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Program [1] ié the deferminatidn of fuel rod simulator (FRS) surface
temperatures and surface heat fluxes from internal thermocouple respon-
ses dufing loss—of-coolanf experiments (LOCE). This requires the solu-
tion of the inverée heat conduction préblem [2].

Thé_inairectly heated eiectric FRSs used in the BDHT bundle‘l (Fig.
1) had a dua;—sheath design with thermocouples located in both the cen-
ter of the FRS and in grooves in the oﬁter surface of the inner sheath.
These FRSs then had gaps between the inner aﬁd outer sheaths; further-
more, thére Qas FRS—~to-FRS variance in the manufacturing process, changes
in bundle respoﬁse due ;o aging, and considerable uncertainty in the ther-
mal conductivity and thermai'diffusivity of the electrical insulators
[boron nitride (BN) aﬁd magpgsium oxide (Mg0O)] used in the FRS construc-
tion. An extensive FRS calibration procedure (experimental and analyti—'
cal) [3] wés-developed to. supply FRS performance iﬁformation to the iﬁ4
verse heat conductioﬁ model. Thésé calibration procedures will briefly be
'reviewed and severalvcase studies will be presentéd that illustrate that
failure to fully classify FRSs with regard to component physical proper-
ties, gaps, etc. can result in severe errors during inverse calculations
of the driving potential at the surface of the FRS (AT), the spatial and
temporal history of the heat flow within the FRS, and the surface heat
flux. |

ROD CLASSIFICATION PROCEDURE

\

Experimental Procedureé
Two types of experimental techniques can be used to generate the data

-required to classify the FRSs. Data from steady-state experiments



at varied power génefation rates and'FRS surface temperatures can be re-
duceq to yield the desired gap information and the effective thermal con-—
ductivity of tﬁe BN aﬁnular insulator.. Power drop tests ("controlled”
transients) can be performed to determine the effective»thermal‘diffu—
sivity of the MgO core. It is assumed that centerline thermocouples exist
in taﬁdem with sheath therﬁocouples — that is, the rod centerline
‘temperature rmst be monitored at the same axial position as that of the
sheath thermocouple if‘the heater is to be fully classified. Without the
centerlige thermocouplé, only the gap information can be extracted from
calibration tests. -

The fluid temperature (heat sink) range over which the experimental
calibration runs can be made ié largely dependent on the facility. As an
upper limit for the sink temperature, {a function of the core flow rate,
core inlet temperature, and pressure) the entire FRS should be maintained
in the forced convéction heat transfer regime. This conclusipn is based
on suffaée heat flux pertufbation studies for the BDHT FRSs [4]. The low-
er limit of tHe heat sink temperature is also facility dependent {a func-
tion §f the capability of the loop heat exchangers.to remove‘the core and
pump energy dissipated in the fluid or, in the case of the Thermal Hydrau-
lic Test Facility (THTF), by the direct power current (whose magnetic
field adversely affects thermocouple signals at low temperatures) sup—
plied to the.core [3]}.

Analytical Procedure

The result of the experimental FRS classification procedure is a

magnetic tape generated by the THTF's computer operated data acquisition




system (CODAS) containing multiple steady-state and power drop information
séts. These data sets are processed by a four-part calibration program,
ORTCAL  (ORNL Thermocouple Calibration).

ORTCAL — Part I

‘Part T of ORTCAL reads the steady—-state calibration data sets (one at
a time), computes the core coolant mass flow rate from a core heat bal=
ance, and calculates the local fluid conditioné (i.es, Bulk temperature,
saturation temperature, and pressure) for each ﬁhermdcouple level; sﬁbse—
A quently,-the héat transfer coefficient, heat transfer regime, FRS radial
gap dimension, and FRS temperature profile are determined fof each bundle
thermocouple pésition. All.of this-information is accumulated, over the
~life of the bundle, on an ORTCAL thermocouple history tape.

TheAaging of THTF bundle 1 is illustrated in Fig. 2 for thermocouple -
position TE-318BG. This'is a graph of the calculated gap width vs the
number of times buﬁdle 1 has been brought to power (wifh the curves drawn
through approximately equivalent boundary conditiéns).‘lFigure 2 shows gap
closure when the FRS §Qrface temperature‘is held constant and tﬁg FRS
power4generation rate'is'increased»(i.eo, the inner'sheath thermal expan-— .
sion is greater than that of the outer sheaﬁh, thus closing the gap).

