 

Based on t h e  p re sen t  a n a l y s i s ,  it appears  t h a t  t h e  c u r r e n t l y  used 

c o r r e l a t i o n  f o r  t h e  r e a c t i o n  of H-451 g raph i t e  w i t h  steam may be used t o  

accu ra t e ly  p r e d i c t  i n - p i l e  g raph i t e  cor ros ion .  The P e t t e n  d a t a  have 

been extremely va luab le  f o r  t h e  v a l i d a t i o n  of t h e  improved g raph i t e -  

co r ros ion  model i n  REACT. The d a t a  should prove t o  be even more 

va luab le  f o r  v a l i d a t i o n  of an i n t e g r a t e d  graphi te -cor ros ion  and f u e l -  

hydro lys i s  model. The s m a l l  d i sc repancies  between model p r e d i c t i o n s  and 

t h e  P e t t e n  d a t a  are l i k e l y  caused by r eac t ions  occurr ing  w i t h i n  t h e  f u e l  

compacts, which w e r e  not  considered i n  t h e  p re sen t  a n a l y s i s .  Addi t iona l  

developmental work should be performed t o  add a fuel-compact model t o  

REACT. 

Because of t h e  low burnoffs  achieved dur ing  t h e  t e s t ,  t h e  Pe t t en  

d a t a  are not  very  u s e f u l  f o r  v a l i d a t i o n  of t h e  in-pore d i f f u s i o n  and 

bu rnof f - f ac to r  models i n  REACT. These models w e r e  s u c c e s s f u l l y  

v a l i d a t e d  i n  t h e  ana lyses  descr ibed  i n  Ref. 7 ,  but  no t  under i n - p i l e  

cond i t ions .  However, p r e - t e s t  co r ros ion  ana lyses  f o r  COMEDIE t e s t  BD-1 

(Ref.  8 )  i n d i c a t e  t h a t  some u s e f u l  i n - p i l e  d a t a  f o r  burnoff p r o f i l e s  

should r e s u l t  from t h e  PIE of t h e  r e f l e c t o r  e l e m e n t .  
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A.l. CONSERVATION EQUATIONS 

The REACT program solves a quasi-steady form of the steam- 

conservation equation in porous graphite for a hollow cylindrical 

geometry with inner radius R1 and outer radius R2. 
form, the species conservation equations are given by (Ref. 1) 

In nondimensional 

[PeK - (4/~)(a€/ar)](a~~/ar) - (l/r)a[(r4)aY~/arI/ar 
- [DaK - (PeK/E)(aE/ar)]YK = 0 9 (A- 1) 

where YK = pore-volume-averaged mass fraction of species K with K = H20 

for steam and r = R/R2 is a nondimensional radial coordinate. 

parameters appearing in Eq. A-1 are defined according to 
The 

with VD = Darcy velocity (cm/s), 

# = tortuosity coefficient, with the subscript o identifying the 

unreacted value, 

DK = diffusion coefficient for species K (cm2/s), 

Fb .= burnof f factor, 

Fc = catalysis factor, 

k = intrinsic reaction rate (s-l), 

mK = stochiometry coefficient = -1 for K = H20 (mol K/mol C), 

WK = molecular weight of species K with Wc = 12 for graphite 

(g of K/mol), 

pc = apparent graphite density (g of C/cm3 pore + solid space), 
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p = mass-average density of gases in the pores (g of gas 

mixture/cm3 pore space), 

E = void fraction (cm3 pore spacelcm3 pore + solid space). 

The parameter measures the ratio of the local tortuosity coeffi- 

cient to the unreacted value $o and PeK is a Peclet number that measures 
the ratio of convection to diffusion velocities. The product DaKYK is 

Damkohler’s second similarity group and measures the ratio of composi- 

tion changes produced by chemical reactions to composition changes 

produced by diffusion. 

