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The results of experimental computational determination of contact thermal resistances (CTR) between the 

heat-evolving cores and jackets of  nuclear fuel elements are presented. The dependence of the CTR magnitude on the 

linear heat loading of the fuel element is analyzed. 

The present paper considers the problems of practical utilization of the parametric identification method suggested in 

[1]. Experiments were conducted with fuel elements of the water-moderated water-cooled power reactor-440 type 

(WMWCPR-440) in a medium reactor (MR) [2]. An experimental fuel assembly (FA) consisted of 18 elements arranged in two 

rows (Fig. 1); it was cooled with water under a pressure of 160 MPa. Fuel elements R1-R6 were equipped with in-fuel internal 

reactor (IR) thermocouples located in the central hole of the fuel element core in the axial cross section corresponding to the 

zone of maximum energy release. Major characteristics of the fuel elements are listed in Table 1. 

Volumetric distribution of energy release in the FA was determined with the aid of axial and azimuthal arrays of 

neutron flux sensors [rhodium direct charge detectors (DCDs)]. The heat-transfer agent pressure and temperature were measured 

at the FA inlet. The heating of the heat-transfer agent over the working section of the FA was measured by a differential 

chromel-alumel thermocouple, the volumetric heat-transfer agent flow rate was determined with the aid of an orifice plate. An 

instantaneous energy release in thermometric fuel elements was controlled by a rhodium DCD equipped with an amplifier-cor- 

rector BNTK-1A. The rhodium DCD readings are described by the following system of equations 

J (~) = 1kz1,u (~) 4 c,~l~ (~1 + ~2) n o  (T), 

dN1 (-c) _ ~IN1 (T) ~-- Z2N 2 (T) -j- (yl,v/.(]) (z-), dA/2 (G _ Z2N~ (~) -F a2nq) (T), (1) 
dT dz 

where l, k, n are constants; NI(~ ) and N2(z ) are the concentrations of isotopes Rh 1~ and Rhl04rn; d#(~) is the instantaneous 

neutron flux; ct is the instantaneous signal component resulting from the nuclear Compton effect (for the DCDs used in the 

present experiment a = 8%); a 1 = 139B and a 2 = l iB  are the neutron-capture cross sections for Rh 104 and Rhl04m; J(z) is the 

DCD signal (from 0 to 1-2/~A). 
By applying the analog method, the BNTK-1A amplifier-corrector solves the system of equations (1) converting the 

DCD signal J(v) into a normalized signal Eim (0-5 V or 0-10 V) associated with the power characteristics of FA and of separate 

fuel elements by the following relationships 

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 63, No. 1, pp. 114-121, July, 1992. Original article submitted 

February 20, 1991. 

742 1062-0125/92/6301-0742512.50 �9 Plenum Publishing Corporation 



7 

i J 

Fig. 1. Thermometric FA: 1) thermometric fuel elements; 2) 

axial array o f  DCDs; 3) azimuthal array of DCDs; 4) FA 

shell. 

TABLE 1. Major Features of the Fuel Elements Used to Recover the CTR 

Values in the Gap between the Fuel and Jacket (the average size of the grains 

is 5 ~m) 

Parameters of fuel 
elements 

Diametral clearance, ~m 
Density of pellets, g/cm 3 
Gas pressure in a fuel element, MPa 
Gas under the jacket 
Diameter of pellets, mm 
Mean load, W/cm 

RI 

150 
10,60 
0,1 
None 
7,65 
265 

i 

R2 

200 
10,50 
0,1 
None 
7,55 
260 

R3 

900 
15,55 
0,1 
Xe 

7,60 
20O 

R4 

270 
10,45 
0,1 
He 

7,53 
190 

R5 

150 
10,50 
0,1 
Xe 

7,65 
195 

R6 

2O0 
10,45 
0,1 
He 

7,60 
210 

U" (~)= C~q)(r, z, e, % (2) 

E ' "  (~) = c d v  (z), (3) 

E TM ('r) = C3Kiq~ (z, "r), 

= C~q~ (r, z, "r), 

(4) 

(5) 

where C1, C2, C3, and C 4 are constants. 

