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SUMMARY 

A calorimeter system was developed to measure decay heat generation rates 
- of unmodified spent fuel assemblies from commercial nuclear reactors. The 

system was designed, fabricated, and successfully tested using the following 
criteria: 

• 

• 

• Capacity: one boiling water or one pressurized water reactor spent 
fuel assembly 

• Decay Heat Generation Range: 0.1 to 2.5 kW 

• Measurement Time: <12 hr 

• Accuracy: ±10% or better. 

The system was installed and tested in the engine, maintenance, and dissassembly 
hot bay facility located on the Nevada Test Site and operated by Westinghouse 
Advanced Energy Systems Division. The decay heat generation rate was measured 
for a spent fuel assembly from the Turkey Point pressurized water reactor oper­
ated by Florida Power and Light. 

The calorimeter system uses a water boil-off principle to permit measure­
ments of heat generation rates. Before a spent fuel assembly is inserted in 
the calorimeter, an internal reference heater is used to boil water and produce 
steam. The vaporizaton rate in this initial step is determined by condensing 
the steam and measuring the condensate mass accumulation rate. The product of 
the mass accumulation rate and the latent heat of vaporizaton of the water is 
equal to the heat generated in the heater minus heat losses. This procedure 
is repeated at the same heater power with a spent fuel assembly inserted in the 
calorimeter. In the final step, the product of the mass accumulated rate and 
latent heat is a measure of the unknown heat generated in the spent fuel assem­
bly, plus the heat generated in the reference heater, minus system heat losses. 
The decay heat generation rate of spent fuel assemblies is determined by dif­
ferencing the final and initial products of mass accumulation rates and latent 
heats. 
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The calorimeter system consists of five major subsystems. These subsys­
tems are the calorimeter vessel and support structure, the water supply/storage 

tank and fill pump, the steam condenser, the condensate collection apparatus, 
and the control and data acquisition instrumentation. The 20-in.-dia, 18-ft­
long stainless steel calorimeter vessel contains an inner pipe which supports 

lead rings required to absorb radiated gamma energy associated with spent fuel 
assemblies. The vessel also contains four heaters required to boil water and 
a lid fitted with a hook to support spent fuel assemblies during calorimetry. 
The calorimeter weighs approximately five tons when filled with -200 gal of 
water. The water supply/storage tank is located directly below the vessel to 
provide make-up water and to permit the vessel to be completely drained. The 
condenser and condensate collection apparatus are used to condense steam gener­
ated in the calorimeter vessel, to collect subcooled condensate over a recorded 

period of time, and to measure both the volume and the weight of the conden­
sate. The collection time and condensate measurements result in determinations 
of mass accumulation rates. Instrumentation required to control the system and 
record necessary data from sensors is located in an operating gallery adjacent 
to the hot bay. 

The system was acceptance tested using a dc reference heater to simulate 

spent fuel assembly heat generation rates. Results of these tests indicated 
that the system could be used to measure heat generation rates between 0.5 and 

2.5 kW within ±5%. Measurements of heat generation rates of -0.1 kW were 
obtained within ±15%. Other significant results obtained during acceptance 
testing were: 

• The water boil-off spent fuel calorimeter concept was verified. 

• A procedure was developed to obtain acceptable mass accumulation rate 
data critical in the determination of heat generation rates. 

• The calorimeter system has excellent stability, and the system time 
constant is sufficiently short to permit completion of calorimetry 
of a spent fuel assembly in one eight hour period. 

• The calorimeter system has the potential to permit measurements of 
heat generation rates of spent fuel assemblies and other devices in 

the 12- to 14-kW range. 
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• The system design is compatible with hot cell operations and should be 

used as a prototype for future spent fuel packaging facilities. 

Results of calorimetry of a Turkey Point spent fuel assembly indicated 

that the assembly was generating -1.55 kW. Once the fuel assembly had been 

immersed in the calorimeter and a steady-state condition had been obtained 

(-4-1/2 hr), four consecutive data runs resulted in an average measured heat 
. +2% generatlon rate of 1.55 kW. The data scatter of these runs was -1%. A pre-

diction of the spent fuel assembly heat generation rate obtained with the 

ORIGEN2 computer program compared within 6% to this measured value. It was 

concluded that the calorimeter system performance satisfied the intent of the 
design criteria. 
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DEVELOPMENT OF A WATER BOIL-OFF 
SPENT FUEL CALORIMETER SYSTEM 

1.0 INTRODUCTION 

One objective of the National Waste Terminal Storage Program is to deter­
mine the potential geologic disposal integrity of unreprocessed spent fuel 
assemblies from light water reactors (LWRs). As part of this effort, heat 
transfer analyses are required to support assessments of spent fuel assembly 
isolation integrity. An important input parameter required for detailed heat 
transfer predictions is the decay heat generation rates of individual spent 
fuel assemblies. Because analytical predictions cannot be completely relied 
upon, experimentally determined decay heat generation rates of spent fuel 

assemblies dedicated to the program were needed. 

Up to this time small calorimeters have been used to measure heat genera­
tion rates of sections of spent fuel rods, and computer codes such as ORIGIN 

(Bell 1973) have been used to estimate the heat generation rates of complete 
spent fuel assemblies. It is important that the accuracy of extrapolating par­
tial rod heat generation measurements to total assembly heat generation values 
be evaluated. Likewise, computer codes should be evaluated using experimental 
data and improved to provide accurate predictive capabilities for design and 
analysis. Therefore, a spent fuel calorimeter was developed to provide decay 
heat generation rates of complete pressurized water reactor (PWR) and boiling 
water reactor (BWR) spent fuel assemblies. 

The objectives of this Spent Fuel Calorimeter Development Project were to 
select a concept, evaluate the concept, design a complete system, fabricate 
components, and test the system. This report documents the project and the 
experimental effort conducted by the Pacific Northwest Laboratory (PNL) under 
contract to the Hanford Engineering Development Laboratory (HEDL). The selec­
tion and evaluation process, the experimental method, the results, and the 

conclusions and recommendations are discussed. 
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2.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE SYSTEMS 

This spent fuel calorimeter development project resulted in a number 
of conclusions and recommendations. The following sections identify the 
major conclusions and important recommendations for future calorimeter 
systems. 

2.1 CONCLUSIONS 

• The water boil-off spent fuel calori~eter concept was verified. The 
existing calorimeter should continue to be used to obtain decay heat gen­
eration rate measurements of spent fuel assemblies when desired, but its 
use need not be limited to this application. Heat generation rates of 
other devices that can be positioned inside a 14-in. (inner diameter), 
16-ft-long pipe can also be measured with the calorimeter system. 

• The calorimeter system has excellent stability and the system time con­
stant is sufficiently short to permit calorimetry during an eight-hour 
period. The system is compatible with hot cell operations and should be 
used as a prototype for future packaging facilities. 

• A procedure was developed to obtain acceptable mass accumulation rate data 
critical to the determination of spent fuel heat generation rate values. 
The condensate head accumulation measurements should be used as primary 
data, and the condensate weight accumulation measurements should be used 
as secondary (back-up) measurements. Before weight measurements are used 
as primary data, the collection tube mounting design should be modified 
to provide better support and to ensure that solenoid drain valve actua­
tion does not adversely affect weight accumulation measurements • 

• Heat generation rate measurement accuracies within ~5% of true values can 
be obtained with the calorimeter in the range between 0.5 and 2.5 kW. 
Accuracies within +5% to +10% can be expected at power levels from 0.1 to 
0.5 kW. 
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• The heat loss from the calorimeter system at a hot bay temperature of 
-660 F was -0.6 kW. An uncertainty analysis indicated that heat loss 
measurement uncertainties contributed significantly to the overall mea­
surement accuracy. If better calorimeter measurement accuracies are 
desired, additional heat loss data at power levels of 1, 1.5, 2, 2.5, and 
3 kW should be obtained to unconditionally verify that the system heat 
loss is essentially constant over this heat generation range. 

• Reference calorimeter runs are as important to measurement accuracy as 
runs with an unknown heat generating pevice in the calorimeter. Until 
sufficient operating experience is gained, references runs should be per­
formed before and after actual runs made with heat generating devices 
installed in the calorimeter. 

• The calorimeter system has the potential to permit measurements of heat 
generation rates of spent fuel assemblies and other devices in the 12- to 
14-kW range. Measurements of accurately known reference heat generation 
rates up to 12-14 kW should be obtained prior to attempting measurements 
of unknown heat generating devices in this range. 

• Approximately four hours are required to bring the calorimeter water to a 
boiling condition from room temperature. Once the system reaches boiling, 
a steady-rate condition can be obtained in two to six hours at constant 
heater power. 

• If 4 or 5 gallons of cold water from the supply/storage tank are injected 
into the calorimeter after attaining a steady-state condition, approxi­
mately one to two hours are required to regain a steady-state condition. 

• The decay heat generation rate of a Turkey Point PWR spent fuel assembly 
as measured with the calorimeter system was 1.55 kW. 

• Predictions of the decay heat generation rate (1.64 kW) of a Turkey Point 
PWR spent fuel assembly obtained with the ORIGEN2 (Croff 1980) computer 
program compared within 6% to values measured with the calorimeter system. 
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2.2 RECOMMENDATIONS FOR FUTURE SYSTEMS 

• Calorimeter vessels should be 6-12 in. longer in systems built in the 
future. This will permit optimum distances between critical liquid level 
alarm setpoints near the top of the vessel and prevent water carry-over to 
the condenser, due to surface agitation during boiling. 

• An additional liquid level sensing system should be installed on the 
upper 50 in. of future calorimeter vessels to increase the sensitivity of 
the level measurements and alarm setpoints. 

• Calorimeter fluid temperatures should be measured with direct-contact 
temperature sensors in future systems. 

• For ease of monitoring, future instrumentation consoles should include 
continuous digital readouts of vessel and supply/storage tank liquid 
levels, vessel fluid temperature, heater power, condensate head values, 
and condenser outlet temperature. 

• As recommended in initial system conceptual designs, condensers in future 
systems should be liquid cooled to permit accurate heat balances to be 
obtained throughout the calorimeter system. 
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3.0 SELECTION AND EVALUATION OF CANDIDATE CALORIMETER METHODS 

During the initial effort of this project several candidate calorimeter 
methods were selected and evaluated for further development: 

• Contact Boil-Off (spent fuel assembly in contact with working 
fluid) 

• Non-Contact Boil-Off (spent fuel assembly not in contact with working 
fluid) 

• Flowing Water 

• Static Air 

• Flowing Air 

The selection criteria and details of the evaluation analysis performed for 
each candidate method are presented in the following sections. 

3.1 SELECTION CRITERIA 

Before initiation of the analytical evaluation process, selection criteria 
were identified. The selection criteria most pertinent to the selection process 
were 

• Capacity: one BWR or one PWR spent fuel assembly 
• Potential decay heat generation range: 0.1 to 2.5 kW(a) 

• Measurement time: <30 hours 
• Accuracy: ±10% or better 

Requirements for system safety, operability, maintainability, simplicity, and 
costs were also considered in the evaluation. 

(a) It is important that the term IIpotential decay heat generation ll be under­
stood. It is defined as the decay heat generation rate of a spent fuel 
assembly, plus the heat generation that would result from escaping radia­
tion particles; i.e., alpha, beta, and gamma. In BWR and PWR spent fuel 
assemblies, gamma particles are the significant source of escaping 
radiation energy. In this report, heat generation will mean potential 
heat generation. 
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3.2 CONTACT BOIL-OFF CALORIMETER 
The cross section of a conceptual contact boil-off calorimeter is shown 

in Figure 1. The calorimeter would be similar to a small cryogenic boil-off 
calorimeter developed at Los Alamos (Yarnell and Bendt 1977) and would consist 

of an inner pipe, lead radiation-absorbing liners, a cooling annulus, an outer 
containment pipe, and insulation. A spent fuel assembly would be placed in 

the inner pipe in contact with a boiling fluid. Note that the spent fuel 
assembly was modeled as one fuel rod in this analysis because all rods in an 

assembly will generate approximately the same amount of heat and have the same 
time constants. 

12-in. SCH. 105 PIPE 

1/2-in.-THICK LEAD LINER 

1 12-in.-THICK LEAD LINER 

BOILING REFRIG. 
VOLATILE LIQUID. 

OR H2 0 

BWR ~ OR ,..,,-
PWR \."\: FUEL 
FUEL '\ GAP 
ROD CLAD 

FIGURE 1. Contact Boil-Off Calorimeter 
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The purpose of the inner pipe would be to contain a spent fuel assembly 
and to support one lead liner. The lead liners would absorb gamma radiation 
and generate a proportional amount of thermal energy. The cooling annulus 
would permit boiling fluid to contact the maximum surface area and reduce the 
thermal time constant of the calorimeter. The outer vessel would support 
another lead liner and act as a final container. The insulation would reduce 
heat losses from the calorimeter. 

The contact boil-off calorimeter could be installed in a system similar 
to that shown in Figure 2. The system would consist of a liquid supply/storage 
tank, a fill pump, the calorimeter, a condenser, and a condensate measuring 
tube. 