A.2. MODEL PARAMETERS 

The intrinsic reaction rate k is given by the Langmuir-Hinshelwood 

relation 

where PK is the partial pressure of species K, which is expressed in 
terms of mass fraction according to 

N where p = total pressure and W = average molecular weight = 4  for low 

concentrations of steam in helium. For H-451 graphite, the constants in 

Eq. A-5 are given by (Ref. 2) 

C1 = 9.12 x 107 exp(-32,940/T) in atm’ls’l , (A-7 1 

(A-8) C2 = 6.25 x lo5 exp(-8980/T) in , 

C3 = 3 . 0 4  x lo6 exp(-11,520/T) in atm’l , (A-9 1 

a = 0.75 , (A-10) 

where T is in K. 
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The burnoff factor Fb is modeled according to (Ref. 3 )  

Fb = [I - $oln(l-b)]0*5 (A-11) 

where b = local fractional burnoff and ?bo is a structural parameter 
defined according to 

In Eq. A-12, xo = effective pore length per unit volume and ABET = BET 

surface area = area of pore surface per unit mass of solid. Again, the 

subscript o identifies the initial or unreacted state. For nuclear- 

grade graphite, typical values for $o are in the range 20 to 70. 

The diffusion coefficient for steam in helium is calculated accord- 

ing to 

DK = 1.06 x T1*58/p in cm2/s , (A-13) 

where T is K and p is in atm. 
according to 

The tortuosity coefficient #J is modeled 

# = E 3  , (A-14) 

which shows good agreement with measured values. 

Since the burnoff dependencies for the viscous permeability and 

slip coefficient are not accurately known, the Peclet number PeK is cur- 

rently treated as a constant. This approximation may be easily improved 

if more accurate data become available to model convective transport. 

The local fractional burnoff is defined according to 

b = 1 - PclPc,o 9 

A- 4 

(A-15) 
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with the time dependence of pc given by 

The void fraction E is given in terms of b according to 

E = E, + b(1-Eo) . 

(A-16) 

(A-17) 

A.3. BOUNDARY CONDITIONS 

If the graphite-coolant interface is at R = R1, the boundary 

condition is 

-#dYK/ar = (Sh/2r0)(Y~,, - YK) at r = ro , (A-18) 

where Sh = Sherwood number, ro = R1/R2, and the subscript c identifies 

the coolant channel. 

the boundary condition is 

If the graphite-coolant interface is at R = R2, 

(A-19) 

where Dh = hydraulic diameter for flow over the outer radius R2. In 

principle, a term to account for heterogeneous conversions at the 
graphite-gas interfaces should be added to the rhs of E q s .  A-18 and 

A-19. 
reaction frequency as follows: 

surface area and Ap is the pore-surface area. 
solution, this adjustment takes the form 

This effect may be approximately' accounted for by adjusting the 
k + k(At/Ap), where At is the total- 

For the numerical 

(A-20) 

where Asi = surface area of node i exposed to steam and Vi = volume of 

node i. Initially, this adjustment is applied only to the surface node. 

When the graphite in a nodal volume is completely gasified, surface 
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ablation has occurred and the reaction-rate adjustment is then applied 

to the adjacent volume. 

Zero-gradient boundary conditions are assumed at the other graphite 

boundaries, viz. 

aYK/ar = 0 at r = 1 for flow over R1 , (A-21) 

aYK/ar = 0 at r = ro for flow over R2 . 

A.4. NUMERICAL SOLUTION 

The REACT program uses a finite-difference method to solve the 

coupled Eqs. A-1 and A-16 subject to the boundary conditions described 
in the previous section. A semi-implicit method is used to linearize 
the difference equations and multiple iterations within a single time 

step may be specified by the program user. The diffusivities at node 

interfaces are estimated by using a geometric mean and a donor-cell 

method is used to difference the first-derivative term in Eq. A-1. 
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APPENDIX B 

Sample REACT Output 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 
~~ ~~ 

THE FOLLOWING I S  AN ECHO OF THE INWT FILE 

PElTEN WINOFF PROFILE DATA 

CATALYSIS FACTOR = 1.0 
TORTUOSITY COEFF. = VARIABLE = VOID**3 
NET DRIFT FACTOR = 1.0 
BURNOFF FACTOR = VARIABLE, CAPXSI = 20. 
ABET = loo00 CM**2/G 

