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SENSITIVITY STUDIES FOR THE PWR ROD EJECTION ACCIDENT’

David J. Diamond,, Chae-Yong Yang*, Arnold L. Aronson

Brookhaven National Laboratory

Upton; NY 11973-5000

The objective of this study was to understand the uncertainty in fuel enthalpy calculated for

the rod ejection accident (REA) in a pressurized water reactor (PWR). This is to help the U.S.

Nuclear Regulatory Commission in making judgments about acceptance criteria for the REA

when high burnup fuel is used and for assessing the validity of licensee methods for calculating

the REA, The approach is twofold. !Sensitivity studies were first done to determine the effect

on calculated fuel enthalpy of uncertainties in the important parameters which determine the

outcome of the REA. The second step, which will be carried out at a later date, is to use the

sensitivity to estimate the random error in the fuel enthalpy due to random errors in these key

parameters once the variance of these parameters is determined.

The sensitivity is the relative change in energy deposition (equivalent to fuel enthalpy assuming

an adiabatic event) per relative change in key reactor parameter. The parameters are related

to the reactivity insertion above the prompt critical condition and the negative reactivity

feedback from the energy deposition: the reactivity worth of the ejected control rod, %; the

delayed neutron fraction,, ~; the fuel temperature (or Doppler) reactivity coefficient, a; and the

specific heat, CP of the pellet.

‘This work was performed under the auspices of the U.S. Nuclear Regulatory Commission,,,..

*Korea Institute for Nuclear Safety
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Analysis of Sulfonates in Aqueous Samples by Ion-Pair . .

LC/ESl-MSIMS with In-source CID-for Adduct Peak Elimination -

Shi Ouyang and Murthy A. Vairavamurthy” ‘

Department of Applied Science, Building815, Brookhaven National Laboratory,

Upton, NY 1”1973-5000. Phone: .516-344-5337. E-mail: vmurthy(@bnl.gov

Determination of low-molecular-weight organic sulfonates (e.g. taurine and cysteic acid) in aqueous

solutions is important in many applications of biological, environmental and pharmaceutical sciences. These

compounds are difficult to be determined by commonly used reversed-phase liquid chromatographic

separation cambined with UV-Vksible detection because of their high volubility and the lack chromophoric

moieties. Here we reporlt a method combining ion-pair liquid chromatography and electrospray ionization

tandem mass spectromet,ry (lPLC/ESl-MS/MS) for determining sulfonates. The ability of low-molecular-weight

sulfonates to form ion-pairs with quaternary ammonium cations in aqueous solutions allowed LC separation

with a Cl~ column. Detection of the sulfonates was accomplished with ESI-MS that lends a universal mode

of mass detection for polar, water soluble compounds. An in-source collision induced dissociation (CID) was

applied to eliminate the acjduct peaks in mass spectra. Characteristic marker ions showed in the second stage

mass spectra lent a method for identifying sulfonates..

The LC separatism was carried out by using a 5pm C1~column(150 mm x 2 mm id, F%enornenex).

The mobile phase was a 1:1 methanol-water solution with 25 mM of ammonium acetate and 10 mM of

cetylp-yridinium acetate which was prepared from its chloride salt by passing through a column of anion

exchange resin in the acetate form. The IPLC flow rate was 0.30 mUmin. Negative-ion mass spectra were

collected by using a Finnigan LCQ quadruple ion trap mass spectrometer scanned from 50 to 500 m/z with

an in-source CID of 25?6 relative collision energy (RCE) applied to eliminate the adduct peaks in mass

spectra. The peak of m/z 80 (S03-) or m/z 81 (H SO~-) in the second stage mass spectra was selected as a

marker to verify sulfonates in the samples. The RCE for MS/MS experiments was 20Y0.