ORTCAL — Part II

Part II of ORTCAL gseé‘temperatufes indicated by the sheath and mid-

dle thermocouples along with thé.powér generation rate to produce the

effective thermal conductivity of the BN insulator. If the temperature




o
dependencies of the substratﬁ’thermal conductivities and the power genera-

tion ;ate are known, the FRS centerline temperature can be determined from
the sheath thermocouple response ipdependent of the core ﬁgo thermal prop-
erties. It is assumed that the thermal conduétivity of the BN can be ap-
proximgtednby a polynomial in terms of temperature, that is

kgn(T) = C] + C2T + C3T2 + C4T3 , | | (1)
where C; are the polynomial coefficients. Thus, givenva set of coef-
ficieﬁts Ci, the FRS centgr;ine temperature (Tcentérj) can be calcu-
lated for each steady-state observation j given the following boundary
conditions for eéch observation: (1) the sheath thermocouple response and
(2) the linear power-genera;ion rate.

The regression procedure for determining the temperature dependence
Qf kpy [Eq. (l)]_in&olves the minimization of the sum—of-squares func-

tion

‘I_T(Cl: C2, C3, C4) =

I~ o=
o

(Ycenters — Tcenter:)?. (2)
3 J J.

With.respect to the C; parameters, where Ycenterj represents the
observed middle thermocouple response, Tcenterj is the calculated
steady-state FRS centerline temperature, and N is number of observa-
tions.
The technique‘employed for 6ptimizing-Eq. (2) is a numerical algo-
rithm using a pattern séarch strategy.
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_ORTCAL — Part III
The thermal conductivity'of MgO‘is a strong function of its'packed.
denéity. Since the construction procedure for the THTF bundle 1 FRSs in-
leves a series of swaging operations with certain axial sections of the

FRS being swaged more than others, the estimated density of the MgO ceram-

- ic core ranges from 70 to 90% of the theoretical density.

‘:Part IiI of ORTCAL uses the temperatures indicated by the sﬁeath and
the middle thermocoﬁpleé along with the power generation rate to produce
the effecﬁive thermaIIAiffusiviéy of the MgO core, AMgO- The therﬁal
conductivity of the MgO is actually regressed upon as values for the den-
sity and specific heat of Mgd are well defined. [The regressions of
ORTCAL — Pgrt 11 (determination of the effective thermal cénductivity
of the BN insulator) must precede the regressions of ORTCAL — Part -

III.]

Power drop tests (i.e., "controlled" transients) information is used
by Part ITI of ORTCAL.' These tesgs involve trippinglthe power to the bun-
dle with the core mass flow rate ana core inlet preésure and temperature
remaining essentially constant throughout the test.

.It is assumed that the thermal conductivity of MgO can'Be approximat-
ed by a polynomiai in terms of éemperature, that is

kngo(T) . Cl + CpT + C3T2 + C4T3 + CgT4 L ®3)
where Ci are the polynomial coefficients. The MgO thermal diffusivity
regression is based 6n'minimization of‘the'following éum—bf—squares

function,
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F(Cy, Cy, C3, C4, C5) =

' 2
. (Ycenteri *‘Tcenteri) >
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with respect to the Cj parameters. The term Ycenter; represents the

observed middle thermocouple response, Tcenteri is the calculated FRS

centerline temperature, N is the number of observations per power drop,

and N is the total number of power drops.

Part III solves the forward conduction problem given a set of coef-

_ ficients Ci and the following boundary conditions: (1) power generation

rate as a function of time and (2) sheath thermocouple response as a func-

tion of time. Equation (4) is optimized by the same numerical pattern

. search technqlue used in Part II of ORTCAL.
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ORTCAL — Part IV
Part IV of ORTCAL applies regression analysis to the results from
Part I to determine the thermal expansion coefficients and propef bias

points for the stainless steel annuli forming the gap. The mechanical

- model chosen to utilize this information is one dimensional, which is con-

sistent with the thermal model used in the inverse calculation. The

linear gap model used is

rgap = Dgapg + Arys — A1”1\101)5 s
enchy
where subscript O denotes the b&as-gap and subscripts NS and NOD5 refer to

the first node in the outer sheath and the last node in the inner sheath,

(4)

(5)

. 1hnbmt3
respectively. The values of Ar in Eq. (5) can be expanded sla-thedefini=
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The term Agapo is the -bia® gap and TNSl and TNODSIO are the .bias.

nodal temperatures.