H-451 RATE CONSTANTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
'SPATIAL LOCATIONS (MM) * 

28 
19.0 20.0 21.0 22.0 22.5 
23.0 23.5 24.0 24.5 25.0 25.5 26.0 26.5 27.0 
27.5 28.0 28.5 29.0 29.25 29.5 29.75 
30.0 30.2 30.4 30.6 30.8 30.9 31.0 

TIME-DEPENDENT DATA 
0.0 1000. 1 9999 1019. 1019. 8.1E-4 3.6 104. 0. 0. 
6.0 1000. 19999 1019. 1019. 8.1E-4 3.6 104. 0. 0. 
6.0001 1000. 19999 1019. 1019. 8.1E-4 3.6 44. 0. 0. 
101. 1000. 19999 1019. 1019. 8.lE-4 3.6 44. 0. 0. 
101.0001 1000. 19999 1105. 1105. 7.5E-4 3.6 76. 35. 0. 
111. 1000. 19999 1105. 1105. 7.5E-4 3.6 76. 78. 0. 
121. 1000. 19999 1105. 1105. 7.5E-4 3.6 76. 93. 0. 
141. 1000. 19999 1105. 1105. 7.5E-4 3.6 76. 105. 0. 
293. 1000. 19999 1105. 1105. 7.5E-4 3.6 76. 130. 0. 
293.0001 1000. 19999 1114. 1114. 7.4E-4 3.6 178. 5. 0. 
295. 1000. 1 9999 1114. 1114. 7.4E-4 3.6 178. 90. 0. 
388. 1000. 19999 1114. 1114. 7.4E-4 3.6 178. 110. 0. 
388.0001 1000. 19999 996. 996. 8.3E-4 3.6 221. 10. 0. 
393. 1ooO. 19999 996. 996. 8.3E-4 3.6 221. 45. 0. 
400. 1000. 19999 996. 996. 8.3E-4 3.6 221. 58. 0. 
416. 1OOO. 19999 996. 996. 8.3E-4 3.6 221. 70. 0. 
428. 1000. 19999 996. 996. 8.3E-4 3.6 221. 75. 0. 
484. 1000. 19999 996. 996. 8.3E-4 3.6 221. 75. 0. 
484.0001 1000. 19999 953. 953. 8.7E-4 3.6 348. 54. 0. 
652. 1000. 19999 953. 953. 8.7E-4 3.6 348. 54. 0. 
652.0001 1OOO. 19999 905. 905. 9.lE-4 3.6 359. 25. 0. 
787. 1ooO. 19999 905. 905. 9.1E-4 3.6 359. 25. 0. 
787.0001 1000. 19999 939. 939. 8.8E-4 3.6 324. 45. 0. 
907. 1000. 19999 939. 939. 8.8E-4 3.6 324. 25. 0. 
907.0001 1000. 19999 934. 934. 8.9E-4 3.6 309. 9. 0. 
918. 1000. 19999 934. 934. 8.9E-4 3.6 309. 21. 0. 
937. 1000. 19999 934. 934. 8.9E-4 3.6 309. 31. 0. 
967. 1000. 19999 934. 934. 8.9E-4 3.6 309. 40. 0. 
1074. 1000. 19999 934. 934. 8.9E-4 3.6 309. 40. 0. 
1074.0001 1000. 19999 934. 934. 8.96-4 3.6 953. 40. 0. 
1074.5 1000. 19999 934. 934. 8.9E-4 3.6 953. 54. 0. 
1075. 1000. 19999 934. 934. 8.9E-4 3.6 953. 40. 0. 
1075.0001 1000. 19999 934. 934. 8.9E-4 3.6 309. 40. 0. 
1099. 1000. 19999 934. 934. 8.9E-4 3.6 309. 40. 0. 
1099.0001 1000. 19999 953. 953. 8.7E-4 3.6 358. 1ooO. 0. 
1172. 1000. 19999 953. 953. 8.7E-4 3.6 358. 1OOO. 0. 
1172.0001 1000. 19999 953. 953. 8.7E-4 3.6 342. 1OOO. 0. 
1181. 1000. 19999 953. 953. 8.7E-4 3.6 342. 300. 0. 
1187. 1000. 19999 953. 953. 8.7E-4 3.6 342. 120. 0. 
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1197. 
1207. 
1214. 
1268. 
1268.0001 
1340. 
1340.0001 
1343. 
1512. 
1512 .OOOl 
1606. 
1608. 
1612. 
1704. 
1704.0001 