The IPLC separation was evaluated by testing a solution containing seven sulfonates(100 PM for

each). Figure 1 shows the total ion current (TIC) chromatograms obtained. Thesecompounds (corresponding

LC peaks are labeled in figure 1b) were taurine (1 ), 4-morphoiineethanesulfonic acid (2), homocystic acid (3),
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isethionic acid (4), methanesuifonate (5),

2-(4-pyridyl}ethanesulfonic acid (6) and

butanesulfonate (7). As Figure 1a shows

these compounds could not be

separated with traditional LC, but

separated satisfactorily with the IPLC

(Figure 1b),

The formation of adducts can be

observed in many ESI-MS applications,

especially when additional salts are

applied in the sample stream. Figure 2a

gives the mass spectrum of isethionic

acid without any in-source CID applied.

The spectrum shows several peaks in

addition to that corresponding to the

deprotonated isethionic acid (m/z

125. 1). These peaks correspond to

various adducts formed by

Figure 1. Total-ion current (TIC) chromatograqrns of seven

sulfonates by (A) the LC/ESl-MS and (B) the lPLC/ESl-MS
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cetyipyridjljlium cation (L), isethionic acid anion(M),

and acetate ion (At) wi@ rnlz 423.2 [&AcJ~, 48.9

[(LMAc)~, 554.7 [(LM2)~, 786.0 [(L#c,)~, 851.5

[(L2MAc,)~, 917.3 [(LzM#c)~ and 983.2 [(L2M,)~. The

formation of adducts complicates the identification of

unknown molecular ions, reduces the target
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adducts. Because the adduct formation occurs mainly

due to weak interactions such as electrostatic

attraction and van der Waals force, a low energy in-

source CID (i.e., 20%-30’% RCE) is suficient to

dissociate many adduct ions. The use of a higher

collision energy may break the covalent bonds of
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for the purpose of eliminating adducts. Figure 2b

shows the use of a 25% RCE in-source CID to

eliminate adduct peaks of isethionic acid in the

iPLC/ESl-MS. Due to adduct dissociation. the Desk

Figure 2. Mass spectra of isethionicacid (a)withoutsource
intensity for isethionic anion increased 2.5~fold,

CID and (b) with a 25% relativecollisionenergy source CID resulting in an unambiguous identification of the target
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CID spectra is a marker for sulfonates

because it corresponds to the negatively

charged SOj- radical. Our results on

lPLC/ESi-MS/MS for many sulfonated

compounds support this fact for exampie,

the second stage mass spectrum of
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80 peak, representing the radical ions

cleaved from the precursor (m/z 137.1 ).

However, we observed a peak with m/z 81 in

the second stage mass spectrum of 2-(4-

pyridyl)-ethanesulfonic acid (Figure 3b). The

m/z 81 peak probably suggests that it was
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fragmentation of the molecular ion in the

CID as shown below:

The formation of a resonance
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product may facilitate the hydrogen transfer mechanism for

forming the HSO; ion.

The present study has demonstrated that the-separation of low-molecular-weight sulfonates can be

achieved by IPLC, the adduct peaks in lPLC/ESl-MS can be eliminated by applying a low energy in-source

CID, and an m/z 81 ,pealk in CID mass spectrum may SISO be a marker for some sulfonates. All these
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sulfonated compounds.



In order to assure that the models were equivalent a set of steady state calculations were defined as given in

Table 1. Suggested acceptance criteria for the difference between calculations were agreed to by the

participants. These are also given in the table. The results for the reactivity parameters are given in Table 2

(refer to Figure 1 for location ofcontrol rods). Also given in Table 2 are the differences relative to PARCS

which was taken as the base case for convenience. The results using SAPHYR, in this table and throughout

this paper, are based on using CRONOS2(HOM) and since these calculations used the same two-group data

set as used by PARCS, it is not surprising that the results are almost identical. Although BARS uses different

data and different neutron balance equations, the results are in good agreement with those from PARCS and

CRONOS2 indicating the desired equivalence of the models in all three codes. This equivalence is fiu-ther

demonstrated by the comparisons of average radial and axial power distributions shown in Figures 2 and 3,

respectively.