Relations (2)-(5) enable one to calibrate the instantaneous normalized signal from the amplifier-corrector Eim(z -) (of the 

energy monitor) for the linear heat load or volumetric energy release in the i-th fuel element. To this end, it is sufficient, from 

the warming-up of the heat-transfer agent (in steady regimes), to determine the thermal power of FA and from the results of 

neutron-physical calculations and measurements to find the relative powers of fuel elements, axial nonuniformity of energy 

release, and depression of neutron flux (energy release) along the fuel element radius. 

In the experiments being analyzed, we processed the regimes of bringing the reactor up to power, with the power and 

the energy release in the fuel elements varying from zero to the nominal level with intermediate steady stages. The readings of 

the probes were recorded by an automated system of acquisition and processing of data (ASAPD) with the frequency of every 

second. When the recorded data were handled, nonsteady segments with preceding steady segments were isolated. The steady 

segments were used to calibrate the energy release monitor, with the FA power being found from the formula 

1 
N = 7,480. ~ (Iout - -  t~),  (6) 

where N is the FA power, kW; Q is the heat-transfer agent flow rate, m 3.kg; Iin is the heat-transfer agent enthalpy at the FA 

inlet found from the heat-transfer agent temperature and pressure at the FA inlet; Iout is the heat-transfer agent enthalpy at the 

FA outlet found from the heat-transfer agent temperature at the FA inlet and from the warming-up of the heat-transfer agent. 
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The mean linear thermal loading of fuel elements is associated with the F A  power by a simple relationship 

= 

i=I 

where L i is the length of the i-th fuel element column; n is the number of fuel elements in the FA. 

The linear thermal loading of the i-th fuel element at the place of heat sensor installation is connected with the mean 

linear thermal load of F A  as follows: 

q5 (gS) = ~/~i/~s (I) (Z~){(~) -1, (8) 

where Zi t is the axial coordinate of the heat sensor installation; (I)(zi t) is the neutron flux found with the help of the axial array of 

DCDs at the section zit; K s the F A  azimuthal nonuniformity factor 

tt 

K, = n { ~ K , } - ' ,  (9) 
P-1  

q~ is the mean neutron flux over the F A  height 

From Eqs. (2)-(10) it follows that 

~)= 1 ~(9(z) dz. (10) 
L . 0 

ql (2~, T) = EimKiq (Rim), (11) 

where Kqi(E ira) is the calibrating function for the i-th fuel element determined from measurements over the isolated steady 

segments with the help of relations (3), (6), (7), (8), (9), and (10). 

The method suggested for calibrating the energy release monitor  makes it possible to take account of  the deformation 

in the axial and azimuthal energy release profile in F A  owing to the displacement of the reactor control units with variation in 

power. This allows one to minimize the uncertainty in the determination of energy release in fuel elements. 

The volumetric energy release in the i-th fuel element can be presented in the following form: 

qi~ ( r, "c) i i --  q, (r) q, (*), (12) 

where qri(r) is the relative neutron flux depression along the fuel-element radius found from neutron-physical calculations (it 

depends on the fuel enrichment and geometry of the heat-evolving core). 

The function q i characterizes the change in the volumetric energy release in time. It is given by the formula 

rg 

qi,('Q=q~(z~, T){2a S qr(r)rdr}- ' ,  (13) 

where r n is the radius of the central hole of the heat-evolving core; r s is the outer radius of the fuel element of the heat-evolving 

core. 

The identification of CTR between the heat-evolving core and the jacket in WMWCPR-440 type fuel elements filled 

with helium and xenon was made by the data of nonsteady measurements in the process of the initial power attainment with 

fresh fuel and in the process of the third attainment of power two days later. The results were presented as a relationship 

between CTR and linear heat load which is an overall characteristic of the energy levels of a fuel element. 

The results relating to the initial start-up with fresh fuel are presented in Fig. 2. After the power attainment with fresh 

fuel within the range of linear heat loads from 150 to 240 W/cm, the magnitude of CTR between the fuel and jacket decreases 

linearly with a rise in the linear heat load. However, as is seen from Fig. 2, with the linear heat load of 190 W/cm in fuel 

elements R2 and R3 and with the load of 210 W/cm in fuel element R1 one observes the occurrence of a pellet jump which is 

understood to represent the overall manifestation of the effects of cracking and fragmentation of fuel pellets resulting in a 

substantial increase in the heat-evolving core diameter and decrease in the width of the gap between the core and the fuel-ele- 

ment jacket. 
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Fig. 2. The first rise in power. Dependence of CTR between the heat-evolving 

core and jacket on the linear heat load: 1) fuel element R3; 2) R5; 3) R2; 4) 

R6; 5) R1. ql, W/cm. 
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Fig. 3. The first rise in power. Dependence of CTR between the heat-evolving 

core and jacket of the fuel element R1 on the linear heat load: 1) the recov- 

ered value of CTR; 2) Aa = -0 .3a ;  3) Aa = +0.3a; 4) A q / =  __0.05ql; 5) cal- 

culation by the technique of [4]. 