1800. 
1800.0001 
1801. 
1896. 
1896.0001 
1901. 
1968. 
1968 .0001 
2067. 
2067.0001 
2082.0 

1711. 

1000. 1 9999 953. 953. 8.7E-4 3.6 342. 63. 0 .  
1OOO. 1 9 9 9 9  953. 953. 8.7E-4 3.6 342. 52. 0. 
1OOO. 1 9 9 9 9  953. 953. 8.7E-4 3.6 342. 48. 0. 
1OOO. 1 9999 953. 953. 8.7E-4 3 .6  342. 48. 0. 
1000. 1 9999 953. 953. 8.7e-4 3 .6  358. 1OOO. 0. 
1OOO. 1 9999 953. 953. 8.70-4 3.6 358. 1OOO. 0. 
1OOO. 1 9 9 9 9  1105. 1105. 7.5E-4 3.6 253. 10. 0. 
1OOO. 1 9 9 9 9  1105. 1105. 7.5E-4 3.6 253. 161. 0. 
1OOO. 1 9 9 9 9  1105. 1105. 7.5E-4 3.6 253. 161. 0. 
1OOO. 1 9 9 9 9  960. 960. 8.6E-4 3.6 304. 1OOO. 0.  
1OOO. 1 9 9 9 9  960. 960. 8.6E-4 3.6 304. 1OOO. 0. 
1OOO. 1 9 9 9 9  960. 960. 8.6E-4 3.6 285. 60. 0 .  
1000. 1 9 9 9 9  960. 960. 8.6E-4 3.6 285. 50. 0. 
1OOO. 1 9 9 9 9  960. 960. 8.6E-4 3.6 285. 50. 0. 
1OOO. 1 9 9 9 9  986. 986. 8.4E-4 3.6 658. 10. 0. 
1OOO. 1 9 9 9 9  986. 986. 8.4E-4 3.6 658. 70. 0. 
1OOO. 1 9 9 9 9  986. 986. 8.4E-4 3.6 658. 70. 0. 
1OOO. 1 9 9 9 9  940. 940. 8.8E-4 3.6 1495. 0. 0 .  
1000. 1 9 9 9 9  940. 940. 8.8E-4 3.6 1495. 60. 0. 
1OOO. 1 9 9 9 9  940. 940. 8.86-4 3.6 1495. 60. 0.  
1OOO. 1 9 9 9 9  896. 896. 9.2E-4 3.6 2919. 46. 0.  
1ooO. 1 9 9 9 9  896. 896. 9.26-4 3.6 2919. 50. 0. 
1OOO. 1 9 9 9 9  896. 896. 9.2E-4 3.6 2919. 50. 0. 
1OOO. 1 9 9 9 9  943. 943. 9.2E-4 3.6 2891. 100. 0. 
1OOO. 1 9999 943. 943. 9.2E-4 3.6 2891. 100. 0.  
1OOO. 1 9999 965. 965. 8.6E-4 3.6 661. 0. 0. 
1ooO. 1 9 9 9 9  965. 965. 8.6E-4 3.6 661. 0. 0. 