Since the gap behavior can be éxpressed in one concise mathematical
formula IEq° (ﬁ?], a nonlinear least-squares routine (rather than the pat-
tern search téchnique used previously) is employed to determine the coef-

1
ficients C1 in Eq. (ﬁ)

CONSEQUENCES OF NONCALIBRATION OF FUEL PIN SIMULATORS

The effect of not claséifying FRSs can best be illustrated by a ser-
ies of examples that consist of ORINC [2] calculations for on THTF test
105;_whe}e the annular BN thermal conductivity, core MgO thermal diffu-
sivity, and gap between the.she;ths were varied to qualitatively assess
their effect on the iﬁverse calculations. At present, the only alterna;
tive to the calibration procedures just developed is to usé literature
data fpr'the BN and MgO thermal conductivities and to assume that there is
no gap between the sheaths. Therefqre, ORINC case studies were made using
the following combinationé:

1. Case 1. ORTCAL regfessions for BN thermal conductivity and MgO ther-
mal diffusivity and the sheath—gap model; |

2. Case 2. ORTCAL regression for kBN and apgQ and all gaps zeroed;



3. Case 3. Least-squares fits to literature data for kgy and MO
and ORTCAL regressions for the sheath?gap model;
4. Case 4. Least-squares fits to literature data for kgy and *Mg0

and all gapé zeroed.

_Case 1 will be used as the base case; case 4 is the current state-of-the-

art practice.

Typical FRS surface temperature plots for case 1 at thermocouple
level E are preéented in ?ig.‘513 Similar plots for the surface heat flux
afe given in Fig.,6{% The corresponding set of plots for case 2 is pre-

. 5 b
sented in Figs. 7 and 8.

A comparison of Figs.,é%énd B9reveals little aifference in the com—
puted surface heat flukfgso This should be expectea since the inverse
solutions of the transienf conduction equation for cases 1 and 2 will
yield idenfical reéuits for the computed temperature profile from the
sheath thermocouple to the FRS centerline and for the heat flow through
the sﬁeath thepmocouple. Thus, since the heat flow at the sheath thermo—
couple is the same for bdth cases, thé.temperatgres in the outer staiﬁless
steel sheath must be higher for case 2 secause'the thermal resistance of
the‘gap has been removed. Not only will the temperatures in the outer
sheéth be higher, the computed surface heat  flux will also be slightly
different because of thg temperature dependence of the speéific heat and

thermal conductivity of stainless steel.

. The noteworthy difference between cases 1 and 2 is obvious when Figs.

o
y1 and.]’are compared; there is a significant discrepancy in the surface

" temperature plots in the pre- and post-critical heat flux (CHF) regions.



For case 1 at 0 s on level E, the FRS surface temperatures range from

601.7 to 605;9 K with a predicted heat transfer mode‘of forced con&éction;
however, for case Zv(zero.gaps), the heaé transfer mode'cﬁanged to
ﬁucleate.boiling and the FRS surface teméerature range became 621.8 to
674.4 K. There are similar results for 2 s into the transient,Awith an
FRS surface temperature rénge of 773.2 to 796.4 K for case 1 and an FRS
surface temperature range of 780.1 to 815.3 K for'case 2. The calculated
surface temperaturesAfor case 2 are higher than those for case 1, and the
range is much broader. Thé question of which case is more accurate must
be answered because, as no;ed earlier, the calculétea surface fluxes do
not vary significantlyABetwéen the two cases but the driving potential»"
(i.e., Tsurface_—'Tsink) is drastically different. As a result,
the computed surfécé‘heat transfer coefficient would be greatly affected.
A study of_the steady-staﬁe'conditions-(at 0 s) for cases 1 and 2
gives a reasonable answer to the above questién. Case 1 predicts forcgd
convection at level E. Using the Dittus—Boelter éorrelatién, a heat
transfer coefficient of 3.6 x 104 W/(m2+K) is predicted at this level.
The mean of the coefficients determined by ORiNC for level E in case 1 is
3.77 # 104‘W/m?°K (17 observations with‘a staqdard deviation about the
mean of 0.05 x 10% W/m2+K). At steady-state, the mean surface heat
flux fof level E is 1.290 x 100 W/m2 (17 observafions with a standard
deviation about the méap of 0.020 x 106 W/m2). If the surface

