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SIMULATION OF NUCLEAR FUEL RODS BY USING PROCESS COMPUTER-
CONTROLLED POWER FOR INDIRECT ELECTRICALLY HEATED RODS 

S. Malang* 

ABSTRACT 

An investigation was carried out to determine how the 
simulation of nuclear fuel rods with indirect electrically 
heated rods could be improved by use of a computer to con-
trol the electrical power during a loss-of-coolant accident 
(LOCA). To aid in the experiment, a new version of the 
HETRAP code was developed which simulates a LOCA with 
heater rod power controlled by a computer that adjusts rod 
power during a blowdown to minimize the difference in heat 
flux of the fuel and heater rods. 

Results show that without computer control of heater 
rod power, only the part of a blowdown up to the time when 
tl.(.' heat transfer mode changes from nucleate boiling to 
transition or film boiling can be simulated well and then 
only for short times. With computer control, the surface 
heat flux and temperature of an electrically heated rod 
can be made nearly identical to that of a reactor fuel rod 
with the same cooling conditions during much of the LOCA. 
A smill process control computer can be used to achieve 
close simulation of a nuclear fuel rod with an indirect 
electrically heated rod. 

1. INTRODUCTION 

In all out-of-reactor experiments for investigating loss-of-coolant 

accidents (LOCAs), nuclear fuel rods are simulated by electrically heated 

rods. These investigations include (1) thermal-hydraulic tests, (2) fuel 

rod failure investigations, and (3) a combination of 1 and 2. However, 

in a separate-effects program, the simulation methods differ for thermal-

hydraulic tests and for fuel rod failure investigations. 

Assigned to Oak Ridge National Laboratory from Nuclear Research 
Center, Karlsruhe, Federal Republic of Germany. 
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This study is limited to the question: How can the thermal-hydraulic 

behavior of a fuel rod be simulated? What does "simulation" mean in this 

connection? In perfect thermal-hydraulic simulation, a heater rod must 

have the same surface temperature as a fuel rod, provided identical 

cooling conditions exist for both rods. This means that the heat flux at 

the surface of the two rods would be the same for the entire transient. 

Changes of the gap size in the fuel rod have to be taken into account only 

so far as the gap coefficient is concerned but can be neglected in regard 

to the coolant channel geometry. 

However, in a perfect simulation it is not necessary that both rods 

have the same stored energy, since only the conditions at the surface are 

critical. This is important since electrically heated rods generally have 

less stored energy than fuel rods. It is possible to account for this 

difference in stored energy by using a different power transient for the 

heater rod. The problem is how to determine the heater power as a function 

of time to provide optimum simulation. A heater rod would be "ideal" if 

the simulation was independent of the cooling conditions. This would mean 

that the power trace for the heater rod was independent of the cooling 

conditions. 

The simulation of fuel rods with direct electrically h=aced rods was 

investigated by Zaloudek.1 He developed an analytical model which showed 

that skin heaters would correspond to an ideal heater provided: 

1. the thermal diffusivity of the heater rod ip identical to that of 

a nuclear fuel rod over the entire cross section; 

2. the gap resistance of the heater rod is identical to that of the 

nuclear fuel rod; 
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3. the temperature drop in the sheath is small enough that it can be 

assumed thr.t in a heater rod the heat is generated at the surface 

rather than throughout the sheath. 

It has been shown2 that it is possible to design and build a heater 

that nearly satisfies these conditions; hence the reason why skin heaters 

have been used successfully in a number of programs. The main problem is 

the electrical insulation, since there is a voltage drop in the sheath. 

.The heaters must be insulated from the test housing and, in addition, 

should be insulated from each other. If they are electrically connected 

by the grid spacers, a failure of one heater will not be restricted to 

that rod, since current will flow through the grids damaging them and/or 

the adjacent rods. The voltage drop in the sheath also causes problems 

in temperature measurement; so the thermocouples must bo electrically 

insulated from the heater sheath. To avoid these difficulties, indirect 

electrically heated rods are preferred in a number of programs for the 

investigation of LOCAs. 

However, investigations have shown3_l* that with indirectly heated 

rods it is not possible to determine a power trace that would lead to a 

good simulation independent of the cooling conditions. With indirect 

heaters, the power trace must be adjusted to the transients of coolant 

temperature and heat transfer coefficient in order to obtain good agree-

ment in the surface temperatures. The problem in adjusting the power 

trace is that the transient conditions are not well enough known prior 

to an experiment, and therefore preprogramming does not lead to a good 

simulation of the entire transient. 
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The purpose of this report is to show how the simulation of nuclear 

fuel rods with indirect electrically heated rods can be improved using 

an on-line process computer to control the electrical pow.ir during LOCA 

experiments. It is not intended to give a precise quantitative answer to 

this question but to investigate the principle via a simple example. 

Therefore, only a simplified model of a fuel ro.-J is used as the basis 

for the simulation. No attempt will be made to take into account the 

special characteristics of a particular power supply. There are two 

features that can influence the quality of control: (1) the time constant 

for a change in power and (2) the damping characteristic of the power 

supply. Fortunately, a slowly acting power supply has a damping influence, 

so that the effects may partly compensate each other. 

2. PROBLEM DEFINITION AND ASSUMPTIONS 

The heater rod geometry chosen for this analysis is similar to that 

used in the Blowdown Heat Transfer Program at ORNL (i.e., an indirectly 

heated rod utilizing a tubular heating element). Figure la shows a cross 

section of this heater rod with the radial temperature profile at che 

axial location of the power maximum. In the axial direction, the rod 

power changes in steps because of different materials or wall thicknesses 

of the heating element, sections. Figure lb shows the temperature profile 

for a nuclear fuel rod with the same power as that used in the heater rod. 