SPARAM 
RHOC = 1.77 
ABET = 1oooO.O 
CAPXSI = 20.0 
CAMMA = 1 . 0  
EXPHI = 3 .0  
FCAT = 1.0 
WH2 = 0.75 
A 1  = 9.12E+7 
A2 = 6.25E+5 
A3 = 3.06E+6 
TAl = 32940.0 
TA2 = 8980.0 
TA3 = 11520.0 
DH = 1.2  
VARRHO = .TRUE. 
VARVD = .TRUE. 
VARPHI = .TRUE. 
VARFB = .TRUE. 
VDTRAN = .TRUE. 
SURFAC = .TRUE. 
R2FLOW = .TRUE. 
SEND 
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REACT - ANALYSIS OF GRAPHITE CORROSION 8Y STEAM I N  CYLINDRICAL GEOMETRY 

PEnEN BURNOFF PROFILE DATA 

TIME = 0.000Ei00 SEC = 0.000€*00 MIN = 0.000Ei00 HOURS = 0.000Ei00 DAYS 

A TOTAL OF 0 TIME STEPS HAVE BEEN ADVANCED 

TIME PERIOD = 1 
PRESSURE +Ami = 3.6000Ei00 
GRAPHITE EMP RATURE fK) = 1.0190Ei03 
COOLANT TEMPERATURE (t ' = l.O190E+03 
COOLANT H20 CONC. (PPM] = 1.0400Ei02 
COOLANT H2 CONC . (PPM) = 0.0000Ei00 
FLOW RATE (G/S) = 8.1000E-04 
PECLET NO. = 0.0000Ei00 
REYNOLDS NO. = 1.6708E-01 
SCHMIDT NO. = 1.5810€+00 
SHERWOOD NO. = 3.6600€+00 

TOTAL GRAPHITE CONSUPTION = 0.0000Ei00 PERCENT 
DEPTH COMPLETELY GASIFIED = 0.0000Ei00 PERCENT 
VOLUME COMPLETELY GASIFIED = 0.0000Ei00 PERCENT 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 

PETTEN BURNOFF PROFILE DATA 

TIME = 0.000€+00 SEC = 0.000€+00 M I N  = 0.000E+00 HOURS = 0.000€+00 DAYS 

PROFILE DATA 

NODE (W (PERCENT) (PPM) (PERCENT) FACTOR 
LOCATION DEPTH H20 BLIRNOFF BURNOFF 

1 1.90t+01 1.00E+02 1 .04t+02 0 .00E+00 1.00t+00 - 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

1.  ooE+oi 
*2.10€+01 
2.20€+01 
2.25E+01 
2.30E+01 
2.35€+01 
2.40€+01 
2.45€+01 
2.50€+01 
2.55€+01 
2.60€+01 
2.65€+01 
2.70€+01 
2.75€+01 
2.80€+01 
2.85€+01 
2.90€+01 
2.93€+01 
2.95€+01 
2.98€+01 
3.00€+01 
3.02€+01 
3.04€+01 
3.06E+01 
3.08€+01 
3.09€+01 
3.10€+01 
COOLANT 

9.17€+01 
8.33€+01 
7.50€+01 
7.08E+01 
6.67E+01 
6.25€+01 
5.83E+01 
5.42€+01 
5.00€+01 
4.58€+01 
4.17€+01 
3.75€+01 
3.33€+01 
2.92€+01 
2.50€+01 
2.08€+01 
1.67E+01 
1.46E+01 
1.25€+01 
le04E+01 
8.33E+00 
6.67E+00 
5.00€+00 
3.33E+00 
1.67E+W 
8.33E-01 
0.00€+00 *** 

1.04E+02 
1.04E+02 
1.04€+02 
1.04E+02 
1 .04E+02 
1 .04E+02 
1 .04E+02 
1 .04€+02 
1 .04E+02 
1.04E+02 
1.04€+02 
1.04€+02 
1.04E+02 
1.04E+02 
1.04€+02 
1 .04E+02 
1 .04E+02 
1.04E+02 
1.04€+02 
1.04E+02 
1.04€+02 
1.04E+02 
1.04E+02 
1.04E+02 
1.04€+02 
1.04E+02 
1.04E+02 
1.04E+02 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 