-temperature for level E is calculated by
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Tsurf = Thuik +
the expected surface teﬁperature range for level E would be 604.2 to 607.5
K,'essentiélly the range determinea for case 1. In case é, for the nucle-
ate boiling.regime to be chosen by ORINC, the FRS médel had tq transfer
heat to a sink temperature equal to the saturation temperature (619.0 K at
15709.2 kPa). If Thbm's‘correlation is used for the gubcooled nucleate
boiling regime, the expected surface temperature range for 1evei E can be
determined by . o

' [e)

Tourf = Tsat + 0.0406 (¢ + 363)1/2 e7P/8687 (8
The expected range for level E would be 626.4 té 626.7 K if the local
fluid pressure is used; howéver, thé computed surface temperature range is
621.8 to 674.4 K. 1If the;e are préssure fluctuations radially at level E,
theAlocal pressures required to produce the compufed rod surface tempera-
tures for case 2 must be determined. ’Assﬁming Thom's correlation is
applicable and using thg rod surface heat fluxes (at 0 s), the local
pressures shown in fig.,ﬂ'would be required. From Fig. 9{7it should be
reédily apparent that the existence of such radial ?ressure differences at
one axial level in the core is physically impossible. Thus, it can be
concluded that case 1 describes the surface conditions at level E best and
that case 2 (with the zero gap assﬁmption) grossly mis¢alculates the
surface tempcraturcé‘ |

Case 3 of the study was an attempt to determine onZy the effect on
the inverse calculations of using literaturg data for the insulator ther-

mal conductivities; thus, both cases 1 and 3 use the ORTCAL dynamic gap

model and gap regressions. The only differences between cases 1 and 3 are



the regression fits for kpy and Ajg0e Fits to the liférathre data

yield higher therﬁal conductivities values for both BN and MgO than those
predicted by the ORTCAL régressions. The ORINC results a£ thermocouple
.éosition TE-318BG for THTF test 105 will be reviewed for cases 1 and 3.

A-casemresult wili be defined to be correct if ﬁhe calculated FRS in-
ternal thermal responsé frém ORINC matches o? closely approximates the
actual;internal‘response from an FRS centerline thermoéouple. The center-—
line thermocouple provides fhe means for independent verifiéation_of the
model results.

The ORINC—caléulated surface heat fluxes for caseé 1 and 3 {(case 4 is
also included) are overlaid in Fig. }6§f0r the first 18 s of the trans-—
ient, with the correspondiné surface temperatures presented in Fig. )ﬂi
There appear to be minimal differences between cases l‘and'3; however,
there is a very deceiving compregsion effect from the ordinate scale
factor (this will be reviewed later). Figure }éyis an overlay of the
ORINC calculated FRS centerline temperature resﬁoqse for cases 1 and 3
- (case 4 is also included) with the resﬁonse from thermocouple TE-318MG
(the cénterline thermocouple reiative to TE—318BG). Note'thaf case 1 very
closely approximgtes éhe response of TE—318MG;'however, case 3 not only
initializes incorrectly at steady state but responds too fast, peaks too
high, and rolls off too fast.

The incorrect setup in steady state for case 3 (the centerline tem-
perature is ~18 K low) is caused solely by the BN thermal conductivity.