A similar effect was described by Oguma [3] for a linear heat load of 60 W/cm for BWT-type fuel elements having 

pellets 13 mm in diameter. The results obtained also agree with the data presented in [5]. At  the same time, as is seen from Fig. 

3, the gap conductivity calculation by the technique of [4] based on Ross and Stauta's gap conductivity model [5], does not give 

the pellet jump in the given range of linear heat loads, thus leading to an error in the determination of the fuel temperature of 

up to 112~ and to a conservative estimation of the hazardous inception of zirconium-steam reaction in the event of disaster 

with the rupture of supplying pipeline. The foregoing allows a conclusion about the inadequacy of the model used for R4. 

Note that in the fuel elements R3 and R4 having the same initial gap of 200/~m, the pellet jump occurs at the same 

linear heat load of 190 W/cm, whereas in the fuel element R1, having the initial gap of 150/~m, the pellet jump occurs at a 

greater linear heat load of 210 W/cm. 

Such a dependence of  the pellet jump threshold on the initial gap size is associated with a change in the fuel plasticity 

resulting from the change in the fuel temperature level. The dependence of the pellet jump threshold on the CTR magnitude 

between the fuel and jacket is well illustrated by the fact that in fuel elements filled up with xenon the pellet jump was not 

observed whatsoever in the experiments analyzed in the process of the initial bringing of the reactor to power with fresh fuel 

(within the range of linear heat loads up to 240 W/cm). 
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Fig. 4. The third rise in power. Dependence of CTR between the beat-evolving core and jacket 

on the linear heat load: 1) fuel element R3; 2) R5; 3) R4; 4) R6; 5) R1. 

As seen from Fig. 2, in the process of power attainment with fresh fuel for fuel elements filled with xenon, a strong 

dependence of CTR between the fuel and jacket on the initial gap size is observed, whereas for fuel elements filled with helium 

such a dependence is nonexistent. Thus, fuel elements R2 and R6 with identical initial gaps between the fuel and jacket have 

substantially different CTR values at the same linear heat loads, whereas the CTR's of fuel elements R1 and R6 are nearly equal. 

Presumably, here some additional factors become important, for example, the difference in the composition of sorbed technologi- 

cal gases that exert the maximum effect on CTR in the initial period of irradiation. This problem requires additional investiga- 

tion. 

When solving the inverse problem of determining CTR, the initial data are taken to be a number of the nonmeasured 

parameters (in addition to those measured) which are determined either from the readings of intrareactor transmitters or from 

the data of separate experiments and calculations. These are the energy release in a fuel element, external heat-transfer coeffi- 

cient, thermophysical properties (TPP) of the fuel and jacket. The uncertainty in the assignment of these parameters due to the 

error in their determination may influence the solution of the inverse heat conduction problem. 

Using the data of nonsteady measurements made during the power attainment with fresh fuel, we analyzed the effect of 

uncertainties in the assignment of nonmeasured initial data for the inverse problem on the error in determining CTR. In 

processing experimental data, an analysis was made of the influence on the error of the inverse problem solution as exerted by 

systematic errors in the determination of the coefficient of heat transfer from the fuel element jacket to the heat-transfer agent 

Ac~ and of energy release (linear heat load in fuel elements at the section of installation of heat sensors) Aqt. 

The calculations have shown that the error in determining the heat-transfer coefficient a has a weak effect on the 

recovered value of the contact thermal resistance and that a 30% error in the determination of a leads to a 1.5% error in the 

determination of contact thermal resistance R. The error incurred in the determination of energy release by the above technique 

due to the error in determining the energy release nonuniformity over F A  comprises 5%. Such an error in the determination of 

energy release leads to a 5.5% error in the determination of R for fuel elements filled with helium in the case of linear heat load 

of up to 200 W/cm and to a 2% error at higher linear heat loads owing to a jumpwise variation in CTR at a given value of % 

The latter is due to the change in the gap between the fuel and jacket because of the pellet jump. The influence of the consid- 

ered uncertainties and the appropriate  corridors of solutions are demonstrated in Fig. 3 in relation to the fuel element R1. 