The physical properties of the rods5-7 used in the calculations are given 

in Table 1. 

The main variables in the investigation of the heat transfer during 

the blowdown phase are (1) coolant temperature, (2) heat transfer 



Table 1. Material pr»perl II'H'1 (nil tempi. .-.uures .'n °F) 

Zlrc.ilov-4 I'o. 

Stainless 
steel 11 f. Inonel 600 

Hi' roil 
MK0 

Thermal conductivity 
(Btu/hr-f t • °F) 

iipectfic huat 
(Btu/lbra."F) 

Density 
<lbm/ft3> 

k - 4.!4 + 1.044 
+ 5.276 ' lO-it 
+ !.53f> • 

10" 

(Kef. 7) 

For 32"F • T 1 3 76°F, 
o. ot-.s + I. J3 • to- 'r 
• 1376°F, c n = 0.06b For T 

(Kef. 8) 

405 

k - 1978.Ml +• 629.61 
* 6.U237 • 10-' 
• <T + 460)' 

(Kef. 6) 

For 7 7°F • 1 • 2240°F, 
•-•„ - 0.072') + J. 3 ) • 10" 

4760/(T + 460)' 
r 0.L8426 + J.H303 

- 2.0447 4,6457 
- 3.6289 

(Kef. 8) 

62'j 

10~V 10" "T" 
i o m V 

10" 

400 9.ac 400 •i.B'i 12 . 7 600 6.0 
60" 10.5 600 10. 800 4. 50 
800 11.2 800 11.1 1200 2.89 

1200 13.14 1201) 12.4 1600 2.14 
1600 15.01, 1600 13.5 2200 1.7) 

T CP 1 l'P T T CP 

400 0.12) 400 0.110 600 0. ) 12 60(1 0, 2(»5 
600 0.121 BOO 0. "i 70 800 0.277 
800 0.126 1200 0.418 1 200 0.294 

(Hef, , 7) (Kef . 7) 

498 526 125 210 

Where reference numbers are given tliey indicate tin source of physir/il prupi"<v information; nil other "nlues ;ire "best est limited" 
f roin 0RNI-. 
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coefficient, (3) heat flux at the rod surface, (4) temperature at the rod 

surface, and (5) linear rod power. 

During the experiment, variables 1 and 5 are measured directly, and 

the temperature at the heater sheath is measured with a thermocouple 

located ;iear the middle of the sheath. With these measured variables, it 

is possible to calculate the heat transfer coefficient and heat flux and 

temperature at the rod surface using computer co&e like HETRAP.8 

To compare the fuel and heater rods, a theoretical example must be 

chosen where, in addition to the coolant temperature and the linear rod 

power, the heat transfer coefficient is given as a function of coolant 

temperature and surface temperature. Of course, this coefficient depends 

on other variables such as steam quality, mass flow, and pressure; how-

ever, since the purpose of this evaluation is to compare the surface 

temperature and heat flux of heater and fuel rods rather than to obtain 

absolute values, some simplifications can be made. Therefore the parameter 

transients shown in Fig. 2 are used as a basis for the comparison. In this 

case the following assumptions were made. 

1. The coolant pressure drops immediately to the saturation pressure, 

calculated with the outlet temperature, and then decreases linearly to 50 

psi in 20 sec. 

2. The coolant temperature at the investigated axial position, 

assumed to be 50°F below the outlet temperature during steady state, rises 

immediately to the outlet temperature at the Initiation of blowdown. 

3. At the beginning of the blowdown, the heat transfer coefficient 

changes immediately from a steady-state value of 10-000 Btu/ft2-hr-°F to 
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a value determined by the Thorn's9 correlation: 

q" = (£T ) IT w' 
e<p/1260) 

A. 32 
2 

3600 . (1) 

A. The critical heat flux (CHF) decreases linearly with time; slope 

and value at t = 0 sec are varied. 

5. If the actual heat flux exceeds the critical heat flux, the heat 

transfer coefficient drops immediately to a value which is kept constant 

for the remaining blowdown time. The value of this post-DKB coefficient 

is varied. 

6. The gap coefficient for the fuel rod is constant during the whole 

blowdown, h = 1000 Btu/hr•ft2•°F. 

7. The nuclear rod power is kept constant for 0.A sec after blowdown 

and decreases to 10% within 2 sec. 

The criteria for the quality of simulation will be the agreement of 

temperature and heat flux at the surfaces of the heater and the fuel rods. 

As pointed out previously, the heater rod power must be adjusted to the 

coolant temperature and heat transfer rate in order to obtain a good 

simulation. Therefore, it is not possible to get a good simulation for 

all axial levels, since the cooling conditions will not change simultan-

eously for the entire rod. This again is different to the case of a 

theoretically ideal skin heater where the power trace is independent of 

the cooling conditions. 

The following section describes methods for determining how the power 

in a heater rod can be specified so that the performance of fuel and 

heater rods becomes nearly the same. 

gap 
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3. METHODS FOR DETERMINING THE POWER TRACE 
IN THE HEATER ROD 

Two techniques are available to account for the influence of the 

coolant temperature and heat transfer rate on the decay characteristics 

of the heater rod power: iterative techniques and on-line computer con-

trol for power supply. The two methods are described and compared for 

a blowdown heat transfer experiment. 