SIGHT 
GLASS 

CALORIMETER 

HEATERS 

VENT 
VENT 

L1aUID SEAL 

COOLING WATER 
~~~~~~=-~ 

TEMPERATURE 
SENSOR 

PUMP 

MEASURING TUBE 

P PRESSURE TRANSDUCER 

VENT 

COOLING WATER 
I..'H-~~"";'-+-

SUPPLY ISTORAGE 
TANK 

~ HEATER 

FIGURE 2. Boil-off Calorimeter System 
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The supply/storage tank would be used for filling and draining the calo­
rimeter. A small pump would be used to fill the calorimeter with liquid. A 
pump bypass line would permit the calorimeter to be drained. 

In addition to those parts shown in Figure 1, the calorimeter would be 
provided with heaters and a sight glass as shown in Figure 2. The purpose of 
the heaters would be to initially heat the liquid to boiling and to provide 
accurate reference vapor generation rates. The sight glass would enable the 
operator to readily assure that an adequate liquid level is maintained at all 
times. An absolute pressure transducer located near the bottom of the calori­
meter could also be used to measure liquid levels and provide automatic shut­
down capability. 

A condenser connected to the calorimeter via a pipe could be used to con­
dense the vapor. The condensate would be collected in a measuring tube. The 
product of the condensate mass accumulation rate (mc) and the latent heat of 
vaporization (hfg ) would be equal to the heat being generated in the calorime­

ter (qcal) minus heat losses (qL); i.e., qcal - qL = mchfg • 

The boil-off calorimeter system could be operated using the following 
procedure: 

1. Without a spent fuel assembly in the calorimeter, the calorimeter 
would be filled with liquid and the heater set at a predetermined 
power level. 

2. After the system reached a steady state condition, the initial con­
densate mass accumulation rate (mi ) would result from the heat 
being generated by the calorimeter heater (qh) less any heat losses 

(qL) from the system; i.e., qi = qh - qL = mihfg · 

3. A spent fuel assembly would be positioned in the calorimeter, and the 
system would be refilled with liquid to a desired level. 

4. After steady-state conditions were attained, the final condensate 
mass accumulation rate (mf ) would be measured. Note that the final 
condensate mass accumulation rate would result from that measured in 

step 2, plus the heat being generated in the spent fuel assembly and 
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the lead liners (qSF). The difference between the final and initial 
condensate accumulation rates would be that resulting from the heat 
being generated in the bundle and lead; i.e., the potential decay heat 

generation rate of the assembly qSF = (mf - mi)h fg • 

A transient thermal analysis was performed with the HEATING 5 computer code 
(Turner, Elrod, and Siman-Tov 1977) using the geometry model shown in Figure 1. 
Both water and ethyl acetate boil-off calorimeters were investigated. Ethyl 
acetate was considered because it has a latent heat of vaporization of -185 
Btu/lb compared to water at -970 Btu/lb. The lower latent heat would permit 
more condensate mass to be accumulated during a given period of time for the 
same heat generation rate, thus enhancing measurement accuracy. 

Results of the analysis indicated that the type of fluid used did not sig­
nificantly affect the measurement time, i.e., the time to reach steady-state 
conditions. (a) Both BWR and PWR fuel rods were predicted to reach steady-

state conditions in less than 30 min. Two 0.5-in.-thick lead liners would 
attain steady-state conditions from an initial temperature of -160°F in approxi­
mately 10 hours, when subjected to boiling water. In an actual case, the lead 
liners and piping would be very near the boiling temperature of the working 
fluid after an initial (reference) run using the system reference heater was 
completed. Therefore, with a spent fuel assembly immersed in the calorimeter, 
the measurement time was estimated to be more on the order of three to four 
hours, a value which satisfied the design criteria. 

A sensitivity analysis was performed to determine the effects of changes 
in atmospheric pressure and ambient temperature on the heat of vaporization of 
water and calorimeter component temperatures. An assumed large change in atmo­
spheric pressure of ±1 in. Hg at constant temperature was predicted to corre­
spond to a change in the heat of vaporization of water of -±0.1%, which is 

(a) Steady state was assumed to be the condition at which a temperature was 
within O.Ol°F of the predicted steady-state temperature. 
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insignificant in the calculation of heat generation rates. A thermal analysis 
using the HEATING 5 computer program indicated that an ambient temperature 
change of 20°F, over a 5-min time period, would result in a maximum internal 
calorimeter temperature change of -O.OloF during a six-hour measurement period. 
This small temperature variation would not detectably contribute to calorimeter 
inaccuracies. 

From the above results, it was preliminarily concluded that a contact boil­
off calorimeter was a promising method to measure decay heat generation rates of 
spent fuel assemblies. Accuracies within :5% were predicted to be feasible. 
Water has definite advantages over refrigerants and volatile liquids because 
corrosion and flammability problems are minimized. (a) 

3.3 NON-CONTACT BOIL-OFF CALORIMETER 

A conceptual schematic of a non-contact boil-off calorimeter is shown in 
Figure 3. A typical LWR spent fuel assembly was modeled as a lumped circular 

mass. The bundle was assumed to be in a pipe containing air or helium. Boiling 
refrigerant, volatile liquid, or water in contact with the outer surface of the 
containment pipe would provide a heat sink. Note that the boiling fluid would 
not contact the spent fuel assembly, as the calorimeter name indicates. Calo­
rimeter parts beyond the inner container, such as a lead absorbing liner, outer 
containment pipe, and insulation, were not considered in the evaluation of this 
concept. 

The non-contact boil-off calorimeter could be installed in a system iden­
tical to that discussed in section 3.2. The operating procedure would also be 
the same; however, the measurement times were predicted to be longer than the 
contact concept because of the insulative gas gap. 

A transient thermal analysis of the non-contact boil-off concept using 
freon and air resulted in excessively long measurement times. The temperature 
of a typical BWR spent fuel bundle generating 0.1 kW at an assumed initial 

(a) More than 25 refrigerants and volatile liquids were considered as potential 
calorimeter working fluids. 
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FIGURE 3. Non-Contact Boil-Off Calorimeter 

temperature of -300°F required -12 hours to decrease by -20°F. The steady­
state temperature of the bundle was predicted to be -223°F. By linearly 
extrapolating the temperature history to 223°F, it was predicted that -46 hours 
would be required to reach a steady-state condition. An additional thermal 

analysis revealed that it would require -12 hours to reduce the bundle tempera­
ture from 225 to 223°F. It was concluded that the measurement time of a non­

contact boil-off calorimeter would be excessively long and that the method was 
not practical. 

3.4 FLOWING WATER CALORIMETER 

A flowing water calorimeter system, shown schematically in Figure 4, was 
considered in the selection process. The system would consist of a pump, a 

flowmeter, a calorimeter instrumented with inlet and outlet temperature sensors, 
a cool down heat exchanger, and a heater. The calorimeter would be essentially 

the same as the contact boil-off calorimeter previously presented in Figure 1, 
but the boiling fluid would be replaced with flowing water. The cooldown heat 

exchanger and heater would be required to select and control desired inlet 
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FIGURE 4. Water Flow Calorimeter 

calorimeter temperatures during isothermal runs. Isothermal runs would be 
requi red to accurate ly determi ne heat losses from the calorimeter between the 
inlet and outlet temperature sensors. 

During the operation of the water flow calorimeter, the flow rate (m) and 

inlet temperature (TIn) would be set at desired values. The flow rate would 
be selected to produce a significant temperature gradient (210°F) across the 
length of the calorimeter. The magnitude of the temperature gradient is 
important f or accuracy requi rements. A heat balance across the calorimeter 
would yield the heat being generated in the spent fuel assembly and lead 

liner; i.e., qSF = mCp(TOut - TIn) + qL· 

The flowing water calorimeter was eliminated as a potential method because 
the contact boil-off calorimeter appeared to be a faster, more accurate method 

of measuring decay heat generation rates. Also, a flowing water system would 
be extremely difficult to operate remotely in a hot bay facility. 
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3.5 STATIC AIR CALORIMETER 

A typical static air calorimeter, shown in Figure 5, would consist of a 
spent fuel assembly, an inner containment pipe filled with air or gas, a heater, 
a lead liner to absorb escaping radiation energy, a gas gap, an outer contain­
ment pipe, and insulation. This calorimeter concept is similar to the tech­
nique reported by Beyer, Perry, and Lewis (1976). During the operation of the 
calorimeter, without a spent fuel assembly in place, power would be applied to 

the heater. After steady-state conditions are attained, temperature measure­
ments at three or four axial locations would be obtained across the gas gap. A 
spent fuel assembly would be inserted in the calorimeter and the heater power 
reduced until the same temperature differences existed across the gas gap. The 
amount the heater power is reduced would be equal to the heat being generated 
in the assembly and lead liner. 

A detailed thermal analysis of the static air calorimeter concept was not 
performed. It was obvious from the previous analyses that the time constant of 
the static air calorimeter would be longer than that of the non-contact boil-off 
calorimeter. Because the time to reach steady-state conditions was excessively 
long, it was concluded that the static air concept was unsatisfactory. 

AIR OR GAS 

TEMP MEASUREMENTS 
LiII;i;&----·AT, 3 OR 4 AXIAL 

LOCATIONS 

FIGURE 5. Static Air Calorimeter 
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3.6 FLOWING AIR CALORIMETER 

A flowing air calorimeter operates on the same heat balance principle as 

the flowing water calorimeter. A typical flowing air calorimeter system is 

shown in Figure 6. A high-head blower would be required to supply air to the 

calorimeter. A heater and cooler would be required to select and control 

desired inlet air temperatures during isothermal heat loss runs. A flowmeter 

and temperature/pressure instruments would be necessary to permit heat balances 
to be obtained across the calorimeter. 

Results of the transient thermal analysis of the flowing air calorimeter 

at relatively high air flows (11 ft/sec) indicated BWR and PWR fuel rods would 

reach steady-state conditions in -3 hours. At low air flow rates (0.5 ft/sec) 

required to obtain satisfactory axial temperature differences (~10°F) across 
the calorimeter, the time for the fuel rods to reach steady-state conditions 

increased to -10 hours. A significant axial temperature difference across the 

calorimeter is desirable because it increases measurement accuracy. Velocity 
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FIGURE 6. Air Flow Calorimeter 
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magnitudes (-0.5 ft/sec) associated with desired air flow rates would be of the 
order of magnitude of free convection currents. It was judged that very unsta­
ble outlet calorimeter temperatures could be encountered if the flow velocities 
are not an order of magnitude greater than the free convection currents. This 
judgment is based on past experience with low-flow air facilities. 

Although the air flow calorimeter appears to be satisfactory for measure­
ment time and accuracy (±8%), it was eliminated as a prospective method because 
of the unknown problems associated with the system instabilities. In addition, 
the difficulties associated with operating a flowing system in a limited access 
hot bay do not appear to be justifiable. 

3.7 RECOMMENDED CALORIMETER METHOD FOR FURTHER DEVELOPMENT 

From the results of this initial effort on the project, it was concluded 
that the contact water boil-off calorimeter met the selection criteria pre­
sented in section 3.1 better than the other candidate methods. The remaining 
sections of this report discuss the detailed design of a contact water boil-off 
calorimeter system that evolved from the concepts presented in section 3.2. 
The calorimeter system was fabricated and ultimately installed in the EMAD hot 
bay facility. Results of an acceptance test and actual calorimeter measure­
ments of a spent fuel assembly are also presented . 
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4.0 EXPERIMENTAL METHOD 

The following sections discuss the development of a contact water boil-off 
calorimeter system. Facility and equipment designs are presented, and the pro­