TABLE 1. COMPARISON OF STEADY STATE PARAMETERS

PARAMETER SUGGESTED CRITERIA

k.fi at HZP (13anks 5-7 in) ~fi should be within +1000 pcm

Worth of Bank 5,6,7 Relative difference of each bank worth

within *150/0

Worth of each rod in Bank 7 Absolute difference of worths within (not

specified)

Doppler defect (all rods out) Relative difference within + 25%

Isothermal temperature coefficient Difference in ITC within +4 pcm/K

(HZP with 5 K change)

Radial core power distribution at HZP Relative difference for individual

assembly within * 10°/0
\



TABLE 2. STEADY STATE PARAMETERS
1 I 1

PARcs/R5 BARS/R5 @-P) SAPHYR (S-P)

k-eff 1.00187 1.00226 (39 pcm) 1.00165 (-22 pcm)

P5 1423 pcm 1524 pcm (7.1%) 1427 pcm (0.3%)

P6 849 pcm 868 pcm (2.2%) 847 pcm (-0.2%)

P7 1050 pcm 1085 pcm (3.3Yo) 1048 pcm (-O.2’%0)

P7A 347 pcm 372 pcm (25 pcm) 345 pcm (-2 pcm)

P7B 188 pcm 208 pcm (20 pcm) 188 pcm (0)

P7C 344 pcm 473 pcm (129 pcm) 353 pcm (9 pcm)

AD I 2382 pcm I 2235 pcm (-6.2%) I 2365 pcm (-0.7%)

ITC I -47.9 pcm/K I -46.8 pcm/K (1.1 pcm/K) I -47.5 pcm/K (0.4 pcm/K)

FIGURE 2. AVERAGE RADIAL POWER DISTRIBUTION, TIME=O
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FIGURE 3. AVER4GE AXIAL POWER DISTRIBUTION, TIME= O
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Results for the REA

The REA was defined for the center control rod at hot zero power conditions with an ejection time of 100 ms.

Since that rod has an actual worth of 347 pcm and the delayed neutron fraction(~) for the core is 0.005211

this would result in a power excursion below prompt-critical. Since the only power excursions that might lead

to fbel darnage are above prompt critical, the control rod worth was adjusted to obtain a worth of 1.2 ~ ($1 .2).

In this way the intercomparison would test the codes for a case simulating the limiting situation. The fixed rod

worth fi.uther assured that the results of the intercomparison would be dependent on the solution of the neutron

kinetics equations during the event rather than on the initial conditions. The disadvantage of this approach was

that each code did the modification to achieve the same rod worth differently. PARCS used a multiplier on the

absorption cross section of the central assembly, BARS multiplied diagonal elements of the lambda matrix for

the control rod, and CRONOS2 normalized the source term (fission rate) across the core.

The results for the total core power are given in Figure 4 for PARCS, CRONOS2, and BARS and the results

for reactivity components from PARCS are given in Figure 5 along with the total reactivity ffom CRONOS.

The behavior is typical for an REA; a power spike turned around by Doppler feedback, followed by a period

of low power decaying away. In this calculation the reactor trip is delayed to simpli~ the intercomparison.

Normally the shutdown banks would enter the core and their effect would be felt starting at around two

seconds. As seen in Figure 5, the moderator feedback is as strong as the Doppler feedback but it enters delayed

and, therefore, has a much smaller effect.



FIGURE 4. CORE POWER DURING REA

400

350

300

100

60

0

1.4

1.2

1.0

0.8

0.6
~

*
~ 0.4
#

& 0.2

0.0

-0.2

-0.4

-0.6

BARS

PARCS AND CRONOS2(HOM)

0.0 0.5 1.0 1.6 2.0 2.5

Time (s)

FIGURE 5. REACTIVITY COMPONENTS DURING REA
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The details of the power pulse, namely, the peak power, time of the peak, and the pulse width are given for all

three codes in Table 3. The agreement is very good between BARS and the two codes using the homogeneous

assembly representation. Also given in Table 3 is the maximum assembly fuel enthalpy in cal/g. In all

calculations this is found in axial node 22 (out of 24) at the top of the core and in Assembly 9H which is the

assembly adjacent to the center assembly (see Figure 1). Note that having the peak at the top of the core is,

consistent with the axial power distribution shown in Figure 3. The axial power distribution is not significantly

different after ejection of the central rod.