3.1 Iteration Method 

The heat transfer coefficient between rod and coolant must be con-

sidered as ?.n unknown for the entire blowdown, with the greatest uncer-

tainty being associated with the time to departure from nucleate boiling 

(DNB) and the post-DNB heat transfer coefficient. Both values are dependent 

on the actual temperature and heat flux at the rod surface. Therefore, the 

following iteration would be necessary for each blowdown case (i.e., each 

set of rupture cross-section area, location of rupture, mass flow, steady 

state rod power, etc.). 

1. Make an estimate for the necessary power trace. 

2. Run a blowdown where rod power, coolant temperature, sheath 

temperature, and rod center temperature are measured as functions of time. 

3. Calculate the temperature and heat flux at the rod surface and 

the heat transfer coefficient. 

4. Extrapolate the heat transfer coefficient determined in step 3 

to a hypothetical fuel rod with identical cooling conditions. The most 

simple assumption is that the coefficient is the same for both rods. This 

assumption would be correct only if both rods have the same surface 
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temperature, which is not the case in general. Therefore, a better 

method of extrapolation would be to use correlations that are able to 

describe, at least qualitatively, the relation between coolant tempera-

ture, wall temperature, and heat transfer coefficient. Even if these 

correlations have a large uncertainty, this extrapolation is better than 

using the same coefficient for both rods. 

5. Calculate the temperature profile in the hypothetical fuel rod, 

using the measured coolant temperature and the heat transfer coefficient 

determined according to step 4. If correlations are to be used for the 

extrapolation of the heat transfer coefficient, steps 4 and 5 must be 

performed simultaneously. 

6. Compare the temperature and the heat flux at the surface of both 

rods. Improve the power trace for the heater rod in order to make the 

difference between the two rods smaller. 

7. Return to step 2 and repeat the iteration until the difference 

between the two rods is small enough. 

3.2 Computer Control for Power Supply 

The use of an on-line process computer to control the power supply 

makes it possible to perform steps 2 to 6 (Sect. 3.1) simultaneously with 

the blowdown. This would require a much smaller number of experiments 

and lead to a better simulation of fuel rods. Since no detailed investi-

gation has been made regarding the equipment necessary for this control, 

only an estimate can be given. 

The system would probably consist of two digital microcomputers and 

an analog device. Signals from selected heater sheath thermocouples would 
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be input to the first computer, which has stored the mathematical descrip-

tion of the particular heater rod cross section relating to the thermo-

dynamic behavior. Basically, only one thermocouple would be necessary, 

since only one cross section can be simulated completely; however, some 

averaging and redundancy is desirable. The computer would continuously 

calculate the actual heat flux and the heat transfer coefficient for the 

heater rod. 

The second computer, which would have stored the description of the 

fuel rod to be simulated, would receive the heat transfer coefficient 

calculated by the first computer as input. Assuming the same cooling 

conditions, it would continuously calculate the heat flux at the surface 

of the fuel rod, taking into account the decay heat and the stored energy. 

The calculated heat fluxes of the two rods are compared using either 

of the digital computers or an analog device, and the difference is mini-

mized by adjusting the heater rod power. 

It is obvious that the simulation can be only as good as the descrip-

tion of the rods and is restricted to the temperatures and heat fluxes at 

the surfaces of the two rods. All material data and the gap coefficient 

of the fuel rod can be temperature dependent, since a finite-element method 

will be used for calculating the temperature field. 

One difficulty with this simulation is that in an indirectly heated 

rod the heat is generated 'v-O.l in. beneath the surface. Therefore, there 

is a time delay between a change in the power and the temperature response 

at the surface. This response may be seen in Fig. 3, a plot of surface 

temperatures and heat flux vs time for a step change in power. In this 

case, the time delay Letween the step change in power and the start of 



surface temperature change is ^0.1 sec and the time constant for the heat 

flux is about 1 sec. It should be pointed out that this time constant 

depends on the time constants for the rod itself and the surface heat 

transfer rate. Thus, if the heat transfer coefficient were changed from 

the assumed value of 10,000 Btu/hr•ft2•°F, a different time constant would 

be obtained. This time delay causes a problem, especially when the cooling 

conditions are changing very rapidly, for example, at DNB. To obtain a 

good simulation, the power control has to act very fast. This can be 

accomplished by the use of a combination of derivative and proportional 

control. 

A second difficulty in achieving a good simulation is the limited 

heater rod power. This is particularly a problem for a blowdown with a 

short time to DNB, since the temperature of a fuel rod cladding would rise 

much faster than that of a heater rod with the same power. This is illus-

trated in Fig. 4, which shows the influence of time to DNB and maximum 

allowable heater rod power on how close a heater rod can be made to simu-

late nuclear fuel rod performace. This figure contains results for times 

to DNB of 0 and 5 sec and for heater rods whose power is limited to steady-

state power and 150% of steady-state power. Clearly, simulation of surface 

temperature is much better where time to DNB is 5 sec than when there is 

no time delay to DNB. Even when overpower is permitted with the electri-

cally heated rod, the simulation is not entirely satisfactory for zero 

time to DNB. The difference in calculated behavior of the two rods is 

mainly due to the small gap coefficient in the fuel rod, which causes a 

large temperature difference between fuel surface and the inner surface 

of the sheath. Therefore the heat flux between the fuel and the sheath 
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remains nearly constant even when the sheath temperature rises. Since 

the heat transfer to the coolant is very small immediately after DNB, 

almost all of the fuel rod power is used to increase the sheath tempera-

ture; with a heater rod, most of the power is necessary to heat up the 

interior of the rod. 