cedures used to perform the acceptance test and measure the decay heat genera­
tion rate of a Turkey Point PWR spent fuel assembly are discussed. The data, 

the data reduction method, and the estimated accuracy of the data are pre­
sented. 

4.1 FACILITY AND EQUIPMENT 

The calorimeter system was designed and fabricated by PNL and shipped to 
the Nevada test site for installation and operation in the EMAD hot bay facil­
ity. A description of the EMAD facility and a discussion of the calorimeter 
equipment design are presented. 

4.1.1 EMAD Hot Bay Facility 

The EMAD facility is a large complex which contains a hot bay approxi­
mately 140 ft long, 66 ft wide, and 74 ft high. The walls are constructed of 
5- to 6-ft-thick reinforced concrete with lead glass viewing windows located 
at various work stations. The hot bay contains standard gauge railroad tracks 
which allow railroad transport system vehicles to enter and exit the bay with 

radioactive materials. A shielded air lock pass-through for personnel entry 
from a change room is provided. 

The hot bay is equipped with a 40-ton overhead crane with a 10-ton auxil­
iary hook which is remotely operated from portable controllers located in the 
operating gallery near window work stations. Maximum hook heights of -62 ft 
are possible. 

In addition, the bay is equipped with a wall-mounted handling system, an 
overhead pOSitioning system, and a floor-mounted handling system, which are all 
remotely operated from portable controllers located in the gallery. These 
handling systems have special tools and fixtures to facilitate remote assembly 

and disassembly operations. Master slave manipulators and inspection tables 
are located at window work stations. Periscopes at various work stations pro­

vide inspection and photographic capabilities. 
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The hot bay contains a pit -13-1/2 ft deep, -4-1/2 ft wide, and -26-1/3 ft 
long. The calorimeter system was installed in the north end of the pit in full 

view of a window work station. The hot bay is described in depth by the EMAD 
Capabilities Manual (refer to references). 

4.1.2 Calorimeter System 

The calorimeter system consists of five major sUbsystems. These subsys­
tems are the calorimeter vessel and support structures, the water supply/ 
storage tank and fill pump, the steam condenser, the condensate collection 
apparatus, and the control and data acquisition instrumentation. In addition 
to these subsystems, a fuel handling fixture designed and fabricated by the 
Hanford Engineering Development Laboratory (HEDL) was required to support a 
Turkey Point PWR spent fuel assembly within the calorimeter vessel during decay 
heat generation rate measurements. 

The calorimeter vessel and the water supply/storage tank for the system 

were installed in the calorimeter pit located in the EMAD hot bay facility, as 

shown in Figure 7. The steam condenser and the condensate collection apparatus 
were located on the hot bay floor adjacent to the calorimeter pit. The con­
trols for the calorimeter system and the data acquisition system were located 
in the operating gallery adjacent to, but isolated from, the hot bay area. 

Detailed discussions of each calorimeter subsystem are included in the 
following sections. Appendix A provides detailed design drawings of the calo­
rimeter system. 

4.1.2.1 Calorimeter Vessel and Supports 

The calorimeter vessel consists of an outer vessel, an inner vessel, lead 
absorption rings, closure lids, and insulation as shown in Figures 7 and B. The 

outer calorimeter vessel (Figure 9) was fabricated from an IB-ft-long section of 
304 stainless steel pipe with a 20-in. outer diameter and a 1/2-in. wall thick­
ness. The bottom head of the vessel was fabricated from 1/2-in.-thick 304 stain­
less steel plate. A 2-1/2-in. by I-in. concentric reducer, which serves as a 
drain sump, and four 3/4-in.-dia hold-down studs were welded to the bottom head. 
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FIGURE 8. Contact Boil-Off Calorimeter Cross Section 

Two closure lids are provided for the calorimeter. One serves as a calo­
rimeter vessel lid/lifting fixture and is used both to lift and position the 
outer vessel during installation and to seal it during heat up operations with 
no fuel assembly. The second lid (Figure 10) serves as a lid/support when an 
assembly is in the calorimeter vessel. Both lids were constructed of 1-in.­
thick 304 stainless steel plate, 24 in. in diameter, and mate with an O-ring 
inserted in the calorimeter vessel top flange (Figure 11). The lid/lifting 
fixture is similar to the lid/support except that the lid support has no lid 
hook. During decay heat generation measurements, the weight of the spent fuel 
assembly suspended from the lid/support hook is sufficient to maintain a steam­
tight seal against the vessel flange O-ring. When no fuel assembly is suspend­
ed from the lid/support or when the vessel lid/lifting fixture is used during 
heatup operations, the closure seal is made by screw locks that compress the 
lids against the O-ring seal (see Appendix A for details of the locking 
spider). 
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Three piping penetrations were welded into the calorimeter vessel, in 
addition to the reducer welded to the bottom head. A 3/4-in. Schedule 40 pipe, 
which functions as a fill/drain line, enters the vessel 2-1/2 in. above the 
bottom head (Figure 9). A 3/4-in. Schedule 40 pipe, located 2-1/2 in. below 
the vessel top flange (Figure 11), provides a steam discharge path to the con­
denser and acts as a vessel pressure re 1 i ef vent to the hot bay atmosphere 
through the open end of the condenser discharge line. The third vessel pene­
tration, a 1/2-in. Schedule 40 pipe, provides a connection for the water level 
sight glass and a second pressure relief vent path to the hot bay atmosphere 
(F i gu re 11). 

A I-in. Schedule 40 drain line was welded to the reducer penetration in 
the bottom head of the vessel (Figure 9). The drain line branches below the 
vessel support structure elevation. One branch of the drain line contains a 
connection for the calorimeter vessel level detection system and two manual 
ball valves. The other branch of the vessel drain line extends to the east 
operating gallery to provide an auxiliary water fill system. 

In addition to the calorimeter vessel piping penetrations described above, 
four half-pipe couplings were welded to the vessel 3-1/2 in. above the bottom 
head as shown in Figure 12. The couplings were threaded to accept immersion 
electric heaters that are used to heat the water in the vessel to bOiling con­
ditions and to maintain system thermal equilibrium. 

The calorimeter outer vessel was insulated with a nominal B.S-in.-thick 
layer of silica-lime block-type insulation. The top closure insulation "hat" 
was constructed of a stainless steel sheet metal can covered with insulation 
and is removable for access to the vessel lid (Figure 7). 

During decay heat generation measurements, a spent fuel assembly is posi­
tioned within an inner vessel fabricated from 14-in.-dia Schedule 40 type 304 
stainless steel pipe (Figure 13). Holes were drilled in the pipe to reduce the 
thermal time constant and permit water to flow in the annulus formed by the 

inner and outer vessels. The principal purpose of the inner vessel is to sup­
port lead rings which absorb gamma radiation emitted by spent fuel assemblies 
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" .. • 



• 

The lead rings, which are attached to the outer surface of the pipe, have a 
nominal absorption thickness of 1.25 in. The rings were estimated to be 99 % 
effective in absorbing the gamma energy emitted from typical spent fuel assem­
blies. Water flow slots were machined in the rings to reduce their thermal 
time constant. 

The calorimeter vessel is supported vertically by two 8-in. beams that 
span the width of the calorimeter pit (Figure 14). The support beams were 
anchored into the calorimeter pit walls with 3/4-in.-dia anchor bolts. Addi­
tional support is provided by columns that, extend from the ends of each beam 
to the pit floor. Restraining saddles, welded to the calorimeter vessel near 
the bottom end as shown in Figures 9 and 12, are restrained by a steel plate/­
ring (shown in Figure 7) that was welded to the top of the 8-in. support beams 
to provide horizontal stability during seismic events. Spacers support the 
bottom head of the vessel approximately 3 in. above the top of the support 
beams and provide clearance for insulation. 

A welded steel structure, anchored to the hot bay floor at the top of the 
calorimeter pit, provides horizontal restraint for the vessel at approximately 
mid-height (Figure 7). The restraint is provided by standard pipe rollers that 
react against saddles welded to the vessel. The pipe rollers allow unre­
strained thermal growth of the vessel during vessel heatup. 

4.1.2.2 Water Supply/Storage Tank and Fill Pump 

The water supply/storage tank for the calorimeter system was anchored to 
the floor of the calorimeter pit directly below the calorimeter vessel. The 
tank was fabricated from 1/8-in.-thick 300-series stainless steel and is 60 in. 
long by 48 in. wide by 22 in. high. The top of the tank is recessed approxi­
mately 2 in. below the side walls to form a catch basin. The approximate 
internal volume of the tank is 250 gallons, excluding the catch basin, which 

I holds approximately 25 gallons. 

A simplified schematic diagram of the calorimeter system piping and 

instrumentation is provided in Figure 15. The tank fill line and the air line 
for the pneumatic level instrumentation enter the supply/storage tank through 
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an opening in the bottom of the catch basin. The all-brass fill pump was 
bolted to the floor, and the 1-1/4-in. suction line was attached to the tank 
near the bottom. The pump has a capacity of 10 gal/min, operating against a 
water head of 58 ft. The pump is close-coupled to a 1/2-hp motor that is 
energized from a regulated 120-V single-phase source. The fill line extends 
from the supply/storage tank to the hot bay floor elevation, where demineral­
ized water can be added from portable containers. A manual ball valve isolates 
the fill line after the supply/storage tank is filled. 

A normally closed solenoid valve (EV4~ Figure 15) and a check valve 
installed in the fill pump discharge line isolate the fill line from the calo­
rimeter vessel. The two normally closed solenoid valves, EV3A and EV3B, iso­
late the calorimeter vessel from the supply/storage tank and provide a means 
to remotely drain the vessel if required. 

4.1.2.3 Steam Condenser 

Steam generated within the calorimeter vessel is directed from the vessel 
to a condenser (Figure 16) located on the hot bay floor outside the perimeter 

of the calorimeter pit. The 3/4-in. steam pipe from the vessel enters the con­
denser through a manifold where the flow is divided into two parallel paths. 
Each of the parallel paths through the condenser was fabricated from 3/4-in.­
dia (0.035-in. wall thickness) 304 stainless steel tubing fitted with spiral­
wound aluminum fins to enhance heat transfer. The total length of each flow 
path is -12 ft. Condensate flows from the condenser through a manifold where 
the two flow paths are combined and directed to the condensate collection tube. 

The condenser is air-cooled by a squirrel cage blower rated at 1300 scfm. 
A sheet metal shroud channels the air flow through the finned tube condenser 
to the fan inlet located below the condenser. The fan, driven by a I-hp 
single-phase electric motor, discharges directly into the hot bay. A switch 
to sense air flow through the condenser is located in the fan outlet duct. The 

condenser and the associated air flow equipment were conservatively designed 
to condense and subcool all the steam generated in the calorimeter vessel by a 

2.5-kW spent fuel assembly plus 1 kW from a dc reference heater. 
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4.1.2.4 Condensate Collection Apparatus 

The rate of steam generation and the latent heat of vaporization of the 
boiling water were used to determine the decay heat generation rate of a spent 
fuel assembly in the calorimeter. To determine the rate of steam generation, 
all the steam produced within the calorimeter vessel during a known interval 
of time was condensed, subcooled, collected, and weighed, and the volume was 
measured. 

Condensate from the condenser discharge was directed to a collection tube, 
which is a 41-in.-long section of precision tubing with an outside diameter of 
1.25 in. and a wall thickness of 0.035 in. The collection tube was welded to 

a base plate that is mounted on the pan of a precision electronic scale. The 
upper end of the collection tube is supported with a linear ball bushing that 
provides lateral support for the tube with minimal axial restraint. A drain 
line with a solenoid shut-off valve (EVl) was welded near the bottom end of 

the collection tube (Figure 15). To minimize the eccentric load effect of the 
solenoid valve and drain line on scale measurements, an adjustable counter­
weight is located on the opposite side of the collection tube. 