TABLE 3. TRANSIENT PARAMETERS

. I PARCS/R5 I BARWR5 I SAPHYR

Control Rod Worth, $ or”~” 1.206 1.209 1.196

Peak Power, % Nominal 393 386 374

Time of Peak, ms 360 338 360

Pulse Width, ms 65 63 69

Maximum Assembly Fuel

Enthalpy, cal/g
32.9 I 34.9 I NIA

The assembly fiel enthalpy as a function of time for Assembly 9H is given in Figure 6 for both PARCS and

BARS. The difference at time zero is artificial as both calculations correspond to the same initial temperature

(278° C) but each code defined zero enthalpy at a slightly different temperature. The peak occurs ,at the end

of the transient calculation (2.5 s in this case) since reactor trip has not yet been felt and the power generation

is still high enough to continue to increase fuel temperature. Assuming that both calculations use the same zero

point for enthalpy, the difference between the two results is approximately 2 cal/g while the increase in fbel

enthalpy is approximately 18 cal/g.

The difference in assembly enth;dpy at other locations is expected to be proportionally less as the increase

in enthalpy at other locations is IIess. One indication of this is that the average assembly power distribution

is tracked similarly by all three codes. Figure 7 shows the radial power at the time of the peak of the power

pulse and, with the exception of the center assembly, the agreement between the results is excellent. As

mentioned above, it was the center assembly that was treated differently by each code in order to obtain

equal rod worths.

In this transient it is of interest to note that although the peak power (enthalpy) is located in the four

assemblies adjacent to the center assembly where the rod was ejected, the power is almost as high in the 20

assemblies surrounding those assemblies. These correspond to the assemblies with bumups of 58, 56, and

31 GWd/t near the central region as shown in the one-eighth core in Figure 1.



FIGURE 6. ASSEMBLY FUEL ENTHALPY AT LOCATION OF MAXIMUM
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FIGURE 7. AVERAGE RADIAL POWER AT TIME = t-max
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The parameter of most interest during the REA is the fuel enthalpy distribution (i.e., the pellet-average enthalpy

for each pin at every axial mesh). Historically, this value has been obtained by taking the result for the

assembly fhel enthalpy and superimposing a form function which accounts for the intra-assembly power



distribution. The pin power distribution from a calculation of the isolated assembly, with reflecting boundary

conditions, at nominal conditions, has sometimes been used. However, it is well-known that this is a poor way

to synthesize the pin-by-pin power distribution during a transient and flux reconstruction methods exist in order

to obtain results when the neutrcm kinetics is done with an homogenized assembly representation (e.g., as in

PARC S). The flux reconstruction method provides pin power which can be integrated to obtain an estimate

of fuel enthalpy or, more simply, the assembly fuel enthalpy can have the pin-by-pin power superimposed as

the form function to provide the local fuel enthalpy. In either approximation, the local fuel tempera-

ture/enthalpy is not being calculated explicitly.

An intercomparison of PARCS and BARS for the pin-by-pin power along with the (small) differences seen for

the assembly power gives an idea of what the intercomparison would be for the pin-by-pin fuel enthalpy. The

pin power distribution within the assembly with the peak value of enthalpy is given at time zero in Figures 8

and 9 for the two codes. Figure 8 shows the distribution throughout the assembly with the orientation of the

x-axis of the reactor noted (see also Figure 1) whereas Figure 9 shows the results for a trace across the

assembly at the position of the x-axis. In both figures the positions where the pin power is zero correspond to

the presence of either a control rod guide tube or instrumentation thimble instead of fuel.
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FIGURE 9. RELATIVE PIN POWER ACROSS ASSEMBLY 9H TIME = O
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For the comparison shown, the full capability of the PARCS reconstruction method was not used. Comer point

discontinuity factors can be used in the reconstruction but were not available from the isolated assembly

calculation and values of 1.0 were assumed. The two-group form functions were also not available and hence

the pin-by-pin power distribution from the isolated assembly was used for those form fhnctions. With these

limitations the rms (root mean square) difference between the two results is 3. 1°Aand the maximum difference

(with one exception) is less than 5%, indicating good agreement between the totally different methods for

treating the intra-assembly neutron kinetics. Note that this agreement is for an assembly with a steep gradient

along the x-axis. As can be seen in Figure 9, the pin power increases by a factor of two across the assembly

[as a result of the presence of the control rod in the (core center) assembly adjacent to the assembly being

analyzed]. The exception to the good agreement is an error of-1 0°/0 in pins containing gadolinium. This is

probably the result of differences in the treatment of the depletion of Gd in the codes providing data to PARCS

and BARS.