It should be pointed out again that only a simplified model of a 

fuel rod has been used. These simplifications (e.g., constant gap 

coefficient and constant volumetric heat generat: on in the fuel) have an 

influence on the power trace calculated for the heater. However, all 

these simplifications are not necessary for the simulation methods de-

scribed in this chapter but are made only to keep the study general. 

The use of an on-line process computer makes it possible to simulate 

a fuel rod as well as it can be described mathematically. The only 

inherent limitations in the simulation obtainable with this method are 

that it is restricted to thermal-hydraulic behavior at only one axial 

level of the rod. 

4. RESULTS 

The simulation of a nuclear fuel rod with indirect electrically 

heated rods was investigated for two of the following three cases, which 

differ regarding the way the heater rod power transient is determined. 

1. Heater rod power constant and equal to the steady-state power 

for a fixed period in time; then a step change to decay heat level of a 

nuclear fuel rod (see Figs. 6 through 17). 

2. Heater rod power calculated in a manner such that without DNB 

there would be good agreement between nuclear fuel r.nd electrically heated 

rods. 
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3. Heater rod power controlled by a computer during the blowdown 

(see Figs. 18 through 29). 

In all cases, the nuclear fuel rod power, the coolant temperature, 

and the heat transfer coefficient used were those shown in Fig. 2, except 

that several different values were used for post-DNB heat transfer coeffi-

cients. This standard case, with the stepwise changes in coolant tempera-

ture and heat transfer coefficient, is more difficult for a control system 

than a real case. All the evaluations were performed with a modified 

version of the HETRAP code,8 which is described in Appendix A. 

4.1 Constant Heater Rod Power 

In this case, the objective is to supply more power to the heater rod 

than the decay heat in a fuel rod during the first seconds of a blowdown 

in order to account for the difference in stored energy. The period of 

time during which the power must be constant can be calculated approxi-

mately with the equation 

However, there are two difficulties involved in this method. First, the 

assumption for Eq. (2) is that both rods transfer the same amount of heat 

to the coolant. However, their heat fluxes are different and they depend, 

among other things, on the time variation of coolant temperature and heat 

transfer coefficient. Second, the heat transfer to the coolant is not 

determined by the stored energy bur. by the surface temperature. 

Figures 5 and 6 show the time-dependent values of rod power, heat 

flux, surface temperature, and stored energy for a nuclear fuel and 

(2) 
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electrically heated rod respectively, with the heat transfer coefficient 

after DNB assumed to be 1000 Btu/hr.ft2•°F in both cases. With the CHF 

line shown in Fig. 5, the time to DNB for the nuclear fuel rod is 6.5 sec. 

For the electrically heated rod calculation (see Fig. 6), the rod power 

was kept constant for 10 sec after blowdown was initiated. Check for DNB 

was deliberately delayed to 8 sec to demonstrate that, without DNB, the 

heat flux could be maintained approximately constant during blowdown by 

maintaining constant rod power. Actually the use of the CHF line shown 

in Fig. 5 would lead to DNB at 2.2 sec for the electrically heated rod, 

compared to 6.5 sec calculated for the nuclear fuel rod. Comparison of 

the results of Figs. 5 and 6 shovs that the use of constant heater rod 

power is justified only if the time to DNB is very short for a nuclear 

fuel rod. However, with an early DNB, the sheath temperature of a fuel 

rod rises much faster than that of a heater rod (Fig. 4). 

To illustrate the effect of maintaining the heater rod power constant 

for a period of time after blowdown, a series of calculations were made in 

which the electrically heated rod power was kept at its steady-state 

value for times of the same order as the time to DNB. Both a nuclear 

fuel rod and an indirect electrically heated rod were included in the 

calculations, with the standard case shown in Fig. 2 as a basis, calcu-

lations were nade with a modified version of HETRAP8 and assumptions given 

in Section 2. Times to DNB were varied from 1 to 8 sec, and the post-DNB 

heat transfer coefficient was assumed to be either 500 or 1000 Btu/hr-ft2•°F 

(Figs. 7 through 13 and Figs. 14 through 17 respectively). 

Figures 7 and 8 show results for time to DNB of 1 sec with heater 

rod power constant for 2 and 3 sec after blowdown respectively. In both 



15 

instances, there was good simulation of the fuel rod heat flux by the 

electrically heated rod prior to DNB; simulation was poor after DNB. 

Figures 9 and 10 give results for time to DNB of 3 sec with hea'^r 

rod power constant for 3 and 4 sec after blowdown respectively. Simula-

tion of fuel rod heat flux by the electrically heated rod was poor for all 

times except for the first second after blowdown. 

Figures 11 through 13 show results for time to DNB of 8 sec with 

heater rod power constant for 6, 8, and 10 sec respectively. Prior to 

DNB, simulation of nuclear rod heat flux by the electrically heated rod 

was poor. After DNB, relatively good simulation of the nuclear rod heat 

flux was obtained in the case when rod power was constant for 8 sec after 

blowdown; in this case the maximum heater rod surface temperature was 

817°F compared with 837°F calculated for the nuclear fuel rod. 

Figures 14 through 17 show results calculated for times to DNB of 1, 

3, 5, and 8 sec assuming a post-DNB heat transfer coefficient of 1000 

Btu/hr*ft2,°F. These figures represent the "best" results from a series 

of cases with different values for the time the heater rod power was con-

stant. The same general comments as were made for Figs. 7 through 13 

apply to Figs. 14 through 17. 