The collection tube drain line discharges into a catch pan below the 

scale. The catch pan drain is connected to the supply/storage tank fill line 
through a check valve. With the solenoid drain valve (EVl) open, condensate 
from the collection tube flows to the catch pan and then directly to the tank. 
The lip of the catch pan projects over the edge of the calorimeter pit so that 
any overflow is directed into the pit drain gutter. Such overflow could be 
the result of drain stoppage or flow in excess of drain line capacity, which 
might occur, for example, if the fill pump were to continue running after the 
calorimeter vessel was filled. 

A 0.25-in.-dia tube for the pneumatic level detection system extends 
inside the collection tube to an elevation below the drain line connection. 
Signals from the level transmitter automatically initiate data logger scans 
and control operation of the collection tube solenoid drain valve, EVI. In 
addition to the normal automatic data collection mode, the operator can 
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remotely initiate a data scan without draining the collection tube or can ini­
tiate drainage of the collection tube, which automatically initiates a data 
scan. 

4.1.2.5 Control and Data Acquisition Instrumentation 

Instrumentation provided with the calorimeter system is used principally 
to monitor and control water level, pressure, and temperature, and to facili­
tate data acquisition. The main instrumentation and control panels are shown 
in Figure 17. Power for the instrumentation, control panels, and fill pump is 
isolated from facility voltage transients (up to ±15%) by an ac voltage regu­
lator. 

Water level Instrumentation and Control. Water levels in the calorimeter 
vessel, supply/storage tank, and condensate collection tube are measured pneu­
matically (Figure 15). Air is introduced through a small diameter tube until 
a finite flow (~10% of full scale) is indicated on an air rotameter located in 
the control panel (Figure 17). The pressure required to sustain air flow, as 
sensed by a pressure transmitter (Figure 17), is equal to the head of water in 
the vessel above the open end of the tube. The advantage of using this "bub­
ble" technique for hot bay applications is that the pressure transducers could 
be located outside the bay for easy maintenance and calibration. 

There are five water level set points in the calorimeter vessel: high 
high (HH), operating high (OH), operating low (Ol), safe low (Sl), and low low 
(ll). The LL limit was established to assure that the electric heaters located 
in the bottom of the calorimeter vessel cannot be energized unless there is 
sufficient water in the vessel to cover them. At or below the LL level, the 
electric heaters cannot be operated and an alarm on the annunciator panel is 
activated. The LL limit interlock on heater operation cannot be bypassed by 
any manual switch on the control panel. 

The Sl limit in the calorimeter vessel was established to assure that 
spent fuel assemblies are completely immersed in water. At or below the SL 
level, all electric heaters are deactivated, and an annunciator alarm is acti­
vated in the control panel. The SL limit can be adjusted for different types 
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of fuel assemblies and support equipment. Conservatively, it is recommended 
that the Sl limit be set approximately 8 in. above the top of a fuel assembly. 

The Ol and OH set points establish the normal water level range. At the 
Ol level, the Ol alarm activates on the annunciator panel, and the fill pump 

• automatically starts to refill the calorimeter vessel. The pump continues to 
fill the vessel until the level reaches the OH level or a data scan is ini­
tiated through the condensate collection control circuit. Pump operation can 
be initiated manually whenever the water level in the vessel is below OH and a 
data scan is not in progress. At the OH level, an alarm activates on the con­
trol panel and the fill pump automatically shuts off. 

If the pump fails to shut off, the water level would continue to increase 
until the HH level is reached. At the HH level, an alarm would sound, and the 
operator must shut the pump off to avoid excess water from flowing out the 
steam discharge line, through the condenser, into the collection tube, and to 
the supply/storage tank. Remote drainage of the calorimeter vessel can be 

initiated by activating a key switch on the control to avoid the HH level. 

There are five water level set pOints in the supply/storage tank: high 
high (HH), operating high (OH), operating low (Ol), high fill (HF), and a safe 
low (Sl2), which is a backup for the calorimeter safe low condition. The HH, 
OH, Ol, and HF levels are monitored by alarms on the annunciator panel, and a 
storage tank level meter is located on the control panel. The Sl2 level is 
set to sense an increase in storage tank water level above the OH level, a 
condition that can be indicative of inadvertent drainage from the calorimeter 
vessel. The storage tank Sl2 level is connected in series with the Sl calo­
rimeter level in the electric heater control circuit to shut off the electric 
heaters if the supply/storage tank safe low level is exceeded. 

There are two water level set points, low and high, associated with the 
condensate collection tube. Air for the pneumatic level detection system is 
introduced through a dip tube that passes through the open end of the collec­
tion tube and extends to an elevation below the drain connection (Figure 15). 
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When the level of condensate reaches the high limit, a data scan is automati­
cally obtained with the data acquisition system. After the data scan is com­
pleted, the collection tube drain valve is automatically opened and the tube 

is drained to the low level. The system has a built-in time delay that can be 
adjusted so the data scan can be completed before the drain valve opens. The 
pump control circuit was designed so the pump cannot be operated during a data 
scan. 

A momentary push button switch can be used to initiate a data scan and 
dump the condensate collection tube at any.time. Another momentary push button 
switch can be used to initiate a data scan without dumping the collection tube. 
When the water level in the collection tube drains to the low level, the sole­
noid drain valve closes, and the system is ready for the next condensate col­
lection cycle. Both the high and low level conditions in the collection tube 
initiate alarms on the annunciator panel. 

Pressure Instrumentation. An absolute pressure transducer (25 psia) 
located in the hot bay measures and records the steam pressure in the calorim­
eter vessel (Figure 15). A condensate collection pot connected to the calo­

rimeter steam discharge line minimizes condensate accumulation in the pressure 
sensing line. Measurement of the absolute pressure in the calorimeter vessel 
is necessary to determine the latent heat of vaporizaton from the steam tables. 

Temperature Instrumentation and Control. Two resistance temperature 
detectors (RTOs) are included in the calorimeter system--one to measure the 
outer calorimeter vessel wall temperature and one to measure the temperature 
of the condensate discharged from the condenser. These temperature signals 
are transmitted to a strip chart recorder on the control panel and to the data 
logger. The calorimeter vessel "skin" temperature is provided to aid the 
operator during the heat-up phase of testing. The condensate temperature is 
necessary to assure adequate subcooling and to determine if the system has 
attained a steady-state condition; i.e., a constant, stable outlet temperature 
is an indication that a steady-state condition exists. The condenser cooling 
fan circuit was designed such that if the fan is not turned on, it would 
automatically come on if the condenser outlet temperature reaches -150°F. 
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Four thermocouples (TCs) are located near the calorimeter to measure hot 
bay ambient temperatures. These temperatures were recorded several times 
during each testing day to verify that the hot bay temperature was essentially 
constant. A constant or near constant hot bay temperature leads to the con­
clusion that the heat loss from the calorimeter is constant because this heat 
loss is directly proportional to the differential temperature between the 
boiling water and the hot bay. 

Electric Heater Control. Four electric immersion heaters were installed 
near the bottom of the calorimeter vessel •. All four immersion heaters provide 
a total of 22 kW and are used for initial heatup of the system. Two 8-kW 
heaters and one 3-kW heater are energized from individual 240-V single-phase 
breakers. The fourth electric heater has a 3-kW nominal rating and is used to 
stabilize the calorimeter system at boiling conditions prior to fuel immersion 
and to serve as a reference heater during decay heat generation rate measure­
ments. The variable power for the fourth heater is supplied from a precision 
dc power controller. The dc heater voltage and current are monitored by volt­
meters on the control panel and are recorded by the data acquisition system. 
The dc heater power is determined by measuring the voltage across the heater 
and by measuring 
with the heater. 
through both the 

the voltage across a precision shunt resistor placed in series 
With the shunt resistance and voltage, the current passing 

heater and shunt can be calculated. 

An interlock in the heater control circuit is provided to prevent ener­
gizing the heaters if the water level in the calorimeter vessel is below the 
LL limit. The heater control circuit also de-energizes the heaters if the 
calorimeter vessel water level falls below the SL limit, if there is no airflow 
through the condenser, or if the water level in the storage tank exceeds the 
safe low (SL2) level. 

Data Acquisition and Recording. A data scan is initiated on a data logger 
(Figure 17) by a high level in the condensate collection tube or by activating 
a push button switch. During a data scan, the following system parameters are 
recorded: 

• Collection tube weight 
• Collection tube water level 
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• dc electric heater power 
• dc electric heater voltage 
• dc electric heater amperage 
• Condenser outlet temperature 
• Calorimeter "skin" temperature 
• Calorimeter absolute pressure 
• Storage tank water level 
• Calorimeter water level 
• Start and stop times for collection c~cle 

• Date. 

Two multi-pen analog recorders mounted in the control panel (Figure 17) 
provide a continuous record of these test parameters: 

• Calorimeter vessel water level 
'. Calorimeter "skin" temperature 

• dc electric heater power 
• Condensate collection tube level 
• Condensate collection tube weight 
• Condenser outlet temperature. 

Analog indicating meters mounted on the control panel (Figure 17) 
continuously monitor the following parameters: 

• dc electric heater power 
• dc electric heater voltage 
• dc electric heater amperage 
• Storage tank level. 

A digital display of the following parameters is furnished on the control 
pane 1 : 

• Preselected data logger channel parameters 

• dc electric heater voltage 
• dc electric heater amperage 
• Condensate collection tube weight. 

Annunciator Panel. An annunciator panel (Figure 17) installed in the 
control panel provides the operator with an audible and visual indication of 
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the following system conditions: 
• Calorimeter high high level 
• Calorimeter operational high level 
• Calorimeter operational low level 
• Calorimeter safe low level 
• Calorimeter low low level 
• Collection tube high level 
• Collection tube low level 
• Condenser discharge high temperature 
• Storage tank operational low level . 

• Storage tank high high level 
• Calorimeter safe low level and condenser air flow by-pass 

• Calorimeter drain switch 
• Storage tank high fill level 
• Loss of condenser cooling air flow. 

4.2 EXPERIMENTAL PROCEDURE 

After the calorimeter system was installed in the EMAD hot bay, checked 
out, and calibrated, an acceptance test was performed. After adequate oper­
ating experience was achieved, the decay heat generation rate of a Turkey Point 
PWR spent fuel assembly was measured. The following sections briefly present 
the procedures used to conduct the testing and measurement efforts. 

4.2.1 Acceptance Test 

The purpose of the acceptance test was to verify the operability of the 
system, to check system accuracy, and to estimate the overall system heat loss. 
During acceptance testing, important operating parameters such as the time 
required for cold start-up, the time to reach equilibrium, and the effects of 
injecting cold water into the calorimeter during equilibrium were investigated. 
Safety considerations, such as determining the approximate amount of additional 

heat loss that can be expected if the calorimeter insulating cap is removed, 
were determined. 

The acceptance test was performed by bringing the water in the calorimeter 
vessel to boiling with power from the available heaters. The time to reach 