As staﬁed earlier, a fit to literatﬁre data for the thermal'condﬁctivity
of BN yields higher values than those predicted by the dRTCAL regressioné;

therefore, for the same power-generation réte, less thermal gradient. is




fequifed in éase 3'to move the heat through the BN and ghus the centerline
temperature is lower. As a result of the lower temperature profile, the
total heaf content of the FRS is less at steady staté. A comparison of
tﬁe overall heat balance for cases 1 and 3 shows that the total heat re-

moved per unit length of FRS, Q', as defined by

. ‘ tend
Q' = 2"rs'm;f ' ¢surf dt ,
0 .

where
.+ ¢gurf = surface heat flux,

Yoyrf = outside FRS radius,

,'tend‘= total fransient duration,
is 178% less for case 3 [43.843 (Weh)/m for case l].' The total energy
supplied to the FRS is the same for both cases [39.944 (W+h)/m], but the
change in internal energy fér case 3 is ~20.3% less than that for case 1
[3.957 (W+h)/m for case 1l]. Since the final temperature profile for
cases'l and 3 is essentially the same (i.e., the final heat content of the
FRS would be the same), the error is in the stegdy-state initialization.

TheA1.8Z difference between Qi and Qé is not distributed evenly
over the time interval 0 to tende As noted earlier, Fig. ;@jis mis—.
leading due to the ordipaté scaling. -

The time range,AO to 18 s, can be brdken down into time intervals
over which the value of the surface heat flux does not vary orders of

magnitude. Over the time intervals of O to 0.65 and 3.3 to 18.0 s, the

calculated surface heat flux and surface temperature for cases 1l and 3 are

’ basically the same. The 3.3 té 18.0 s similarity is due to omne of the

primary forcing functions, the power generation rate, ramping to ~1/10 of




_its steady-state value by 3.3 s and further ramping to 0.0 by 6.0 s. The
0.0 to 0.65 s similarity is due to the FRS at this position (TE-318BG) .
being in'nucleate boiling in steady state and remaiqing so until CHF at
~O.5's; thus, there is little change in the internal response until ~0.6
s. Over the>0.65~ to 3.0-s interval, the calculated heat flux for case 3
ranges from 0.0 to 40.0% lower than for case 1., Figure }algives a plot of
the surface heat flux ratio (case 3/case 1) for the 0.50- to 3.40-s time
interval. The general conclusion is that the inverse computed surface
heat flux can be off by as much as 40% in comparing cases 3 and 1.

The éeneral observation that the interior of the FRS reéponds too

‘fast in case 3 is obvious in Fig. }2. The FRS active component (Inconel-
600) temperature (at r = 0.3 c¢m) is higher in case 1, eventually peaking
at 2,15 s at 1061 K‘in case 1 and 1036 K in case 3, but the MgO tempera-
tures (at r < 0.2764 cm) being ~18 K lower at.0.0 s in case 3 actually

" become ﬁigher in case 3 as the transient progresses. Since the thermal

diffusi?ity of the Mg0 is higher in case 3, the thefmal reéistance is less

and thus more heat goes into the cére of the FRS. Theréfore, the center-
line temperature iﬁ case 3 will respond faster and peak- higher. The cen-
terline tempéraﬁure peaks at 1013 K at 3;20 s and at 996 K at 4.45 s for
cases 3 and 1, fespectively.‘ The primary reason that ﬁhe case 3 surface
heat flux is'less than that of caée 1l in the 0.65- to 3.40~s time interval
is that more heat is being driven into the interior of the FRS rather than
“to the surface. | |
Where neglect of the gap betweeﬁ the sheaths (a; in case.2) affects‘

the driving potential at the surface of the FRS, the use of literature

-



data for kgy and Mg0 alters the spatial and temporal hi;tory of tﬁe
heat flow withintthe FRS énd, as a result, the computed surface heat flux.
‘ Case‘4 will not Be diséussed to any extent other than to say that it
représents the superposition of the errors in cases 2 and 3 and the state-
of-the-art tﬁérmal analysis of FRSs prior to ORTCAL and ORINC.
CONCLUS IONS

An experimental thermocouple.calibration procedure and f0ur—bart
calibration program, OﬁTCAL (QENL Ihermocouple_ggiibration), have been de;
veloped to:supply'FRS performénce information tolthe inverse heat con-
duction model and’ program ORINC..

Case studies have shown that failufe to fully classify FRSs with.re—
gard to component physical properties,lgaps, etc. can result in severe er-—
rors during invérse calculations of the driving potential at the surface

' 5»70443 ,
of the FRS (&), the spatial and temporal history of the heat flow within

the FRS, and the surface heat flux(ﬁ?ﬁ $0%) ,
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