4.2 Heater Rod Power Calculated Without Checking for DNB 

When attempting to simulate a nuclear fuel rod with an electrically 

heated rod, attainment of similar times to DNB is important, since this 

time has an important influence on the maximum cladding temperature. As 

discussed in Section 4.1, constant heater rod power leads to an early DNB. 

The agreement on time to DNB can be improved if the heater rod power 

is varied, as indicated by estimating the variation of coolant temperature 
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and heat transfer coefficient during blowdown. These estimates could be 

obtained with a computer code like a RELAP without checking for DNB. A 

power transient calculated in such a way should give a fairly good simu-

lation of a nuclear fuel rod by an indirect electrical heater up to the 

time DNB occurs. After DNB, suitable simulation may be achieved with 

iterative blowdowns as described in Section 3.1. Such calculations were 

beyond the scope of this study, because they must be made on a case-to-case 

basis. 

A.3 Heater Rod Power Controlled by an On-Line 
Process Computer 

In order to calculate the response of an indirectly heated rod whose 

power is controlled by an on-line process computer, the computer code 

HETKAP0 was modified to determine the transient heater rod electrical 

power that would maintain the minimum difference between both the surface 

temperature and the heat flux of a refeience nuclear fuel rod and an 

electrically heated rod. Coolant temperature for the reference condition 

is shown in Fig. 2, along with the heat transfer coefficient prior to DNB. 

After DNB, various values of the heat transfer coefficient were assumed. 

Starting with the sfceaay-state case, the rod power was calculated at pre-

determined intervals (e.g., 0.05 sec) so as to obtain the optimum simula-

tion. As mentioned in Section 3.2, the time delay between a change in 

power and the response at the rod surface can cause a problem for the 

control. An additional problem is the very high heat transfer during 

nucleate boiling, which means a small difference In surface temperature 

results in a rather large difference in heat flux. For instance, the 

Thorn's correlation used for the first part of the blowdown predicts a 
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heat flux of 630,000 Btu/ft2.hr-°F for p = 2200 psi and AT = 10°F; but 

with AT = 9°F, other conditions being the same, it predicts only 81% of 

that heat flux. Therefore the heat flux, not the temperature, at the sur-

face was chosen as the variable to be controlled and is plotted in all 

further figures. The difference in the temperatures of the surfaces of 

the nuclear fuel and heater rods is too small to be seen in the figures. 

A combination of proportional, derivative, and integral terms was 

used for the power control as described in Appendix A. The final equation 

used for the heater rod power is 

«i - •• k f * v ' x f f « ] « » • <» 

The use of the derivative term in Eq. (3) increases the control 

response, since it leads to a change in power before there is a large 

difference in heat flux. The problem is to find the right combination of 

values for F^, Fp, and F̂ . so as to keep the difference between the heat 

fluxes of the nuclear fuel and the heater rods as small as possible without 

causing large oscillations in electrical rod power. In this study, the 

same values for Fp, F^, and F (Fp = 3600 kW/ft, F^ = 360 kW-sec/ft and 

F = 720 kW/ft/sec) were used for all calculations. The detailed evalua-

tion of the control procedure will depend on the characteristics of the 

particular power supply and heater rod design and must be made on a 

case-tu-case basis. No claim is made that Eq. (3) or the particular 

values for Fp, Fp, and F^ used in this study will lead to optimal control. 

Finally, only maximum rod power and maximum temperatures for sheath and 

heating element are preset limitations on the nature of the rod power 

variation during blowdown. 
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With the standard case shown in Fig. 2 as a basis, a number of 

calculations were made in which the following factors were varied: 

1. CHF function: The only purpose of this function is to determine 

the time to DNB. Therefore, a simple linear relation was used: 

CHF = a0 + a:t , (4) 

aad the coefficients a^ and â^ were varied in order to obtain times to 

DNB between 0 and 8 sec. 

2. Heat transfer coefficient after DNB: Values of 100, 500, and 

1000 Btu/tt2*hr•°F were used. 

3. Maximum heater rod power: All the calculations were performed 

assuming a steady-state nuclear fuel rod power of 19.8 kW/ft. For most 

of the calculations, the electrically heated rod power was also assumed 

to be 19.8 kW/ft, but for a few cases the power limit was set at 29.7 

kW/ft in order to obtain a faster temperature rise and therefore a better 

simulation of the nuclear fuel rod after DNB. Although the higher heater 

power would be necessary only for short periods of time, care must be taken 

not to damage the power supply. Damage to the heater rod is minimized 

during heater rod overpower transients by comparing both sheath and heater 

element temperatures to specified limits. Once either of these limits is 

exceeded, the rod power is reduced to decay heat level. 

Table 2 summarizes the different cases considered to determine how 

closely a nuclear fuel rod could be simulated by an on-line computer-con-

trolled indirect electrically heated rod. The results of the calculations 

are presented in Figs. 18 through 29. It can be seen that the heat fluxes 

of the fuel and the heater rods are in good agreement up to DNB, with only 

a small deviation during the first 2 sec caused by a power oscillation. 



Table 2. Hemjlts fur eul rulat ions witli on-line process computer controlled rod power 

fil'.lire 
Maximum conditions and time of occurrence 

Tine to UN!', (see; 
heat transfer coef f iclent (Bt u/hr• f t' • T) 

'Uxinun heater pu-H-r (k'-Vft) 
hue! rod 

Surface tccperature 
CY) 

1 iroe 
(Kl-C) 

Heater rod 
Surface tenperature f"F> 

Fue1 rod Heater rod 
Maxlmun difference in heat flux and tine of occurrence 

Tine 
(sec) 

Heat, flux Time (ser) Heat, flux Fine" (mv) v v 
Time (sue) 

"All tines in seconds from start of biowdown. 
b(Btu/),r.ft:'j * iO"'. 
CQ /(J " (heat flux, heater rod)/(heat flux, fuel rod). H Hod power decreased to decay heat level when sheath temperature (Inner surface) reached 150D°F. 