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boiling and attain equilibrium was recorded. The three ac heaters were turned 
off, and the dc heater was used to simulate the power generated by a spent 
fuel assembly. Nominal heater power settings of 0.9, 1.0, 1.5, 2.0, 2.5, and 
3.0 kW were selected and accurately measured. At each of these settings, 

condensate accumulation rates were measured with the calorimeter collection 
apparatus. The run at 1 kW was repeated three times to determine system 
repeatability. The calorimeter insulation cap was removed during one 3-kW run 
to determine the additional heat loss that can be expected. 

The data were used to check the accuracy of the calorimeter for measuring 

heat generation rates. This was achieved by utilizing the data from any two 
runs in the following relationships: 

qh 1 = qca 1,1 + qL 1 = m1hfg + qL 1 , , , 

qh 2 = qcal ,2 + qL 2 = m2hfg + qL,2 , , 

qh 1 - q = qc a 1,1 - qcal,2 + qL,1 - q = m1hfg - m2hfg + qL 1 - qL 2 , h,2 L,2 , , 

Assuming the hot bay ambient temperature and the temperature of the boiling 
water are constant, heat losses from the system during run #1 and run #2 are 
equal, therefore 

where 
qh--actual heat generated in the calorimeter by the heater for 

runs #1 and #2 

qcal--measured heat generation rate in the calorimeter using the 
mass accumulation collection system for runs #1 and #2 

~qcal--difference in heat generation rates for runs #1 and 

#2 measured with the calorimeter system 

~qh--difference in heat generation rate of the dc heater for 
runs #1 and #2 

. 
m1--mass accumulation rate for run #1 

m2--mass accumulation rate for run #2 

4.24 



• 

hfg--latent heat of vaporization for water at calorimeter pressure. 

In this manner, the difference in heat generation rates determined from mea­
suring the condensate accumulation rate could be checked against actual heat 
generation rate differences based on the heater settings. Results of the 
acceptance test are discussed in detail in section 5.0. 

4.2.2 Spent Fuel Assembly Heat Generation Measurement 

The procedure used to measure the decay heat generation rate of a Turkey 
Point PWR spent fuel assembly was as follows: 

1) The day prior to inserting the fuel assembly in the calorimeter, a 
reference run with the dc heater at -1 kW was performed using the 
procedure in section 4.2.1. Measurements using the collection tube 
apparatus, weigh scale, and head transmitter provided the initial 
mass accumulation rate, mi' Note that this mass accumulation rate 
resulted from the heat generated by the heater (qh) minus the heat 
loss (qL .) from the system. 

, 1 

2) The day the spent fuel assembly was inserted, the water in the calo­
rimeter was heated to boiling using the heaters. After boiling was 
established, the dc heater was set at the value that the reference 
run was performed at in step 1. 

3) The water level in the calorimeter was dropped to the SL setpoint, 
the insulation cap and temporary lid removed (Figures 18 and 19), 
and the fuel assembly was inserted in the calorimeter (Figure 20). 
The lid/support and the insulation cap were reinstalled, and the 
water level was increased to the OH level. 

4) Data runs were obtained by letting the collection tube fill and dump 
automatically. After approximately 4-1/2 hours, the condenser out­
let temperature was constant and four consecutive data runs had been 
obtained in which the times to accumulate fixed heads of water were 
constant within :1% of the average time. With the mass accumulated 
and the accumulation time, the final mass accumulation rate (mf ) 
was determined. Note that this mass accumulation rate resulted from 

4.25 



WALL-MOUNTED 
HANDLING SYSTEM 

i: 'I ,- ;:: 1 

(~!I .. -,..: .. 
• I 

FIGURE 18 . Remote Removal of the Insulation Cap 
(Courtesy Westinghouse AESD, Nevada) 

4.26 

.. 



• 
(~ 1 .. 

.. 

" 

" - ,.. - - I, 
, - WALL-MOUNTED .. • 

HANDLING SYSTEM ~~=~~=--l 

• 

... 

4.27 

rtl 
"'0 
rtl 
> 
OJ 

Z 

., 
0 
t/) 

w 
c::( 

OJ 
Ul 
~ 
0 

.s::::: 
OJ 
s::: 

'r-
of-} 

Ul 
OJ 
3: 

>, 
Ul 
OJ 

of-} 

~ 
~ 
0 

U 

"'0 
' r-
---l 

>, 
~ 
rtl 
~ 
0 
0-
E 
OJ 
~ 

4-
0 

rtl 
> 
0 
E 
OJ 

0:: 

OJ 
+l 
0 
E 
OJ 

0:: 

(j) 
..--i 

W 
0:: 
::> 
c.!l 
........ 
l...L. 



(. , 
I I 

~ 1-t. ~ 1 
CRANE __ ~ 

LEAD 
BSORPTION 

PLATE 

WALL-MOUNTED 
. HANDLING SYSTEM 

1\ II 
I 

INSULATION 

FIGURE 20. Remote Spent Fuel Assembly Insertion 
(Courtesy Westinghouse AESD, Nevada) 

4.28 



• 

• 

the heat generated by the assembly and lead liner (qSF) plus the heat 
generated by the heater (qh) minus the heat loss from the system (qL f). , 
The difference between the step 4 and step 2 mass accumul ati on rates 
(mr - mi ) was that resulting from the decay heat generated by the 
spent fuel assembly and lead liner as shown below: 

m.aqh - qL . 1 , 1 

mfaqSF + qh - qL,f 

mf - miaqSF + qH - qL f - (qh - qL i) , , 

The missing proportionality constant is the latent heat of 
vaporization and the heat generation rate of the spent fuel assembly 
was determined using the following expression assuming constant 
pressure (hfg ): 

qSF = (mf - mi)hfg + qL,f - qL,i 

Assuming the heat losses from the system were constant between the 
initial and final steps yields: 

5) The spent fuel assembly was removed from the calorimeter and another 
reference run was obtained the following day. 

4.2.3 Data Presentation 

Raw data obtained during acceptance testing and measurement of the decay 
heat generation rate of the Turkey Point spent fuel assembly are presented in 
Appendix B. A detailed discussion of the results obtained from analysis of 
the data is presented in section 5.0. 

4.2.4 Data Reduction Method 

The method used to reduce experimental data to engineering units is pre­
sented in Appendi xC. It is important to note that not all recorded data 
values were important to the data reduction process. Many data were obtained 
for operations and backup purposes only. 
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4.2.5 Data Accuracy 

An uncertainty analysis using Schenck's (1961) error and uncertainty 
method was performed to estimate important data accuracies. The method and 
analysis are presented and described in detail in Appendix D. Table 1 summa­
rizes the results of the uncertainty analysis. 

From Table 1 it is obvious that values obtained using head measurements 
have lower uncertainties than those using weight measurements. Lower uncer­
tainties are a result of more accurate differential head measurements during 
condensate accumulation. Uncertainties in 'weight measurements of the conden­
sate are higher because of uncertainties resulting from contact between the dip 
tube and collection tube, the resistance to scale platform movement caused by 
the collection tube alignment bearing, and the uneven loading on the scale 
platform caused by vibration from the collection tube solenoid drain valve 
during actuation. 

TABLE 1. Typical Uncertainty Values 

Uncertainty 
Parameter Nominal Value Value Percent 

AT 1.045 in. 2 :1:0.0039 in. 2 :1:0.4% 

P cal 13.8 psia :1:0.125 psia :1:1.0% 

At 525 sec :1:1.4 sec :1:0.27% 
hfg 974.8 Btu/lb :1:0.3 Btu/lb :1:0.03% 

qh 3 kW :1:0.03 kW :1:1.0% 
t.H 11 in. H2O :1:0.35 in. H2O :1:3.2% 
t.W 185 g :1:12.0 g :1:6.5% . 1.41 lb/hr :1:0.046 lb/hr :1:3.2% mH . 1.45 lb/hr :1:0.092 lb/hr :1:6.3% mW 

qcal,H 0.386 kW :1:0.013 kW :1:3.3% 

qcal,W 0.386 kW :1:0.026 kW :1:6.8% 

qL,H 0.596 kW :1:0.034 kW :1:5.6% 

qL,W 0.553 kW :1:0.040 kW :1:7.2% 

qSF H 1.55 kW :1:0.058 kW :1:3.7% , 
qSF,W 1.55 kW :1:0.091 kW :1:5.8% 
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The most significant uncertainty values presented in Table 1 are those of 
measurements of decay heat generation rates of the spent fuel assembly, i.e., 

qSF,H and qSF,W· Uncertainty values of :3.7% and :5.8% were estimated for 
measured assembly heat generation rates obtained with the head and weight 
methods, respectively. These uncertainty values are less than the :10% iden­
tified in the selection criteria discussed in section 3.1. 
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5.0 EXPERIMENTAL RESULTS AND DISCUSSION 

The results of the calorimeter system acceptance test and measurement of 
the decay heat generation rate of a Turkey Point PWR spent fuel assembly are 
presented in this section. The measured value of the heat generation rate of 
the fuel assembly is compared with predictions obtained with the ORIGEN2 com­
puter program (Croff 1980). 

5.1 ACCEPTANCE TEST 

The purpose of the acceptance test was to verify system operability, 

check accuracy, measure overall system heat losses, determine times for initial 
startup, estimate times to reach equilibrium after initiating boiling, and 
investigate the effects of injecting cold water into the bottom of the calo­
rimeter during equilibrium. The additional heat loss that can be expected if 
the calorimeter insulating cap is removed was also determined. These topics 

are discussed in detail in the following subsections. 

5.1.1 Comparison of Head and Weight Mass Accumulation Measurements 

The primary measurement obtained with the calorimeter system was the con­
densate mass accumulation rate. The mass accumulation rate was used to cal­
culate effective heat generation rates within the calorimeter using the 
equation 

Two methods of measuring mass accumulation rates were used to assure accurate, 
reliable results. The primary method utilized a pressure transducer and a 
precision tube to measure head (volume) accumulation over a period of time. 
The secondary, or back-up, method was the measurement of weight accumulation 
using a preclslon scale. These methods have been discussed in detail in sec­

tions 4.1.2 and 4.2.4. 

Figure 21 presents the ratios of weight-to-head mass accumulation rates. 

The mass accumulation rates obtained with the weigh scale are consistently -2% 
less than those obtained with the head measurement. Possible reasons for this 
slight disagreement other than instrument calibration uncertainties are: 
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FIGURE 21. Comparison of Mass Accumulation Rate Measurements Using 
the Head and the Weight Methods 

• The bubble tube used in the head method may have contacted the wall 
of the collection tube and caused resistance to movement of the 
scal e pl atform. 

• The vibration created by actuation of the collection tube drain 
valve may have caused eccentric loading of the tube on the scale 
platform. 

• Binding between the collection tube and alignment bearing may have 
resulted from tube movement caused by drain valve vibration. 

Agreement within 2% between measurements obtained with the two methods is 
considered satisfactory. Therefore, results from both head and weight mea­
surements are presented in sections that follow. 

5.1.2 System Heat Loss 

As previously discussed in section 4.2.1, the evaluation of system heat 
loss was important, especially if it was determined to be relatively stable 

and constant. The loss was determined by taking the difference between the 
accurately measured reference heater power and the effective heat generated in 

the calorimeter measured with the condensate collection apparatus; i.e., 
qL = qh - qcal' Figures 22 and 23 present heat loss data determined 
from individual condensate collection runs; i.e., collection tube fill-ups. 
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Heat loss values ranging from -0.56 to -0.66 kW were calculated from the 
mass accumulation rate data obtained with the head and weight methods. Fig­
ures 22 and 23 indicate that heat loss values at reference heater powers of 
1.5, 2.0, and 3.0 kW were slightly higher (-0.05 kW) than values at 1.0 and 
2.5 kW. Note that more data points were obtained near qh = 1 kW than at 
other heater power levels. Also, the scatter in data obtained near 1 kW was 
less than at other heater power levels. 

The averaged data of Figures 24 and 25 show the same trends as the indi­
vidual data points of Figures 22 and 23. linear curve fits of the averaged 
data indicate slightly higher (-0.05 kW) heat loss values at the higher heater 
powers. Slightly higher heat losses at higher heater powers appear reasonable 
because the heater element operated at a higher temperature, which increased 
conduction losses along the body of the heater. Mathematical averages of the 
averaged data resulted in constant system heat losses of 0.602 kW and 0.621 kW, 
using the head and weight measurements, respectively. 

During initial testing, it was believed that acceptable mass accumulation 
data were constituted by two consecutive condensate collection runs in which 
the times to collect a preselected head of condensate were within *1% of one 
another. As operating experience was gained and during the completion of ini­
tial runs at reference heater powers of 1.5, 2.0, 2.5, and 3.0 kW, it became 
obvious that two runs were not sufficient to assure that steady-state condi­
tions had been obtained. It was concluded that four consecutive runs with 
collection times agreeing within *1 to *1-1/2% of their average time were 
required to assure that steady-state conditions existed and to constitute an 
acceptable series of runs. Most of the data acquired at a heater power of 
-1 kW were obtained using this criterion. It is obvious from Figures 22 and 