P ~ E N  BURNOFF PROFILE DATA 

TIME = 2.833€+06 SEC = 4.722E+04 MIN = 7.870E+02 HOURS = 3.279E+01 DAYS 

A TOTAL OF 2846 TIME STEPS HAVE BEEN ADVANCED 

TIME PERIOD = 21 
PRESSURE $AWL = 3.6000€+00 
GRAPHITE EMP ATURE = 9.0500E+02 
COOLANT TEMPERATURE ( 
COOLANT H20 CONC. 
COOLANT H2 CONC. (PPM) = 2.5OOOE+01 
FLOW RATE (G/S) = 9.1OOOE-04 
PECLET NO. = 0.0000E+00 
REYNOLDS NO. = 2.0334E-01 
SCHMIDT NO. = 1.5634€+00 
SHERWOOD NO. = 3.6600€+00 

TOTAL GRAPHITE CONSUMPTION = 7.8847E-02 PERCENT 
DEPTH COMPLETELY GASIFIED = 0.0000E+00 PERCENT 
VOLUME COMPLETELY GASIFIED = 0.0000E+00 PERCENT 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 
~ 

PE'ITEN BURNOFF PROFILE DATA 

TIME = 2.833€+06 SEC = 4.722€+04 MIN = 7.870El.02 HOURS = 3.279€+01 DAYS 

PROFILE DATA 

NODE (W (PERCENT) (PPM) (PERCENT) FACTOR 
LOCATION DEPTH H20 BURNOFF BURNOFF 

1 1.90€+01 1.00€+02 3 .48t+02 1.48E-02 1 . 0 0 t + w  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

2.00€+01 
2.10€+01 
2.20€+01 
2.25€+01 
2.30€+01 
2.35€+01 
2.40€+01 
2.45€+01 
2.50€+01 
2.55€+01 
2.60€+01 
2.65€+01 
2.70€+01 
2.75€+01 
2.80€+01 
2.85€+01 
2.90€+01 
2.93€+01 
2.95€+01 
2.98€+01 
3.00€+01 
3.02€+01 
3.04€+01 
3.06€+01 
3.08€+01 
3.09€+01 
3 .  tOE+Ol 
COOLANT 

9.17E+Ol 
8.33E+01 
7.50€+01 
7.08€+01 
6.67€+01 
6.25€+01 
5.83€+01 
5.42€+01 
5.00€+01 
4.58€+01 
4.17€+01 
3.75€+01 
3.33€+01 
2.92€+01 
2.50€+01 
2.08€+01 
1.67€+01 
1 .46E+01 
1 .25E+01 
1 .04E+Ol 
8.33€+00 
6.67E+W 
5.00€+00 
3.33€+00 
1 .67E+W 
8.33E-01 
0.00€+00 *** 

3.496+02 
3.49€+02 
3.496+02 
3.49€+02 
3.50€+02 
3.50€+02 
3.50€+02 
3.51E+02 
3.51€+02 
3.52€+02 
3.52€+02 
3.53€+02 
3.53€+02 
3.54€+02 
3.55€+02 
3.55€+02 
3.56€+02 
3.56€+02 
3.57€+02 
3.57€+02 
3.57€+02 
3.58€+02 
3.58€+02 
3.58€+02 
3.59€+02 
3.59€+02 
3.59E+02 
3.59Et02 

B-7 

1.51E-02 
1.60E-02 
1.78E-02 
1.91E-02 
2.07E-02 
2.28E-02 
2.53E-02 
2.86E-02 
3.27E-02 
3.78E-02 
4.436-02 
5 . 2 4 6 0 2  
6.26E-02 
7.55E-02 
9.18E-02 
1.12E-01 
1.38E-01 
1.54E-01 
1.71E-01 
1.91E-01 
2.13E-01 
2.32E-01 
2.54E-01 
2.77E-01 
3.03E-01 
3.16E-01 
3.3lE-01 *** 

1 .00E+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1.00€+00 
1 .01E+00 
1.01€+00 
1.01€+00 
1.01€+00 
1 .OlE+OO 
1.01€+00 
1.02€+00 
1 .02E+00 
1 .02E+00 
1 .02E+00 
1.02€+00 
1.03€+00 
1 .03E+00 
1 .03E+00 
1 .03E+00 
1.03€+00 *** 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 