Tines during which 01(/0r •> 0.95 

ie 0 lUtll J 19.8 11 JO 1.15 ">53 1.80 4.89 1.20 4.16 1 85 0. 56 0.20 5.70-20 19 1 1(1011 I'-.B 1044 1.85 11)00 2.40 4.12 1.90 3.67 2 40 0.59 1.25 0-1 j 5.60-20 2U 3 toi hi 19.S 92*J 3.95 im 4.15 3. 00 4.10 2.85 4 25 0.61 3.15 0-3; 5.70-20 
11 5 Villi) 19.8 Hi 2 5.95 824 b.OO 2.4U 6.15 2.27 6 25 0.61 5.15 0-5; 6.35-20 • 1 8 lo'io 19.8 74U 8.85 7 34 8.90 1.67 9.05 1.62 9 15 0.65 8.10 0-8; 8.60-20 

0 •jUl) (4.8 1 *J7 1 301 2. 70 3.94 1.50 1.36 j 75 0.51 0.35 4.30-20 
>•« 1 >1)0 19.8 124 J 2.43 1224 1.25 3.30 2.55 2.99 3 35 0.54 1.30 0-1; 4.65-20 2j 5 500 19.8 "88 6.60 9(>9 (..80 1.96 6.90 1.88 7 10 0.57 5.20 0-5; 6.65-20 
•t, 1 JO'i 19.8 2048 5.60 1443d 3.30 1.44 6.05 0.87 3 35 0.47 1.50 0-1; 18.90-20 27 3 l Oil 19.8 i <1.53 144 7 10.15 0.91 10.45 0.89 11 10 0.52 5.20 0-5; 8.05-20 28 1 ) 11011 29. 7 10-'.'J 1.85 1011 2.05 4.12 1.90 3.75 2 10 0.62 1.20 o- l ; 5.55-20 29 5 1IIU0 29. 7 842 5.95 829 (>.05 2.40 6.15 2.27 6 25 0.63 5.15 0-5; 6.30-20 

vo 



20 

The reason for this deviation is the unrealistic step change in coolant 

temperature and heat transfer coefficient at the initiation of blowdown. 

For the case -with DNB after 8 sec (see Fig. 22), the heater rod 

power remains constant for about 1 sec and then decays to ̂ 25% in 8 sec. 

The power transient is the same for all the investigated cases up to DNB 

when the power rises to the specified limit in order to bring the heater 

rod heat flux as close as possible to that of the fuel rod. It depends 

on the time to DNB and the post-DNB heat transfer coefficient for which 

period of time the heater rod power was maintained at its~specified limit 

after DNB. The simulation is poorest during this time due to the limi-

tations in heater rod power, heating element temperature, and sheath 

temperature. 

For the cases shown in Figs. 18 through 22, the post-DNB heat transfer 

coefficient was assumed to be 1000 Btu/hr•ft2•°F and the time to DNB was 

0, 1, 3, 5, and 8 sec respectively. 

Figures 23 through 25 show the results of calculations assuming a 

post-DNB heat transfer coefficient of 500 Btu/hr.ft2•°F for times to DNB 

of 0, 1, and 5 sec. Qualitatively the curves are similar to those of Figs. 

18 through 21, except of course the maximum sheath temperature was higher. 

Figures 26 and 27 show the results of calculations assuming a post-DNB 

heat transfer coefficient of 100 Btu/hr.ft2•°F for times to DNB of 1 and 5 

sec. For the case of DNB 1 sec after blowdown, the inner sheath tempera-

ture limitation of 1500°F was quickly reached, and rod power oscillated 

rapidly between full power and decay heat power for VL5 sec when the fuel 

rod and heater rod fluxes began to approach each other. When DNB was 

delayed until 5 sec with the post-DNB heat transfer coefficient of 100 

Btu/hr•ft2-CF, no such oscillations occurred and simulation was quite good. 
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Figures 28 and 29 shov; the results of calculations assuming a pusc-DKB 

heat transfer coefficient of 1000 Btu/hr-ft2-°F for times to DNB of 1 and 5 

sec; but in these cases the maximum he=_ter rod power was permitted to be 

1.5 times the steady-state value. As can be seen from the figures and from 

Table 2, this improved simulation is somewhat in the period immediately 

following DNB. 

It must be emphasized that the way in which the heat transfer coeffi-

cient was assumed to vary in this study (i.e., at the beginning of the 

blowdown the heat transfer coefficient changes immediately from a steady-

state value of 10,0G0 Btu/ft2-hr-to a value determined by the Thorn's 

correlation and, when the heat flux exceeds the critical heat flux, the 

heat transfer coefficient drops immediately to a value which is kept 

constant for the remaining blowdown time) presents a more difficult con-

trol problem than in a real case in which the heat transfer coefficient 

varies continuously. 

5. PRINCIPLE OF COMPUTER CONTROL FOR HEATER RODS 

The principle of computer control for heater rod power is shown 

schematically in Fig. 30. The controller is shown as a box with readings 

from heater thermocouples, coolant temperature, and heater rod power as 

input and the signal for the power demand, which goes to the power supply, 

as output. 