23 that the scatter in the data at 1 kW is much less than at the other power 
levels. 

Data obtained at 1.5, 2.0, and 3.0 kW may be in slight error as a result of 
incorrect testing methods. Figures 22 through 25 indicate that the data at 
these three power levels were slightly high (-0.05 kW). It was preliminarily 
concluded that the heat loss from the system was essentially constant (-0.58 kW) 

5.4 



• 

• 

0.66 

0.64 

0.62 

::: 0.60 
.::.t. 

ICT~ 0.58 
I 

.s::::. 
10- 0.56 
" -' 10-

0.54 

0.52 

0.50 
*TWO DATA POINTS 

0.5 1.0 1.5 2.0 

qh' kW 

2.5 3.0 

FIGURE 24. Average System Heat Losses Determined from Head Measurements 

0.69 

0.67 

::: 0.65 .::.t. 

13 0.63 leT 
I 
.s::::. 

leT 0.61 \I 

I~ 

0.59 

0.57 

0.55 

*TWO DATA POINTS 

0.5 1.0 1.5 2.0 

qh. kW 

2.5 3.0 

FIGURE 25. Average System Heat Losses Determined from Weight Measurements 

5.5 



at all power levels. This preliminary conclusion is partly confirmed by the 
hot bay ambient temperature history presented in Figure 26. As indicated, the 
temperature was essentially constant throughout a typical testing day. Because 
the temperature of the boiling water in the calorimeter was also constant, the 
difference between the water and ambient temperatures was constant. Therefore, 
the heat loss from the calorimeter system should have been constant. 
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FIGURE 26. Typical Hot Bay Ambient Temperature History During a Testing Day. 

The opportunity to repeat some of the heat loss runs did not present 
itself during acceptance testing. Therefore, if better calorimeter measure­
ments accuracies are desired in the future, it is recommended that the data 
runs in Figures 22 and 23 be repeated to verify that the heat loss is constant. 

5.1.3 Evaluation of Accuracy 

An indication of the accuracy of the calorimeter system was evaluated by 
comparing differential calorimeter heat generation rate measurements with dif­
ferential reference heater power levels. Table 2 and Figures 27 and 28 pre­
sent the results of such a comparison. 

Figure 27 presents differential heat generation values using the averaged 
data obtained in runs 37 and 38 as a reference value (qh = 0.990 kW). As 
shown, the measurements obtained with the calorimeter at differential heat 
generation rates of 1 kW and above compare within -4% of the corresponding 
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TABLE 2. Comparison of Differential Calorimeter Heat Generation Rate 
Measurements With Differential Heater Power Levels 

.Run Numbers(a) Aq'h kW Aq'cal kW 

(5,6) - (37,38) 2.500 - 0.990 = 1.510 1.888 - 0.411"= 1.477 
1.925 - 0.415 = 1.510 

(7,8,9) - (37,38) 2.011 - 0.990 = 1.021 1.391 - 0.411 = 0.980 
1.415 - 0.415 = 1.000 

(12,13,14) - (37,38) 3.000 - 0.990 = 2.010 2.357 - 0.411 = 1.946 
2.374 - 0.415 = 1.959 

(18,19,20,21) - 1.493 - 0.990 = 0.503 0.848 - 0.411 = 0.437 
(37,38) 0.860 - 0.415 = 0.445 

( 37,38) - (28, 0.990 - 0.893 = 0.097 0.411 - 0.319 = 0.092 
29,30) 0.415 - 0.325 = 0.090 

(24,25,26,27) - 0.987 - 0.893 = 0.094 0.397 - 0.319 = 0.078 
(28,29,30) 0.404 - 0.325 = 0.079 

(CI,C2) - (28,29,30) 0.989 - 0.893 = 0.096 0.399 - 0.319 = 0.080 
0.413 - 0.325 = 0.088 

( 5, 6) - (7,8, 9) 2.500 - 2.011 = 0.489 1.888 - 1.391 = 0.497 
1.925 - 1.415 = 0.510 

(12,13,14) - 3.000 - 2.011 = 0.989 2.357 - 1.391 = 0.966 
(7,8,9) 2.374 - 1.415 = 0.959 

(a) See Appendix B for data associated with individual run numbers. 
(b) (W) Weight Measurements, (H) Head Measurements 

Aqcal/Aqh 

0.978 (W) (b) 

1.000 (H) (b) 

0.960 (w) 
0.979 (H) 

0.968 (W) 
0.975 (H) 

0.869 (w) 
0.885 (H) 

0.948 (w) 
0.928 (H) 

0.830 (W) 
0.840 (H) 

0.833 (w) 
0.917 (H) 

1.016 (W) 
1.043 (H) 

0.977 (W) 
0.970 (H) 

accurately measured heater power differentials. This compares favorably with 
the uncertainty estimates determined in section 4.2.5. At a differential power 
of -0.5 kW (6qh = 1.493 - 0.990 kW), the comparison falls outside the desired 
design criteria of ~10%. However, it should be noted that this differential 
involves the runs at 1.5 kW, which are thought to be in slight error. Compari­
sons at a low differential power level of 0.1 kW fell both inside and outside 
the desired accuracy range. 

The credibility of the 1.5-kW runs can be further investigated by taking 
the difference between other runs to obtain a differential power of 0.5 kW. 
Figure 28 presents differential heat generation rates using the average of 
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Runs 7 through 9 (qh = 2.0 kW) as a reference run. The comparison at 6qh = 
0.5 kW (2.5-2.0 kW) between the heater and calorimeter differential heat gen­

eration rates are within 5%. This result is reasonable confirmation that the 
1.5-kW run is slightly in error. Note that at 6qh = 1 kW (3.0 - 2.0 kW), the 
ratios of 6Qcal/6Qh are essentially the same as those in Figure 27 using 
Qh = 1 kW as a reference. 

5.1.4 Calorimeter Sensitivity 

Three sets of data were obtained near qh - 1 kW. Figures 29 and 30 
present mass accumulation rates and corresponding calorimeter heat generation 
rate measurements at heater powers of 0.987, 0.989, and 0.990 kW. These data 
show that the calorimeter system was sensitive to a change of 0.001 kW (1 watt) 
in heater power. However, the data in Figure 30 indicate that the calorimeter 
is not accurate to 1 watt because the differences in calorimeter heat genera­
tion rate measurements do not equal corresponding heater power differentials. 
Therefore, it cannot be concluded that the calorimeter has an accuracy of 
1 watt. Discussions of accuracy were presented in the previous section and in 
section 4.2.5. 

5.1.5 General Observations 

During operation of the calorimeter system, the following observations 
were made: 

• Approximately 4 to 5 hours were required to heat the water in the calo­
rimeter from a cold condition (-65°F) to boiling. 

• Approximately 3 to 6 hours were required to attain steady-state con­
ditions after boiling was initiated. 

• Once steady-state conditions existed, the addition of 4 or 5 gallons 
of cold water to the calorimeter required 1 to 2 hours to reestablish 
steady-state conditions . 

• The difference in system heat losses with and without the insulation 
cap installed on the calorimeter vessel was -0.23 kW (0.85 - 0.62 kW) 

at a reference heater power of 3 kW. 
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• Even though the system was designed for 3 or 4 kW, it has the poten­
tial to permit heat generation measurements in the 12- to 14-kW 
range. This was demonstrated by collecting condensate at -14 kW 
without overloading the condenser/fan unit. 

5.1.6 Recommended Criteria for Acceptable Mass Accumulation Data 

The most important result of the acceptance test was the experience gained 
in operating the calorimeter system and determining what constituted acceptable 
condensate accumulation runs. It is recommended that the following procedure 
be used to attain boiling and assure that -reliable, accurate mass accumulation 
data are obtained: 

• When approaching boiling with 22 kW of heater power, the power 
should be reduced to 11 to 14 kW when the calorimeter vessel skin 
temperature (TE-2) reaches 84 or 85°C. This will minimize the 
chance of overloading the condenser or overflowing the steam and 
sight glass discharge lines. 

• When boiling is initiated, the reference dc heater should be set at 
the desired power and the total heater power should be reduced to 4 
to 8kW. This power level should be maintained for 30 min to 1 hour. 
This will permit the system temperatures to attain steady-state 
values. 

• The necessary ac heaters should be turned off, and the history of 
the condenser outlet temperature should be similar to that shown in 
Figure 31. The temperature should decay down to a steady-state 
value. If the temperature decays below the steady-state value and 
begins to increase, 3 to 8 kW of power from the ac heaters should be 
applied to the system for a short period of time (15 to 30 min). 
The ac heaters should be turned off and the condenser outlet tem­
perature should decay similar to that shown in Figure 31. This pro­
cedure should be repeated until Figure 31 is approximated. Note, 
this procedure reduces the time required to attain a steady-state 
condition and makes it relatively easy to recognize that a steady­
state condition has been reached. 
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FIGURE 31. Desired Condenser Outlet Temperature History During 
Approach to a Steady-State Condition 

• Once steady-state conditions exist, the power being generated by the 

dc reference heater should be checked for correctness. Four con­
secutive full-length collection tube runs should be obtained. The 
times to collect a specific head (weight) of condensate in the tube 

should compare within :t1 to :t1-1/2 % of their average time. 

5.2 SPENT FUEL ASSEMBLY HEAT GENERATION RATE MEASUREMENT 

The decay heat generation rate of a Turkey Point PWR spent fuel assembly 
(10 #0-34) was measured with the calorimeter system. The day prior to perform­
ing calorimetry on the spent fuel assembly, a reference run with the dc heater 
generating 0.989 kW was performed (Runs Cl and C2 of Appendix B). Prior to 
inserting the fuel assembly in the calorimeter, the calorimeter water was 
brought to boiling and the reference heater was reset at 0.989 kW. The as­
sembly was immersed in the calorimeter vessel, and approximately 4-1/2 hours 
were required to establish steady-state conditions and obtain acceptable mass 
accumulation rate data. 

Results of the four data runs are presented in Table 3. The data reduction 
method discussed in section 4.2.4 was used to determine spent fuel assembly 
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decay heat generation values from measured mass accumulation rates. Heat losses 
from the system were assumed to be constant at any heat generation rate. Results 
from measurements obtained with both the head and weight methods indicate the 
Turkey Point PWR spent fuel assembly was generating 1.55 kW. Three different 
sets of reference runs obtained on different days were used to determine the fuel 
assembly decay heat generation rate. The three sets of data permitted an evalu­
ation of uncertainties introduced by reference runs. A comparison of the average 
heat generation values in Table 3 indicates repeatability of ±1% is possible as 
long as the hot bay ambient temperature is reasonably constant (±2°F). Data of 
individual runs used to obtain average heat generation rates indicate a scatter 

of -:~~, which is within the uncertainty values estimated in section 4.2.5. 

An initial prediction of the decay heat generation rate of spent fuel 
assembly 0-34 was performed by HEDL, using the ORIGEN computer program (Cross, 
Haese and Gove 1976). A value of 1.77 kW was predicted which agrees within 
14% of the measured value of 1.55 kW. A subsequent prediction using the 
ORIGEN2 code, the latest version of the ORIGEN code (Croff 1980), resulted in 
a prediction of 1.64 kW, which compares within 5.8% of the measured value • 
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TABLE 3. Spent Fuel Assembley (0-34) Measured Heat Generation Rate 

Reference 
Run Run 

qD-34 W' kW qD-34 W' kW qD-34 W kW qD-34 H,kW Number Date Number Date • , , , , 
C3 4/01/80 24 - 27 3/25/80 1. 543 1. 547 

C4 24 - 27 

J 

1. 584 1.590 
1. 553 1.560 • 

C5 24 - 27 1. 543 1. 552 

C6 24 - 27 1. 541 1. 552 

C3 Cl & C2 3/31/80 1. 541 1.539 

C4 C1 & C2 

J 

1. 583 1. 581 

C5 Cl & C2 1. 541 1. 551 1. 544 1. 552 

C6 C1 & C2 1. 539 1. 544 

C3 37 & 38 4/02/80 1.529 1.536 

C4 37 & 38 

1 
1.571 1. 579 

C5 37 & 38 1. 530 1. 540 1. 541 1. 549 

C6 37 & 38 1. 530 1. 541 

.. 
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ilTY"'N ,/)ESC-ZIPT/ON 

x INSULriTION SC/(EDULE ,FOR V£SS'£L 

,., .... ". "_,,,." ~ ...... ,,....-.," r ....--.,.., ,.., .... ".-" 
" .. 0'-"'1.-,....,'.1../,..., ~ .... NI.I,./Vl- ... r""I"f- ........... ri:-i_ 

- -------~-------J1A __ Z,3 13LOCA: INS'UUITION 3~ ,-/8_'_I.t_L_, _S_E_C_SECT_·/} __ -A_'+-_S_EE_'-iVr-0_TC __ '_2 __ 1 

M Z 1- BLOCK II-ISUL/I ;'101-1 ,'30;,,18' 3, SEE S£cT ·!3-13'~ 
r--t---+-t------------ - - -- -c---+------I 

3 3" PIFE mSiI!.4TIOI-I ZOIDxZTflK.xo3G"Lo/./& 
-

/ ~ pipe INSOL,qTlON Z{}/OKZTflKx3~"LOJ,/G(SE£/'/OTE/ 
----~----~----~ 

/ 7 PI!'E INSULATION 20/0 x 2 lJlK'3r;'LoN';;(SU Nt!?E;\~ 

A 

SEt'. DETAIL II FOR. 
15 FUiTNESS TOLER.AHCE ~ 

FIELD PROVIDE miN 
,oIA HOL£S FOIZ Piper 
PENETRATIONS 

rYf? FOR Z )1~" II 

£-J¢ x8'·LON~ THR.E/10EORO[) ----~ 
ON'E,W£LOToTopo/,-INN£lZ \ --- -

~TYPrOR2 
8~ 

/ 8 ,"!fJE/NS'ULIITIO,v20ID>2TJ,lK'3.3i·L(jN~ -!­
t---t-_,_'-+-_9-+-_I'_I_P_E_/N_'S'ULATION 21.fl) j( 3 THI<' 3~' ~-- -T---+---~ 

8 IZ HELD PROVIDE /I1IN 
DM HOLES FOR PIPe 
PENET£ATIONS- SEE 
OET,qILll FOR. FLATNESf 
TOLE,eANcE Or PNI2 

/NStiLA TlON S(!JI£OtlLE 
FOR. (!OVeR ctfN[) 
rARJR.IC'ATION 

SLEEVE 1 ,P7"lS"S THI<U 7/;~OI/l- IIJi.1 I 

/1{ INsuUlT/uN $ OUTER. COVEt<. ,r 1--l 
II SCCU/lCD TO CO VEl'- wi SST r1 \ - ' 
NUT II Wi/tilE!!. 2f \ _ -O~: ' 

*. TOLeR-ANCE~' /lLL.LJW I \ ~ 
1"01< CEMEI-IT./OINTS i (/iII/li'l, r;;-. 11 ®rtJ 2/ 

/!NO 11 11$ ,r- // / 
I / ,- • / 

/ /t! PIPEINS'LltA7JON 24-IDX3TJlK'_%'Li1,<J.;(rUN01~ 
----