The recovered dependences of R on o a obtained in handling the results of nonsteady measurements in the process of the 

third power attainment are shown in Fig. 4. During irradiation of fuel elements, fission-product gases (K s and Kr) are evolved 

under the jacket, and the jackets of fuel elements are filled with helium when being manufactured. As a result, the curves in Fig. 

4 virtually span the entire range of  the possible variation of R for a given type of fuel elements. 

From the thermophysical properties of the fuel-element materials the most unstable property is the fuel thermal 

conductivity which varies under irradiation due to the change in the structure and density of the fuel. In this case, the most 

reliable is the thermal conductivity of the fuel in the initial period of irradiation, analyzed in this work, when thermoradiative 

structural changes in the fuel have insufficient time to accumulate. According to the data of nonsteady measurements for the 

third attainment of power, an analysis was performed to determine the effect of uncertainty in the assignment of the fuel thermal 
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Fig. 5. Third rise in power. Dependence of CTR between the heat-evolving 

core and jacket of the fuel element R1 on linear heat load: 1) recovered value 

of CTR; 2) A2 = +0.12; 3) A,t = -0.12; 4) recovered value of CTR during 

power attainment with fresh fuel (the first rise in power). 

conductivity A2 on the error in finding the CTR magnitude. As shown in Fig. 5, the analysis on the example of the fuel element 

R1 has revealed that the uncertainty in the assignment of the thermal conductivity of fuel leads to an equidistant displacement 

of the "CTR vs linear heat load" curve downward when the fuel conductivity is underestimated and upward when it is overesti- 

mated. This leads to the effect of the narrowing of the range of solutions in the region of low heat loads where the CTR 

magnitude gradient is maximal for the linear heat load and to a higher error in the determination of CTR in the region of high 

linear loads, since the CTR value decreases with an increase in the linear heat load. The error in determining the CTR value 

with allowance for the 10% uncertainty in the assignment of the thermal conductivity of  fuel comprised from 8 to 20% depend- 

ing on the linear heat load magnitude for fuel elements filled with helium and from 4 to 10% for fuel elements filled with xenon. 

In this case, the 10% errors for the thermal conductivity of fuel were prescribed at the lower and upper limits of the uncertainty 

range [6]. The analysis performed allows one to estimate the error in determining the CTR value as __. 10%. It should be noted 

that accounting for the uncertainties entails no change in the character of the dependency of R on linear heat load. Moreover, 

the effect of the equidistant displacement of the curves in Fig. 5 makes it possible to construct a simple and reliable method for 

determining the magnitude of thermoradiative sintering of fuel by comparing the relations R = R(oa) obtained for the initial 

attainment of power and those for the studied range of irradiation. However, for the method to be realized, a purposive change 

in the loading of fuel element is required, since the process of thermoradiative sintering occupies a relatively small period of 

time. 

The fact that CTR between the fuel and jacket as one of the criteria of nuclear reactor safety, is determined from the 

results of nonsteady measurements conducted directly in the course of reactor operation without exerting a special effect on the 

mode of its operat ion is a significant advantage of the proposed method of investigation. It allows one to determine CTR 

between the fuel and fuel-element jacket under actual conditions. This is especially important,  since the fuel element is a 

complex technical system whose properties depend on the history of irradiation. The method also allows one to investigate the 

level of mechanical interaction of the fuel with the jacket depending on the rate of increase in the reactor power. This level 

determines the reactor safety on regimes that involve the increase in the nuclear reactor power. 

NOTATION 

R is the contact thermal resistance; r, time; N(T), thermal power of FA; q/i (z, r),  linear thermal power of i-th fuel 

clement; qvi(r, z, t), volumetric energy release in i-th fuel element; Ki, relative energy release in i-th fuel element; q~(r, z, v, 0 ,  

density of neutron flux in FA; Q, heat-transfer agent flow rate; z/t , axial coordinate of heat sensor installation; v, specific volume 

of heat-transfer agent. 
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