The function of the controller is divided in the figure into three 

units. The heater unit, which has stored all the geometric and thermody-

namic characteristics of one heater cross section, continuously calculates 

the htiat flux and the heat transfer coefficient at the rod surface taking 

into account the power input and the changes in stored energy. 
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The fuel rod unit receives the heat transfer coefficient from the 

heater unit and continuously calculates the heat flux at the surface, also 

taking into account the momentary power (decay heat) and the stored energy. 

Both rod units give their heat flux to the control unit, which com-

pares the two fluxes and calculates the heater rod power so that the 

difference between the heat fluxes is minimized. 

The functions of these three units can be performed by separate snail 

process computers or simultaneously by one computer. 

6. CONCLUSION 

This study has shown that the thermal-hydraulic behavior of nuclear 

fuel rods during a loss-of-coolant accident (LOCA) can be simulated with 

indirect electrically heated rods to three different degrees. 

1. Maintaining a constant rod power for a predetermined period of 

time gives a good simulation of the fuel rod only in cases where DNB occurs 

after a very short time (<2 sec) and only for the part up to DNB. 

2. Use of a power trace for the heater rods that has been calculated 

from estimates for the time-dependent functions of coolant temperature and 

heat transfer coefficient leads to fairly good simulation up to the point 

where DNB occurs. 

3. Heater rod power controlled by a computer leads to an optimal 

simulation during the entire transient. The temperature and the heat flux 

at the heater rod surface can be maintained very close to that of a fuel 

rod surface with the same cooling conditions. For only a very short time 

during the blowdown phase immediately after DNB can there be a deviation 

caused by the limited heater rod power and the temperature limits for 
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sheath and heating element. These limitations have an influence only if 

the time to DNB is very short (<2 sec) and the heat transfer coefficient 

is less than 500 Btu/hr.ft2.°F. 

It should be remembered, however, that the power transient for an 

indirect electrically heated rod depends on the transients for coolant 

temperature and heat transfer coefficient. Consequently it is generally 

not possible to simulate more than one axial level of a fuel rod, since 

the cooling conditions will not change simultaneously over the entire 

length. For one axial level, the simulation in regard to the thermal-

hydraulic behavior can be made as good as a mathematical description. 
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NOMENCLATURE 

critical heat flux, Btu/hr.ft2 

departure from nucleate boiling 

control factor, kW-sec/ft 

control factor, kW/ft/sec 

control factor, kW/ft 

heat capacity of heater rod 

pressure, psi 

fuel rod linear rod power, kW/ft 

heater linear rod power, kW/ft 

heat flux at surface of fuel rod, Btu/hr.ft2 

surface heat flux, Btu/hr.ft2 

- qjj, Btu/hr.ft2 

stored energy in fuel rod at start of blowdown, kW-sec/ft 

stored energy in heater rod at start of blowdown, kW-sec/ft 

(surface temperature) — (saturation temperature), °F 

(q^-qp/qg 
dy./dt 1 
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Appendix A 

MODIFICATION OF COMPUTF.K CODE 

For che investigation o? the different simulation sethods, a computer 

code was needed chat could siaulate ;> L.CCA isperiescnt where the heater rod 

power is control led by a conputer. This code had -.o be able to calculate 

Che transient temperature field in a heater and a fuel rod simultaneously, 

compare the two heat fluxes at the turfacc, and decerning the heater rod 

power so chat the difference between the t-fo heat fluxes would be snail 

during the whole cra'isicnc. The problem was to give as boundary conditions 

the cjolatu cenperature and the heat transfer coefficient as functions of 

tivse or to use arbitrary correlations for the calculation of the heat 

transfer coefficient. 

In the usual situation, the power trace is given and the surface heat 

flux has to be calculated. Therefore, a new code had to be developed or 

an existing one altered. 

The HETRAP code was chosen as a basis. This code had been developed 

rcainly for the calculation of the heat transfer coefficient during a 

blowdown by using measured values of temperature in the heater rod and 

fluid. It is a one-dimensional codr where the time-dependent values of 

the rod power, the coolant temperature, and the temperature, at least at 

one position inside the rod (usually in the sheath wall), are inputs; and 

the heat transfer coefficient, the heat flux, and the surface temperature 

are results. Since this code has a simple modular structure, it was a 

suitable basis for the purpose of this study. The following options were 
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added to the code: 
1. Simultaneous calculation of the transienr temperature fields in 

a heater rod and a hypothetical fuel rod under the same cooling condi-

tions (i.e., the coolant temperature is the same for both rods). The heat 

transfer coefficient can be an input (the same for both rods) or can be 

calculated as a function of wall temperature, heat flux, coolant tempera-

ture, and other variables separately for both rods. 

2. This option is similar to I, but in addition it includes the 

calculation of the heat transfer coefficient from temperature values 

measured during an experiment. The main application of this option will 

be to extrapolate the temperature in the heater sheath measured during a 

LOCA experiment to the surface of the heater and then to the surface of 

a hypothetical fuel rod. Hypothetical means that this fuel rod has a 

different rod power transient (decay heat) but the same cooling conditions 

as the heater. For this extrapolation, it is possible to use the same 

heat transfer coefficient or to use correlations that describe, at least 

qualitatively, the connection between coolant temperature, wall temperature, 

heat flux, and heat transfer coefficient. With this option, the time-

dependent values of heat transfer coefficient, heat flux, and surface 

temperature of a heater rod and a hypothetical fuel rod can be calculated 

immediately after a LOCA experiment without any manual data handling. 