/ PIPE I/,/S'{/LATION 2410)(3 THK, 3fi,·LON<; (N£ AlOrE) 
~-+--+--r------ --

/ 12 PIPE INSIlUITIO,<;Z;l19x3TJlK x 31-'LONq-
t--

5" 13 PIPe //./S{/LATlO/'/ 30 10K 3jTIII:: '.3(' 'LON" 
~~ -+--r-----------------~------
i I I 11 PIPE I/ySIlUITION 30 IDx3p' 1111<"- 1£/ LoN". 

---

l3eTW£EN PN'I{ i kl" 11, ~,').::/!):_V/ 

j / // //:, // ./~ 
T -I --- .A ///~ / I I:; PIPEINs{JLA;r;oNjolox3jrH1u l<a"iONti(SEF/./OTE) I----

! ~ \ ") I " H // II, '{'i" ~~/ /( ! 2 Ip 8LOCI</IlSULATION i0'O':;x,3THK ---+----+-------1 

I 
ji:ZJ~;-3 A\/! 1,/)\r~1 \~)l/,~ ~/X'\\' \;:'~//r!5THk'" ~/---,~: 13LOCJ<:INJ't/L4TIONI&'Ooxajio x 3Tk'K. 

\ \ 
\ ':-7 /~ ., ,,/ /"1,0£ IIYSt/u,TIOH 1& 10 x 37111<xi.'-j'LOIYti-(VERlFi') 

2/1.:!J 1\ ' " '\, ~ \ .i. t-/+-f-1-9+-A-~-p-e-/'-N.-'S'-t/-L-.4--r.-Z-1J'-V-Z-2--IO-x-B-"-"lt.-'K-J<.-/-!i:::'i'-'L-a«.--~-{r.-~--,e-If'-y'':~--+---+------I 
z 1\\ "'l,,\\~ I! lL ~ ~8t:?'::'~rX~~'':,AcE''r, f--+--+'--t----------,------;----'----'---:+----jl-----I 
I 

\ ,,~I; -; ~ N"'M,..~VO'C,'~, I 20 PIPEINSt/LATIONZ8/0x zjTJlK x20iLIJI.I4{SEe{)£TI) 
+.1. II', f~1r't. ",~ , 4-f'J.OIOxCJLON4->< -----;------'----t--t-----I 

I 5_% lI< II, I(~v III ~ i ;J THkll I 21 PIPe //VStlU/TION 3310',# TJlI<.2oi ·LolIG-{UEIJEU) 
• ' t-la 8 . 30' -- -.-.1 C'ONE Z'LON4 f--+--f--+---- --=----'------+-------------1 

c 

--'-- f "'=!.9 FABRIC-ATE FROM 
J. J U rlll/bl' ,e,NG ~ I ~ THI< /l. r-+--+--r------------------------------------+-----------I __ 

IJb. P-'- ..1------------40 NOMDIA ~ 
:fTHK NEOPRENe :J 
ATTIICJI To INS{/LI/TIOII DETAIL I 

l\ WI/?TV SILICONe 11"1 

MATL: 300 S£RIES SST£f/.C'ePT 

& 
(!OT 0tI T 3 I'leC'ES, 

3/ OI?/eI¥'T ./OINT /IS 
S/IOWII 

Li.Jf.,./~ 4-A LINEIlS, TAC/( 
wet.D ATC'ORJ,/ER.9 ~ 
TIlC/< WeLD TO CONe 

Ag NOTeD 
)(0[£ SEE ~£NER4L N~T£ 4- . 

'TOL£RANCH Ii ,1/A//.er-NIJTe~ ---Jd.-- ____ I 
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GENERAL NOTES 
j, D/mENS/ONS' /IN/J TOLcRT/NCeS TO &/3 IN AC'C'O'(IJANC€ 

WITH /INSI yN--5,1973-

Z' !SLOCK INSULI"I T/ON /lND PIPE IA/suL >'IT/ON Sc~/>'7EHT9 TO 
10£ SILICA LI/I1E WITH REINFORCING rl&EIU' TIS' mAuo­
rAcTuR£D /iJy ,/oHf,/S-m,</,vvILLe • THE£/rJo-12" TYPE, 

.3. TII£ AKIIIL BOTT JCJINrs (lETWEcX! SLlC'C'ESS/Vc LAyeRS OF ,olpc 
IN,'IILATION SHALL 8E STA"~EIZC.o;'/ /I1IN//I1l/M OF/~/Nt'l.'c~, 

4,TH£ I/./SULATION PARTS OF THE REII70Vll&LE3 COVel? (f'IV'ltO TItRO 
1:\ 21) ShlALL (1£ /.30NOEO INTO ONE H0l>7061NEOM AS.N!'m;uy 

®WITH tJ04D£N ",.e.A130L 'JI~(i!Nq (!emelJT-
DIIYIE,vS/ONE30 TOLE3.eANC'G P,eoVI,oES FOR ~ /I1/IK THK FOR. 
EACH CE/>1eN TEO JOINT IiJE TWeEN Pt(' /~ >'INO Ii'. 
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NOTe SEE NOTE 5 
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J !JIA 13 HOLES 01-1 ~ 
~",,-ll3c STRIWDLiNq. 
O' ,:JAT{.//11 £(iJtJ/luy SPliCED 

iff!I¢030 @j 

6 

T 

7 I 8 

/'" 1J71l1-l/PVl/l TQ.e !#IN OLE, SliE 
. PI-I 3 TH/~ DW", /'t/ay 

THREIIOU) 0.<110 STU,o 

HEK NUT r- 8UN-213 /{E4-ClLAR. Ii STEEL, JI1M AGI1I~ST PN3 ~ 
r-8(/N-2A JI 2- 0 -I -$- OI<ILL .18,- .I9fZ DI/t !lOte TIIJ.W 
THIUAO LE~/,"'II NOT AJ.lO ;- OII1I<OD /IT /t:tScMIJLY 
I' <-/, ~ FOR. ROLLP/N ES NA'" 59-040-11'17-

! ~ /7S0 ..... t</UT To I3E PillA/TEL) 
FLUOReSCENT RED ~~ OI</lNGE 

r-- -r-- I--EEE,~ 
3~!i 1_ _ [J /-1 'DIA ROO x 5$ LOI-l4-

T .- --..L--_-lc.,.I-+f..Y-( IJ..I.oI5 IA! 
~-c==-_--.. --------~;+7I---------------, 

2 

Lf-l"\~NeL.O c'-32 

~ 
VT-tPT 

C'ALtJIUIl7GTER.. LIFTING- F/,K.TU/l.£ 

I!l.4TL.' .Boo StEl<IES .tST E~Cepr 
AS NOTeD 

NOT£ S"~£ NOTe 5 ;4NO ~ 

9 

f, /11# I' S'fI:7T FIICE , 
t 

c::>;(- ·,1, ",' I~"i ' ! ~ (!HECKEO MIl. 'AS' 8C/ILT' , 

10 I II 

3 IJ7f1NIP{)LflTO/2 !I/lNDLE 
IJ7.4TL: {'I'll< !.JON STEEL 

GENERAL NOTES 
/. TOLERANC'£S: DEc/mAL :1.005, F/UICT/ONAL :t j2, 

/lAlGCJL,I//Z. :fl", UNLESS OTN£/Z.W/S'c NOTt=D. 

2. Dlm£NSIONS /lND TOLERANCES ARE IN /I('C'ORlh4Nc£ 
WIT/-{ AIVSI YI4':5, 1,/73· 

1251 
.'J. /ILL 1194('111/'-1£0 $(/RF.4C6' 70 e£ v O,tl aETTER. 

SU£F/lt£ TE~T(//l.£, {/NL£SS OTJIC,e /IV/se NOTElJ, 
S/lIiLL AlE 1,<.1 /l-COCORO/lVCE WITH ANSI Y/4·36, 1,/;78· 

4- /2EliJQVE ALL /3(//l.;<S /l41D SII.,,;q ElJCrC'S. 

S PRov/Oc -$ -IIJ(/NC-2A " Z L.ONe, a I(E K "CAO ('III" S'('J!.GWS 
ASTM A 325. II/Ese C'/I/' SCREWS TO BE (/SEP WITN 
PN 2 WHEN IT IS' (/SED AS' A LIFTIN6 FIKTv,tZE. 

(,. /W 2 IYJlly AL.rO t3~ U5£0 AS' /I <'/lLoIZIMeTER. COVE/l. 
Dt//l.IN'6- CALO,tlM7ET£R 1(£/1T(/P 1"/(10/2. TO IN.rG,tlTION 
o/' SPeNT FUeL. IN' THIS" t:"A.U! A LATC"INti S/'IPEt;! 
PN 1 ON S/<-/-1~Z4 WITH THIZ(/S'7'IJE/lI!./Nt'r /,NL3 
ON s/<'/-7'''20 SHOt/L 0;3£ /N9T/lLL.£0. 

WElDING FABRICATION REQUIREMENTS 

A WHDIIiG STUDARO[Sj LJ HP5o-220-' Cl KPS-2JO-W 0 "'5-240-W 

B WHO PROCESS U GTAW 0 SIUW 0 OPTIONAL 
C PROCEDURE SPEC LJ A5ME SEC IX U AWS 01 I D "PS-UO~W 

o PERfORMAIIC[CERT DAS.ESEC II r~AWSDI.I D"PS~210~1 
£ IUTUIAL SP[C 0 ASIIE SEC II ~ AIS .n.X-(XI ~ "'5-235-' 

F visuaL I,TI D "'5-22D-W l-~ "'S-nO-1 ~ "'5-240-' 
Ii PENETRANT IPll D ASI( SEC III 0 .uIllE S[c, V 0 .I.5111[ SEC. YIII 

II MA'NETIC PARl. 'IiiTI 0 ASME SEC. III 0 15111( SEC. 'I CJ ASIII[ SEC. VIII 

J ULTIASONIC IUTI Cl "SIII£ SEC. V [ I ASII1E src VIII LJ A'S Dll 

K UDIOUAPIIIC IITI D ASIllE SEC III [::J ASlr SEC. V 0 ASMr SEC YIII 
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SCHEDULE : 
Dt?AWING VO I TI T L E 

-$;":::'1(':':. !:.:.-:.:.7.:.:.r./~19::.......:..:::-f+--c;-'7-.II1-./!1-/1-4-f}-S-O-.e-P-'T.,:../!.O~V~R~/N~~~C ---------~--~ __ . ____ _ 

DRAWING 

I-~J21(_'-/.:..-'_1 ... "'":'20'__ _ _ ...S!'UlP'/I'Il£7cJ2 flSSE/'IJ!UX. ' 

I-.:::SK::.-,.:I..:-7C''''::..:2::-./ ____ '~f1,P~R£ ST!!OO'UJU -. --------------- ---I 
SK-/ 7(,22 ('/IiOR/METER VESSEL 

SKrl'~~'_V ... E$~S~E~L~C~O~~~c~R~A~H~D~D~~~·~i4~/~L~S~ ______________________ 1 

r-_S~K_.f_-t...l'~2::..:5~ ___ t~S~T~o~R~A'-~~c ... -~TA~~~/K~~~E~'~D~M~.~~~~~/~T ___________________________ I 

s,;:,-/-?.,:z., 11JISCEiU1N€OUS DcT/'IILS __ I 

--.lK-/- ?~7 (,ALORlhle: TEl< IIVj"{/LI1 T ION SCIIEDUt.C ________ --1I, 
5K-I-U,28 _ f-'L~/~F_'r,~7f..1=t.;'_'f',,,lorK"J.T:.':U,,I<".:E.:::S:.... _____________________ _ 

SK-/-l~2j eh1I'1IJ k£y PI./IN RNO 1!l8TM d Ed/! f'AN6t.. t..AyOUT 

SKI- N~2 IN9'T~(J/YIENTfiTIO/o/ /'o'I-NBL WIR.IN& UI youT I 
SK-" 11141 //../YTIl I £L£cTR./C'Af. IJt:INCL /&/Ii!K.G,ENliRIILV1EWf,PII'INr- SCH~/I{IIT/e 

A~\--::-31(:...:./~-7::.::'-,:4?'::---\-=C.!.:f>II7~C::,fI:.:.:~~'I<.T~ ______ _ 
SK-I-7M? h!/SI: SUIMUIfIl7~I-JES 

S/<·/-?H-8 COJ./}ENS'II-r£ COLt..EeTIoN tlllHStI.Il.INt; 1YSTEM 

SI<-/-1MJ2 COII/I)£;";.!/?!' T{/~c WeUJMEI-IT 

SI(-/- ;r'5~ C'~N/)IONSEIZ. r?SSE/J7/SLY ¥ $/NIZ(JO<) OCTPILS 

3K-I- ",5'1 CDIoI/)I!N'/cR Pt9-N !1II.rT/JU,liTto/o../ 

T 2 I 3 

4 I 5 I 6 I 8 

ANNUNCIATOR NAME PLATE LEGEND 

I - C~LO/ijfYIcTcR. Lc=V&L 
HIHI 

2 - C'ALO/l.lM&TE/i? t...6Vt3L 
OPNL HI 

.3 - CIUO/UfYltfTE/Z LEiVEL 
OPNL LQ 

4- - C'At.OR.lII!ETER. L£ VEL 
SliFE LO-I 

5- C'ALORlhlcTER. LeVEL 
L.O LCJ 

~- ("OLLEieTiON TU/3E 
HI LEVEL 

7- COLLECT/OIVTt.JeE 
LD LEVEL 

8 - C'ONOt:NSPTE 
III TEMP 

9 - oS'TOA4;;,.c FAA/V. 
ot.. LGVCL 

10 - .JTQ/l./fCcc. TANK., 
OH LEVeL 

II - STOllAtiE T,liNK. 
HIIIIL€yeL 

12 - SAff Lo LEveL AUD } 
AIR. FLOIN I3YPASSED /(EO 

13 - "AL()/l.lhI~Tt:.,e .oRA/AI} 
SWITCH ON /lEO 

14- Sr()IlA~c TANK 
AA HI U;VCL. FIL.L 
I~- LOSS Or ("ONoEN~ER 

CaOUN" AI.€. 
I~- SPARE ,;@! '\ 

r---/-+-----L- I 'I~--- -

~'" . ~v - -~ II ~;..IClN('/ATOJZ I TEST 

1 q J ,f" 1 I Z .3 4 IQ] 
1 ~ ~ . q I I S" 7' 8 A(,K 
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-itt I 12 ' 
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Alfn ToBEIl/!.'LOC4TED INS/OEOI'CEf.L W~L..f. A3Y EMAD 

GENERAL NOTES 

/. .JEE ORAWI,A.I~ SK-I- "",flo FoR. INS TR(/h!tBv T 
/OcNTIFICPTtON S'Yh1IJOLS IlNO 1l8I3RcVtATIONS. 
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u.s. ENERGY RESEARCH AND _ 
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EXPERIMENTAL RUN SUMMARY 

The following table presents a summary of the important experimental runs 
completed during acceptance testing and calorimetry of spent fuel assemblies. 

Run # 
5 and 6 
7, 8, and 9 
12, 13, and 14 
18, 19, 20, and 
24, 25, 26, and 

28, 29, and 30 
33 and 34 

37 and 38 

Cl and C2 

TABLE B.1. Experimental Run Summary 

Heater Power, kW 
-2.5 
-2.0 
-3.0 

21 -1.5 
27 -1. 0 

-0.9 
-3.0 

-1.0 

-1. 0 

Object ive 

Measure qcal 
Measure qcal 
Meas ure q ca 1 

Meas ure q ca 1 

Measure qcal and ref­
erence run for spent 
fuel assembly 0-34 

Measure qcal 
Measure qcal with 
no insulation cap 

C3, C4, C5, and C6 -1.0 

Measure qcal and ref­
erence run for spent 
fuel assembly 0-34 
Reference run for spent 
fuel assembly 0-34 
Measure qSF of spent 
fuel assembly 0-34 

B.1 



DATA LOGGER CHANNEL NOMENCLATURE 

The following table presents the data logger channel nomenclature and 
units required to reduce the raw data presented in the following section to 

engineering units. 

TABLE B.2. Data Logger Channel Nomenclature 

Channel Parameter Units 

0 Condensate Weight g 

1 Collection Tube Head in. H20 CJ 68°F 

2 Reference Heater Power kW 
3 Reference Heater Voltage vo lts/24 .615 
4 Reference Heater Current amps/4.808 
5 Condenser Outlet Temp °c 

6 Calorimeter "Skin" Temp °c 

7 Calorimeter II Dome II Pressure psia/0.25 

8 & 9 Storage Tank Water Level inches/0.22 
10, 11, & 12 Calorimeter Water Level inches/2.16 

13 Condensate plus Tare Weight g/50 
14 & 15 Storage Tank Water Level inches/0.22 

16 & 17 Calorimeter Water Level inches/2.16 
18 & 19 Data Run Initiate and Reset 

RAW DATA PRINTOUTS 

The following pages present data obtained with the data logger throughout 
testing. 
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DATA REDUCTION METHOD 

The following sections present the method used in the data reduction pro­
cess. The parameter of primary interest was the determination of the heat 
generation rate of the spent fuel assembly • 

CALORIMETER PRESSURE 

The pressure at the top of the calorimeter, i.e., in the "dome" above the 
water level, was printed out in Channel 7 ,by the data logger. Refer to Appen­

dix B for raw data nomenclature and printouts. The unit of the Channel 7 

printout was percent of full scale. The absolute pressure transducer used to 
measure "domel! pressure had a full-scale range of 25 psia. Therefore, pres­

sure was computed as follows: 

Peal = (Chan 7 Reading/IOO) . 25 psia 

LATENT HEAT OF VAPORIZATION 

The latent heat of vaporization, hfg Btu/1b, was obtained from the steam 

tables at Peal psia. 

MASS ACCUMULATION RATE 

(C-I) 

Two methods were used to obtain mass accumulation rates. The primary 
method was measurement of the head accumulation rate in a precision collection 
tube with a differential pressure transmitter. The secondary or backup method 
was direct measurement of the wieght of condensate accumulated. The equations 
required to calculate mass accumulation rates using these two methods are pre­
sented in the following sections. 

Head Accumulation Measurement 

The time to accumulate a selected amount of condensate in the collection 
apparatus was determined by subtracting the time of the initial data scan 

(empty collection tube) from the time of the final data scan (full or partial­

ly full tube), i.e., ~t = (tf - t i ) sec. The times are shown on the print­

outs in Appendix B. 

C.I 



The differential head of condensate collected during the accumulation 
time, 6t, was determined by differencing the final (Hf) and initial (Hi) 

heads (Channell) as shown below: 

(C-2) 

The differential pressure transducer indicated head at standard conditions 68°F. 

where 

The mass accumulation rate was obtained using the following equation: 

(C-3) 

KH is a constant used to convert standard in. H20 to psi and seconds 
to hours: i.e., KH = (0.0361 psi/in. H20)(3600 sec/hr) = 

129.96 psi-sec/in. H20-hr 

AT is the area of the collection tube containing condensate, which is 
equal to the internal area of the collection tube, 1.094 in. 2, minus 
the outer area of the IIbubble ll or IIdip" tube, which extends into the 

collection tube, 0.049 in. 2: AT = 1.094 - 0.049 = 1.045 in. 2 

The equation reduces to 

mH = (135.81 6H/6t)lb/hr (C-4) 

Weight Accumulation Measurement 

The collection time for the weight accumulation measurement was obtained 
in the same manner as that previously discussed for the head accumulation 
measurement. The weight accumulated was determined by differencing the final 

weight accumulated (Wf ) and the initial tare weight (Wi) printed out in 
Channel 0, and correcting for the buoyancy force created by the air-filled dip 

tube (WB = PcAOT6H) 

(C-5) 

C.2 

.... 



• 

• 

(C-6) 

where 

KW is a constant used to convert grams to pounds and seconds to hours; 

i.e., KW = (3600 sec/hr)(454 g/lb) ~ 7.929 g-sec/(lb hr) 

The equation reduces to 

mw = (7.929 6W/6t)lb/hr (C-8) 

CALORIMETER HEAT GENERATION MEASUREMENT 

Heat generated in the calorimeter that produced boiling was determined 
using the mass accumulation rates measured with the differential head trans­

mitter (mH) and the weigh scales (ffiw). Note that the calorimeter heat 
generation measurement was the total heat generated in the calorimeter minus 

heat losses, i.e., qcal = (qtot - qL)kW. Equations used to determine 
calorimeter heat generation measurements from the two mass accumulation rate 
methods were 

(C-9) 

(C-10) 

CALORIMETER HEAT LOSSES 