A similar comparison of pin power distributions is given in Figures 10 and 11 at the time at which the total

power is a maximum. In this case the power distribution across the assembly is relatively flat--all adjacent

assemblies are uncontrolled--and the rms difference between the two sets of data is reduced to 1.7°A and the

maximum difference to less than 2°/0 except in the gadolinium-containing pins.



FIGURE 10. PIN POWER FOR ASSEMBLY 9H AT TIME = t-max
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1,06 1.02 1.01 1.01 1.01 1.01 1.00 0.99 0.99 0.98 0.97 0.98 0.95 0.94 0.98

1.C6 1.03 1.02 1.02 1.02 1.02 1.01 1.00 0.99 099 0.98 0.96 0.95 0.94 0.94

1.05 0.92 0.99 0,99 1.01 1.02 0.99 0.97 0.98 1.00 0.97 0.95 0.93 0.85 0.94

1.08 1.01 0.99 0.99 1.01 1.02 0.99 0.97 0.98 1.00 0.97 0.94 0.93 0.92 0.94

1.05 1.00 1.01 1.04 1.05 0.00 1.02 0.98 1.01 O.w 1.02 0.99 0.95 0,93 0.94

1.08 1.00 1.00 1.03 1.04 0.00 1.00 0.% 0.99 0.00 1.00 0.98 0.94 0.92 O.%1

1.08 1.01 1.05 0.00 1.07 1.05 1.01 0.99 1.00 1.02 1.03 0.00 0.99 0.94 0.95

1.07 1.02 1,03 0.00 1.05 1.03 0.99 0.% 0.98 1.01 1.01 0.00 0.97 0.94 0.95

1.08 1.03 1.07 1.07 1.05 1.05 1,02 1,00 1.00 1.03 1.02 1.03 1.01 0.s8 0.98

1.08 1.04 1.08 1.08 1.03 1.03 1.0+3 0.97 0.98 1.01 1.00 1.01 0.99 0.98 0.96

1.07 1.C6 0.00 1.08 1.C6 O.(XI 1.04 1.01 1.03 0.00 1.02 1.01 0,00 0.98 0.98

1.08 1.06 0.00 1.04 1,04 O.w 1.03 1.00 1.02 0.00 1.00 1.00 0.00 0.98 097

1.C6 1.03 1.05 1.03 1.03 1.05 1.04 1.04 1.03 1,03 0.99 0.98 0,99 0.98 0.98

1.08 1.03 1.03 1.01 1.01 1.04 1.04 1.07 1.03 1.01 0,97 0.98 0.97 0.95 0,96

1.06 1.02 1.01 1.01 1.01 1.02 1.04 0.00 1.03 1.00 0.98 0.97 0.98 0.94 0.96

1.07 1.02 1.00 0.99 0.99 1.01 1.07 0.00 1.06 0.99 0.98 0.94 0.94 0.94 0.36

1.06 1.03 1.05 1.03 1,03 1.05 1.04 1.04 1.03 1.03 0.99 0.98 0.99 0.68 0.98

1.08 1.03 1.03 1.01 1.01 1.04 1.04 1.07 1.03 1.01 0.97 0.98 0.97 0.95 0.98

1.07 1.08 0.00 1.C6 1.08 0.00 1.04 1.01 1.03 0.00 1,02 1.01 0.00 0.98 0.98

1.08 1.08 0.00 1.@l 1,04 0.00 1.03 1.00 1.02 0.00 1.00 1.00 0.00 0.98 0.97

1.08 1.03 1.07 1,07 1.05 1.05 1.02 1.00 1.(XI 1.03 1.02 1.03 1.01 0.s6 0.96

1.08 1.04 1.06 1.06 1.03 1.03 1.W 0.97 0.98 1.01 1,m 1.01 0.99 0.98 0.96

1.08 1.01 1.05 O,w 1.07 1.05 1.01 0.99 1.00 1.02 1,03 0.00 0.99 0.84 0.95

1.07 1.02 1.03 0.00 1.05 1.03 0.99 0.98 0.98 1.01 1.01 o,m 0.97 0.94 0.95

1.05 1.00 1.01 1.04 1,05 0.00 1.02 0.98 1.01 0.00 1.02 0.99 0.95 0.93 0.94

1.08 1,00 1.00 1.03 1.04 0.00 1.00 0,98 0.99 0.00 1.00 0.98 0.94 0.92 0.94

1.05 0.92 0.99 0.99 1.01 1.02 0.99 0.97 0.98 1,W 0.97 0.95 0.93 0.85 0.94

1.06 1.01 0.99 0.99 1,01 1.02 0.99 0.97 0.98 1.00 0.97 0.94 0.93 0.92 0.94

1.IM 1.02 1.01 1.01 1,01 1.01 1.00 0.99 0.99 0.98 0.97 0.98 0.95 0.94 0.98

1.06 1.03 1.02 1.02 1.02 1.02 1.01 1.00 0.99 0.99 0.98 0.96 0.95 0.94 0.94
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Summarv

An intercomparison of results for an REA has been carried out using three different code systems used in the

U. S., the R.F., and France. The neutron kinetics in these systems is based on the PARCS, BARS, and

CRONOS2 codes, respectively. The results give an indication of the uncertainty in the calculated local fuel