PEllEN WNOFF PROFILE DATA 

TIME = 5.443E46 SEC = 9.072€+04 MIN = 1.512€+03 HOURS = 6.300€+01 DAYS 

A TOTAL OF 5474 TIME STEPS HAVE BEEN ADVANCED 

TIME PERIOD = 47 
PRESSURE 4ATML = 3.6000€+00 
GRAPHITE EMP ATURE K) = 1.1050€+03 
COOLANT TEMPERATURE (4 = 1.1050€+03 
COOLANT H20 CONC. (Pf'M] = 2.5300€+02 
COOLANT H2 CONC. (PfW) = 1.6100E+02 
FLOW RATE (G/S) = 7.5000E-04 
PECLET NO. = 0.0000€+00 
REYNOLDS NO. = 1.4649E-01 
SCHMIDT NO. = 1.5931€+00 
SHERWOOD NO. = 3.6600€+00 

TOTAL GRAPHITE CONSWPTION = 1.6888E-01 PERCENT 
DEPTH COMPLETELY GASIFIED = 0.0000E+00 PERCENT 
VOLUME COMPLETELY GASIFIED = 0.0000E+00 PERCENT 

B-8 DOE-HTGR-88510/Rev. 0 



REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 

P m E N  BURNOFF PROFILE DATA 

TIME = 5.443E+06 SEC = 9.072E+04 MIN = 1.512E+03 HOURS = 6.300E+01 DAYS 

PROFILE DATA 

LOCATION DEPTH H20 BURNOFF BURNOFF 
NODE (W (PERCENT) (PPM) (PERCENT) FACTOR 

1 1.90t+Ol 1.00E+02 3 .19t+00 3.05t-02 1 .mt+ 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

9.17E+oi . 3.49E+00 
8.33E+01 4.45E+00 
7.50E+01 6.20E+00 
7.08E+01 
6.67€+01 
6.25E+01 
5.83E+01 
5.42€+01 
5.00E+OI 
4.58E+01 
4.17E+01 
3.75E+01 
3.33E+01 
2.92E+01 
2.50E+Ol 
2.08E+01 
1.67E+01 
1.46E+01 
1.25E+Ol 
1.04E+01 
8.33E+00 
6.67E+00 
5.00E+00 
3.33E+00 
1 .67E+00 

0.00E+00 
8.33E-01 

*** 

7.49E+00 
9 . l lE+00 
l . l l E + O l  
1.37E+01 
1.68€+01 
2.06E+01 
2.54E+01 
3.13E+01 
3.86E+01 
4.75E+Ol 
5.85E+01 
7.21E+01 
8,88E+01 
1 .09E+02 
1.21E+02 
1.35E+02 
1.49E+02 
1.66E+02 
1.80E+02 
1.95E+02 
2.12E+02 
2.30E+02 
2.396+02 
2.49E+02 
2.53E+02 

3.12E-02 
3.35E-02 
3.766-02 
4.07E-02 
4.46E-02 
4.956-02 
5.55E-02 
6.31E-02 
7.24E-02 
8.41E-02 
9.86E-02 
1.17E-01 
1.39E-01 
1.67E-01 
2.02E-01 
2.45E-01 
2.99E-01 
3.31E-01 
3.66E-01 
4.06E-01 
4.50E-01 
4.89E-01 
5.31E-01 
5.78E-01 
6.28E-01 
6.55E-01 
6.83E-01 *** 

1.00E+00 
1 .00E+00 
1.00E+00 
1 .00E+00 
1.00E+00 
1.01E+00 
1.01E+00 
1 .01E+00 
1 .01E+00 
1.01E+00 
1.01E+00 
1 .01E+00 
1.02€+00 
1 .02E+00 
1.02E+00 
1 .03€+00 
1.03E+00 
1 .04E+00 
1 .04E+W 
1.04E+00 
1 .05E+W 
1 .05E+00 
1.06E+00 
1 .06E+00 
1 .06E+W 
1.07E+W *** 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 