3. This option is also similar to 1, but includes calculation of the 

heater rod power so that the difference of the heat flux for both rods is 

as small as possible. Limits for the maximal heater rod power and the 

maximal sheath and heating element temperature can be given as boundary 

conditions. One application of this option is to determine the power 

transient for given traces of coolant temperature and heat transfer 
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coefficient. The more important application, however, is the simulation 

of a LOCA experiment with computer-controlled heater rod power. The draw-

back of this application is that for the determination of the heater rod 

power only the momentary values of temperatures and heat fluxes and the 

ones in the past can be used in order to simulate an experiment. Therefore, 

the heater rod heat flux will always lag the fuel rod, since a change in 

heater rod power can be initiated only when a difference in heat flux has 

already occurred. There will be always a certain time delay between a 

change in power and the response at the surface. 

Option 3 was used to simulate a large number of blowdown experiments 

in order to investigate the feasibility of computer control for the heater 

rod power. This provided some experience on how to program a small com-

puter to give an optimal simulation of fuel rods. 

Since no change has been made regarding the structure and the calcu-

lation methods used in the original HETRAP code, a description of the code 

is not included here. The additions allow calculation of the two rods 

simultaneously and the control system for the determination of the heater 

rod power. This control system shall be described in more detail. 

The heat flux at the rod surface was chosen as the variable to be 

controlled, since the heat flux is a much more sensitive indicator of the 

degree of simulation than the surface temperature, especially when nucleate 

boiling occurs. 

The code calculates, in specified time intervals, the difference 

between the heat fluxes of the heater and the fuel rod. In addition, the 

derivative of this difference is calculated using the difference from the 

last two steps and a quadratic interpolation (Fig. A.l). 



The equation of the quadratic interpolation 

leads co the derivative i for the time t = t.: 

The heater rod power is calculated with this difference y and the 

derivative y by 

In this general forip of the code, it is assumed that the electrical power 

follows the control signal without any time delay. That, of course, is a 

simplification that has to be checked for every kind of power supply. On 

the other hand, any damping influence in the electrical cycle has been 

neglected, which makes the control more difficult. Both the time delay and 

the damping in the electric cycle have to be investigated on a case-to-case 

basis. The characteristic of a particular power supply can be incorporated 

in the code easily. 

HCAP 
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Fig. 19. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Tine to DNB « 8 sec; post-DNB heat transfer coefficient » 1000 Btu/hr.ft2.°F; maximum heater power during transient •> 19.8 kW/ft. 
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Fig. 20. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Tine to DNB « 8 sec; post-DNB heat transfer coefficient » 1000 Btu/hr.ft2.°F; maximum heater power during transient •> 19.8 kW/ft. 
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Fig. 21. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Tine to DNB « 8 sec; post-DNB heat transfer coefficient » 1000 Btu/hr.ft2.°F; maximum heater power during transient •> 19.8 kW/ft. 
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Fig. 22. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Tine to DNB « 8 sec; post-DNB heat transfer coefficient » 1000 Btu/hr.ft2.°F; maximum heater power during transient •> 19.8 kW/ft. 
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Fig. 23. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for indirect electrically heated rods. 
Time to DNB = 0 sec; post-DNB heat transfer coefficient » 500 Btu/hr.ft2.°F; maximum heater power during transient = 19.8 kW/ft. 
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Fig. 24. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Tine to DNB « 8 sec; post-DNB heat transfer coefficient » 1000 Btu/hr.ft2.°F; maximum heater power during transient •> 19.8 kW/ft. 
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Fig. 25. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for indirect electrically heated rods. 
Time to DNB = 0 sec; post-DNB heat transfer coefficient » 500 Btu/hr.ft2.°F; maximum heater power during transient = 19.8 kW/ft. 



20.0 WOO.O 1000000.0 1000000.0 

18.0 

16.0 

1«.0 

12.0 

10.0 e 
5 a B.o 

8.0 

«.0 

2.0 

0.0 

m o 

5 

1300.0 

12Q0.0 

1100.0 

1000.0 

g 5 

0 9 0 0 . 0 

800.0 

7 0 0 . 0 

800.0 
500.0 

9 0 0 0 0 0 . 0 

800000.0 

700000 .0 

800000.0 

SOOOOO.O 

5 
I 

4 000000.0 

3 0 0 0 0 0 . 0 

200000.0 

100000.0 

0.0 

ORNL-DWG 75-11629 

e-

900000.0 

800000.0 

700000.0 

800000.0 

5 0 0 0 0 0 . 0 

f <100000.0 

3 0 0 0 0 0 . 0 

200000.0 

100000.Q 

Time 
F i g . 26. Comparison of nuclear fuel rod simulation by using proce^-computer-conttolled power for indirect electrically heated rods, 
to DNB - 1 s e c t post-DNB heat transfer coefficient - 100 Btu/hr.ft*.'F; maximum heater power during transient - 19.8 W/tt. 



O R N L " D W G 75 "11630 

Fig. 27. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Tine to DNB « 8 sec; post-DNB heat transfer coefficient » 1000 Btu/hr.ft2.°F; maximum heater power during transient •> 19.8 kW/ft. 
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Fig. 28. Comparison of nuclear fuel rod simulation by using process-computer-controlled power for Indirect electrically heated rods. 
Time to DNB - 1 sec; post-DNB heat transfer coefficient • 1000 Btu/hr.ft2.°F; maximum heater power during transient - 29.7 VW/ft. 
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Fig. 30. Schematic illustration of logic sequence in heater rod controller operation. 
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Fig. A.l. Time step definition used in quadratic interpolation. 