enthalpy. In particular, since two very different methods of solving the space-dependence of the flux across

an assembly, the intercomparison gives an indication of the uncertainty that arises due to the spatial

representation within the fuel assembly. PARCS and CRONOS use an homogenized assembly representation

whereas BARS uses a heterogeneous representation of each fiel pin. In the fiture an additional comparison

will be made with a version of CRONOS that models each he] cell explicitly.

In order to limit the differences between codes to the intra-assembly representation to the extent possible, an

attempt was made to make the models equivalent in all other ways. The most ditlicult aspect of this was the

treatment of the core-reflector interface. The success of the equivalence was judged by the good agreement

obtained for steady state power distribution and control rod and thermal-hydraulic feedback reactivity. All

quantities were within limits established by the participants prior to the start of calculations.

Several quantities were compared during the transient. Total power, including the peak power, time of the

peak, and pulse width were in excellent agreement using all three methods. The calculated assembly average

fuel enthalpy at the axial location at which it was greatest during the REA increased by approximately 18

cal/g from an initial value of 14 cal/g. The difference between the peak assembly fuel enthalpy using an

homogenized assembly (PARCS and CRONOS) and using a heterogeneous model which represented each

fuel pin explicitly (BARS), was 2 cal/g. The differences are expected to increase with an increase in the

spatial gradient of power. The expected variation can be tested with the data generated to date by looking at

the results for different assemblies at different axial locations. The results also demonstrated that a large

region of the core can be affected by an REA.

The calculated pin power was also compared using the flux reconstruction model in PARCS and the BARS

heterogeneous model. The results showed excellent agreement except for fuel pins containing gadolinium

with the rms difference at time zero being only 3.10/0and at the time of the peak power therms difference was

1.7%. The difference between the two models was expected to increase with increasing gradient and these

results are consistent with that expectation. The power across the assembly varied by more than a factor of

two at time zero whereas at the time of the peak power the variation was only +8°/0.

In the fhture it is expected that additional intercomparisons will be available with the heterogeneous version

of CRONOS2 and that additional assemblies will be considered so that the uncertainty due to the spatial

representation can be assessed more definitively. That work in conjunction with other efforts to understand

the uncertainty as a result of variations in Doppler feedback, control rod worth, delayed neutron fraction, etc.

should lead to a better estimate of the uncertainty in calculated fiel enthalpy using best-estimate methods.
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