PETTEN BURNOFF PROFILE DATA 

TIME = 7.495€+06 SEC = 1.249€+05 MIN = 2.082€+03 HOURS = 8.675€+01 DAYS 

A TOTAL OF 7539 TIME STEPS HAVE BEEN ADVANCED 

TIME PERIOD = 65 
PRESSURE +ATM& = 3.6000E+00 
GRAPHITE EMP ATURE K) = 9.6500€+02 
COOLANT TEMPERAWE (i = 9.6500E+02 
COOLANT H20 CONC. (PPM] = 6.6100€+02 
COOLANT H2 CONC . (PPM) = 0.0000E+00 

PECLET NO. = 0.0000E+00 

SCHMIDT NO. = 1.5729€+00 
SHERWOOD NO. = 3.6600€+00 

FLOW RATE (C/S) = 8.6000E-04 

REYNOLDS NO. = 1.8403E-01 

TOTAL GRAPHITE CONSUMPTION = 2.1960E-01 PERCENT 
DEPTH COMPLETELY GASIFIED = 0.0000E+00 PERCENT 
VOLWE COMPLETELY GASIFIED = 0.0000€+00 PERCENT 
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REACT - ANALYSIS OF GRAPHITE CORROSION BY STEAM I N  CYLINDRICAL GEOMETRY 

TIME = 7.495€+06 SEC = 1.249E+05 MIN = 2.082E+03 HOURS = 8.675E+01 DAYS 

PROFILE DATA 

NODE (W (PERCW) (PPM) (PERCW) FACTOR 
LOCATION DEPTH H20 BURNOFF BURNOFF 

1 l .WE+Ol 1.00t+02 5 .12t+02 7.66t-02 1 . 01 t+m 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

9.17E+01 
8.33€+01' 
7.50€+01 
7.08€+01 
6.67€+01 
6.25€+01 
5.83E+01 
5.42€+01 
5.00€+01 
4.58E+01 
4.17€+01 
3.75E+01 
3.33€+01 
2.92€+01 
2.50€+01 
2.08€+01 
1.67E+01 
1.46€+01 
1.25€+01 
1.04€+01 
8.33€+00 
6.67€+00 
5.00€+00 
3.33€+00 
1.67€+00 
8.33E-01 
0.00€+00 *** 

5.13E+02 
5.16€+02 
5.22€+02 
5.25€+02 
5.296+02 
5.34€+02 
5.39€+02 
5.44€+02 
5.50€+02 
5.57E+02 
5.64€+02 
5.71€+02 
5.79E+02 
5.88€+02 
5.97E+02 
6.06€+02 
6.16€+02 
6.21€+02 
6.26€+02 
6.32E+02 
6.37E+02 
6.42€+02 
6.46€+02 
6.51€+02 
6.55€+02 
6.58€+02 
6.60€+02 
6.61€+02 
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7.74E-02 
7.99E-62 
8.45E-02 
8.79E-02 
9.20E-02 
9.72E-02 
1.04E-01 
1.12E-01 
1.21E-01 
1.34E-01 
1.49E-01 
1.67E-01 
1 .90E-01 
2.19E-01 
2.55E-01 
2.99E-01 
3.54E-01 
3.86E-01 
4.22E-01 
4.62E-01 
5.07E-01 
5.46E-01 
5.89E-01 
6.36E-01 
6.87E-01 
7.14E-01 
7.43E-01 *** 

1 .01E+00 
1.01€+00 
1.01€+00 
1 .01E+00 
1 .01E+00 
1 .01E+00 
1.01€+00 
1.01€+00 
1 .01E+00 
1 .01E+00 
1.01E+00 
1.02E+00 
1.02E+00 
1 .02E+00 
1 .03E+00 
1.03€+00 
1 .03E+00 
1 .04E+00 
1.04€+00 
1.05E+00 
1.05E+00 
1 .05E+W 
1.06€+00 
1 .06E+00 
1.07€+00 
1 .07E+W 
1.07€+00 *** 
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