Heat losses from the calorimeter were determined by accurately measuring 
power to the reference dc heater and subtracting these values from the heat 
generation rates measured with the calorimeter. The equations used to calcu­
late heat losses using the two mass accumulation rate measurement methods were 

where qh is the accurately measured reference heater power (Chan 3 x 

Chan 4), kW. 

C.3 

(C-11) 

(C-12) 



SPENT FUEL ASSEMBLY HEAT GENERATION RATES 

The heat generation rates of spent fuel assemblies were determined using 
the equations identified in the following steps: 

1) The system was brought to boiling and the dc reference heater was 

set at -1.0 kW. After the system reached steady state, the mass 

accumulation rate (mR lb/hr) resulting from the heat being gene-, 
rated by the reference heater (qh kW) less any heat losses , 
(qL,R' kW) from the system was measured. This reference heat 
generation rate was determined using the equation 

2) The heater power was maintained constant and a spent fuel assembly 

was inserted in the calorimeter. The final mass accumulation rate 

(mf lb/hr) was measured. This mass accumulation rate resulted 

from the heat generated by the reference heater, plus the heat gene­

rated by the spent fuel assembly (qSF)' minus any heat losses. 
The following equation was used to describe the final heat genera­

tion rate 

·3) The heat generated by the spent fuel assembly was determined by sub­
tracting the reference heat generation rate from the final rate as 
shown below: 

(qSF + qh - qL,SF) - (qh - qL,R) 

= [(mf hfg,f - mR hf9 ,R)/3412]kW 

If the calorimeter heat losses were constant and if the calorimeter 

dome pressure was the same during the reference run (qR) and the 

C.4 

(C-13 ) 

(C-14 ) 

(C-15) 

(C-16) 
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final run (qf)' the latent heat of vaporization was also the same 
and the equation reduces to 

qSF = ~rhf - rhR) hf9 /3412] kW 

Because there were two methods used to measure mass accumulation 
rates, equations can be written for both the head accumulation 
method and the weight accumulation method, as follows: 

qSF,H = [(mf,H - mR,H) hf9/3412] kW, and 

qSF,W = [(mf,w - mR,w) hf9 /3412] kW. 

c.s 

(C-17 ) 

(C-18) 

(C-19) 
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UNCERTAINTY ESTIMATES 

The following sections present details of the uncertainty analysis. 

THEORETICAL APPROACH 

Accuracies of the results of the calorimeter measurements were estimated 
using the uncertainty method presented by Schenck (1961, p. 40).(a) 
Consider the general case of a result R, which is a function of the two 
measured variables X and Y: 

(0-1) 

If this function is continuous and has derivatives, it can be expanded in a 
"Taylor series", using the first two terms only: 

[(aaRxc)yXC + X11 - Xc + (aaRyc)x Yc + Y1 - Ycl (0-2) Rc + r1 = f(X c' Yc) + 1! 

Or, since Rc = f(Xc, Yc): 

r 1 =(;~)y 
where the lower case letters (r1, xl' and Y1) apply to deviations from 
the correct readings, and 

'" 2 _ (aR)2 '" 2 _ 2 (aR ) LJr - ax LJx - ax 
c y c y 

L xy tends to zero and s; = Lr2/n (st~ndard dev; at ion) so that 

(a) This reference refers to main text reference list • 

0.1 

(0.3) 

(0-4 ) 



and, for any uncertainty interval w, 

2 _ (aR )2 wr - aX 
c y 

(aR)2 2 aX wy • 
c x 

(0-6) 

ANALYSIS DETAILS 

The uncertainty analysis presented in the following sections provides 
estimates of the uncertainties of each primary parameter measured or calcu­
lated from a combination of measured values. These uncertainty estimates were 
conservative and should enclose 95% of all 'measurements. 

Collection Tube Wetted Area 

The collection tube is a precision 1.25-in.-OD tube with a 0.035-in. wall. 
The tube contains a "bubble" tube 0.25 in. in diameter. The wetted cross sec­
tional area, that area containing water during mass accumulation, is equal to 

The diameters of the tubes are known within +0.002 inches. The uncertainty in 

AT is 

WA 2 = 1.4 x 10-5 + 1.0 x 1 -6 
T 

WA ±3.B7 x 10-3 in. 
T 

0.2 

') 
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In percent 
/A ± 0.00387 - ±O 4% 

wA T = 1. 045 ~ . 0 

T 

Collection Tube Differential Head 

The head accumulated in the collection tube during a data run was 

The final head (Hf) and the initial head (Hi) were measured within ±0.5% 
of full scale; i.e., IJJH and wH = ±0.005· 50 = ±0.25 in. H20. 

f f . 

TAe uncertainty in fiH can be determined using the uncertainty equation 

2 ~ ~'H Y " 2 + ~"H Y 2 wliH aHf Hf aH i wHo 
1 

2 2 2 wllH - W + wHo - H 
f 1 

During most of the data runs the initial head was 5 in. H20 and the final 

head was 16, 21, or 37 in. H20. Therefore, 

wliH = (0.25 2 + 0.252)\ = ±0.35 in. H20 

In percentages 

WfiH,16/liH16 = ±0.35/16 = ±2.2% 

Mass Accumulation Time 

The initial and final times of condensate accumulation were measured with 
the Fluke data logger. Each time was measured within ±1 sec. The 

accumulation time is the difference between the final time (tf ) and the 

D.3 



initial time (t i ) as shown below. 

~t = (t f - t i ) sec 

The uncertainty of ~t is 

2 2 + 2 
W~t = wt wt . 

f 1 

2 2 '/0 

W~t = ( 1. 0 + 1. 0 ) . = :1. 4 sec 

The shortest accumulation time was -525 sec. The percent uncertainty is 

Weight Accumulation 

A weigh scale was used to obtain the weight of condensate accumulated 

over a period of time (~t). The scale had an accuracy of :0.1%; however, an 

accuracy of :1% was assumed because of the uncertainties resulting from con­

tact between the "bubble" tube and collection tube, the resistance to movement 

caused by the collection tube alignment bearing, and the uneven loading on the 

scale platform caused by vibration from the collection tube solenoid drain 

valve during actuation. The uncertainty in the buoyancy force created by the 

air-filled dip tube, Ws = pADT~H, was estimated to be :2% using these un­

certainty analysis methods. 

The uncertainty in ~W can be determined as follows: 

During most of the runs the initial weight was between -740 or 755 g and the 
final weights were -935, 1030, or 1325 g, depending on heat generation rates. 

Therefore, at 935-750 = 185 9 (-1 kW, Ws = 8.8 g), 

0.4 

.. 



or w4W /185 = 11.99/185 = ~6.5% 

At 1030-75 = 280 9 (-1.5 kW, Ws = 12.79 g), 

w4W = (10.3002 + 7.5002 = 0.2562) = ~12.74 9 

or w4W/280 = (12.74/280 = ~4.6% 

At 1325-750 = 575 9 (-2 to 3 kW, WB = 25.58 g), 

w4W = (13.2502 + 7.5002 + 0.5122) = ~15.23g 

or wdW/575 = 15.23/575 = ~2.6% 

Mass Accumulation Rate 

The mass accumulation rate determined using the differential head method 

required the following equation: 

For a typical 4H = 11 in. H20 run (-1 kW) 

+ (129.96 . 1.045/1055)2 • 0.352 

+ (129.96 • 1.045 • 11/10552)2 • 2.85 2 

w~ = 2.7 x 10-5 = 2.03 x 10-3 + 1.5 x 10-5 
mH 11 , 

0.5 



W· = ±0.046 lb/hr 
mH,11 

In percentage 

W· /m = ±0.046/1.413 = ±3.2% 
mH,11 H, 11 

For an -3 kW run (~H = 32 in. H20 and ~t = 522 sec) the uncertainty is 

+ (129.96 . 1.045/522)2 . 0.352 

+ (129.96 . 1.045 . 32/5222)2 . 1.42 

2 
wmH ,32 = 9.51 x 10-4 + 8.29 x 10-3 + 5.0 x 10-4 

WmH ,32 = ±0.099 lb/hr 

The following equations are used to determine the uncertainty in the mass 

accumulation rate obtained from weight accumulation measurements: 

m = 7.929 ~W/~t lb/hr 
W 

W~W = (7.929/At)2 w~W + (-7.929 At-2)2 W~t 

For a typical run at 1 kW, AW ~ 193 g, At ~1035 sec, and 

0.6 
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or 

w~ ~ 0.0085 + 4.26 x 10-10 
W 

W· ~ ±0.092 lb/hr 
mW 

w· /mW ~ 0.92/1.45 ~ ±6.3% 
rnW 

Note the time uncertainty term is negligible. 

For a AW - 572 g run (-3 kW), At ~ 522 sec and 

or 

w? ~ 0.054 + 1.66 x 10-9 
mW 

w· ~ ±0.23 lb/hr 
rnW 

W· /~W = 0.23/8.7 = ±2.7% 
mW 

The time uncertainty term is again negligible. 

Pressure 

The absolute pressure transmitter used to measure the calorimeter "dome ll 

pressure (Pcal ) above the water level was accurate within ±0.25% of full 
scale (25 psia). The signal from the transmitter was passed through a signal 
conditioner and read out on the F~ uke data logger. Therefore, it was assumed 
that the accuracy of pressure measurements was ±0.5% of full scale 
(±0.125 psia). 

Latent Heat of Vaporization 

The latent heat of vaporization was obtained from the steam tables at the 
IIdome" pressure. The absolute pressure ranged between 12.5 and 13.0 psia 
during testing. The range of the latent heat (h fg ) corresponding to this 
pressure range was 975.4 Btu/lb to 974.2 Btu/lb, respectively. The 

uncertainty of the latent heat can be estimated using the accuracy of the 

D.7 



pressure measurement as follows: 

6hfg/6Pcal = (975.4 - 974.2)/(13.0-12.5) 

~hf /6P 1 = 2.4 Btu/(lb . psia) 
9 ca 

The uncertainty of Pcal was ±0.125 psia, therefore, 

wh = wp . ~hfg/flP = ±0.125 psia . 2.4 Btu/(lb . psia) 
fg cal 

wh = ±0.3 Btu/lb 
fg 

In percentage 

wh /h f = ±0.3/974.8 = ±0.03% 
fg 9 

Calorimeter Heat Generation Measurement 

The calorimeter measurements of heat generation rates using the head 

accumulation method required the following equation: 

The uncertainty 

2 
W 

qcal,H 

in q 1 H can be estimated as follows: ca , 
= (h f /3412)2 w? 

9 mH 

For a low heat generation rate the uncertainty in q 1 (w ) is 
ca ,H qcal,H 

relatively large because W' is relatively large. The uncertainty in 

qcal,H is 
mH 

w2 = (974.8/3412)2 0.0452 + (1.413/3412)2 . 0.32 
qcal,H 

w = ±0.0128 kW 
qcal,H 

0.8 
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In percentage 

W H/qcal,w = 0.0128/0.386 = ±3.3% 
qcal , 

Estimates of heat generation rate measurements using the weigh scale 
method are identical to those using the head method except mH must be 

replaced with mw. The uncertainty in qcal,W is estimated below: 

w2 = (hf /3412)2 w~ + (mw/3412)2 w~ 
qcal,W g mw fg 

w2 = (974.8/3412)2 . 0.0922 + (1.4513412)2 . 0.32 
qcal,W 

w = ±0.026 kW 
qcal,W 

In percentage 

w2 /q 1 W = 0.026/0.386 = ±6.8% 
qcal W ca, , 

Heater Power 
The heat generated by the dc reference heater was determined by the 

product of the voltage drop across the heater and the current passing through 
the heater. The heater voltage drop was measured with a voltmeter which had 
an accuracy of ±O.0006% of the reading. During testing the signal was 
observed to fluctuate ±O.2%. Because the reading printed by the data logger 
was instantaneous, this value (±O.2%) was assumed for heater voltage 
uncertainty. 

The current passing through the heater was obtained by measuring the 
voltage across a series precision resistor. The voltmeter had a quoted 
accuracy of ±O.0006% of reading, but the signal fluctuated -±O.l% during 
measurement. Therefore, this value (±O.l%) was assumed for the uncertainty of 
the resistor voltage drop and the uncertainty of heater current was estimated 

0.9 



as follows: 

At high heater powers (-3 kW) VR is relatively high so wi will be high: 
h 

+ (-0.0417 • 0.003327-2)2 • (7 x 10-6)2 

wi = 1.59 x 10-4 + 6.95 x 10-4 A2 
h 

wI = =0.029 A 
h 

In percentage 

WI /Ih = 0.029/12.5 = =0.23% 
h 

The uncertainty in heater power can be estimated as shown below: 

At relatively high powers (-3 kW) Ih and Vh will be high, resulting in a 
relatively high w ,therefore 

qh 

w~h = 12.522 . 0.48 2 + 240.22 . 0/1252 

w2 = 36.12 + 901.5 W2 
qh 

w = 30.6 W 
qh 

0.10 
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In peroentage 

w /qh = 30.6/3000 = ±1% 
qh 

Calorimeter Heat Loss 

He~at losses from the calorimeter were determined using results from the 

head accumulation method and the weight accumulation method as shown in the 

following two equations: 

The uncertainty equations are 

2 2 + 2 and W = Wq W 
qL,H h qca 1 ,H 

2 2 + 2 W = W W 
qL,W qh qcal,W 

At a reference heater power of -2 kW, the uncertainties are 

2 0.0312 + 0.0132 W = 
qL,H 

W %0.034 kW or 0.034/0.596 ±5.6% 
qL,H 

W %0.040 kW or 0.04010.553 = ±7.2% 
qL,W 

Spent Fuel Assembly Heat Generation Rate Measurement 

The heat generation rate of a spent fuel assembly was measured with the 

calorimeter using the head and weight accurrulation methods. The equations 

0.11 



used to obtain assembly heat generation rates were 

qSF,H" [(mf,H - mR,H) hfg/3412 + qL,f,H - qL,R,H]kW 

and qSF,W = Emf,w - mR,w) hfg /3412 + qL,f,W - qL,R,W]kW 

The resulting uncertainty equations become 

2 (hf /3412)2 w? + (-h f /3412)2w? W = 
qSF H 9 mf,H 9 mR H , , 

[ . . ] 2 2 + 2 + 2 + (mf H - mR H)/3412 wh Wq Wq 
" fg L,f,H L,R,H 

and, 

2 (hf /3412)2 3 2 2 W + (-h f /3412) W' 
qSF,W 9 mf,W 9 mR W , 

~ . . ] 2 2 + 2 + 2 + (mf W - mR w)/3412 wh Wq Wq 
" fg L,f,W L,R,W 

The uncertai nt ies can be found as follows: 

W2 (974.8/3412)2 . 0.099 2 + (-974.8/3412)2 0.0462 
qSF,H 

+ E6.875 - 1.442)/3412J2 . 0.32 + 0.035 2 + 0.0352 

w2 = (974.8/3412)2 . 0.232 + (-974.8/3412)2 • 0.92 2 
qSF W , 

W2 = 7.6 x 10-4 + 1.65 x 10-4 + 2.28 x 10-7 + 1.2 x 10-3 
qSF,H 

+ 1.2 x 10-3 

W2 = 4.3 x 10-3 + 6.9 x 10-4 + 2.49 x 10-7 + 1.6 x 10-3 
qSF,W 

+ 1.6 x 10-3 

0.12 
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• 

Note that the uncertainties introduced by the latent heat are negligible and 
the heat loss uncertainties are significant • 

Wq = :0.058 kW 
SF,H 

Wq = :0.091 kW 
SF,W 

In percentages 

W /qs = 0.058/1.55 - :3.7% 
qSF,H F,H 

W /qSF W = 0.091/1.55 - :5.9% 
qSF,W ' 

0.13 
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