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ABSTRACT 

Inpile test facilities are extensively used world over for the irradiation studies of the nuclear fuel bundles.  
One such facility called ‘2 MW Inpile Engineering Loop’ associated with a research reactor has been considered for 
the safety studies.  Heavy water is used as moderator and coolant in the reactor. However, the Inpile loop facility 
uses light water as coolant and simulates power reactor conditions of high pressure and high temperature. The inpile  
loop facility primarily comprises of test section, main loop cooler, main loop heater, surge tank, main circulation 
pumps and associated auxiliary systems. The main loop cooler is a shell and tube type heat exchanger using 
Dowtherm as cooling medium. This in turn is cooled by the process water, which rejects heat to the sea water. To 
cater to the emergency cooling of test fuel bundles during post LOCA conditions, a system of gravity driven safety 
water injection has been provided.  The test section can accommodate maximum of 3 test fuel bundles of typical 37 
pin IPHWR geometry of varying heat ratings. 

The present paper includes the studies carried out to establish the safety of the Inpile Engineering loop 
under postulated LOCA for design base. Computer code RELAP5/MOD 3.2 has been used for the analyses.  

INTRODUCTION 
 

In-pile facilities are extensively used for irradiation testing of the nuclear fuels. Such a facility essentially 
consists of a reactor channel located in a research reactor. Besides neutron flux, the reactor channel provides desired 
pressures, temperature and flow environments for the fuel. Safety design requirements of an inpile loop facility are 
similar to a nuclear reactor. Therefore in case of large and rapid loss of coolant, for instance due to a pipe break, the 
fuel and cladding damage should be limited to prevent release of fission products into the primary coolant and to 
maintain cooling capability. In order to meet this safety requirements laid down by the  regulatory body, along with 
other acceptance criteria, the LOCA analysis should demonstrate that the calculated peak cladding surface 
temperatures of the fuel should not exceed 1200 0C. 
 
BRIEF DESCRIPTION OF INPILE LOOP 
 

The Inpile loop test facility [1] is located in the central lattice position G-13 in research reactor Dhruva[2]. 
Figure 1.0 gives a simplified flow sheet of the in-pile facility under study. It is a closed loop, having heat removal   
capacity of 1.6 MW. The test section can operate at different power levels varying from 800 kW to 1.6 MW 
depending upon the number of test fuel bundles in the test section and the main loop coolant flow. A maximum of 
three 500 MWe standard IPHWR fuel bundles can be accommodated at a time, for irradiation purpose. Water in the 
main loop is circulated by a pump at high pressure and temperature simulating power reactor conditions. The loop 
cooler removes from the main loop the heat generated by the fuel. A surge tank is provided for pressurizing the loop 
and absorbing main loop volume changes due to changes in water temperature. For long term cooling of the Inpile 
loop, decay heat removal system is provided with an independent, reliable cooling circuit with 100% standby 
pumping capacity. An over head storage tank (OHST) having capacity of 1800 m3 of water is used for emergency 
core coolant injection (ECCI) and emergency injection takes place both from top and  bottom of the test section on 
generation of LOCA signal.   

                
BRIEF DESCRIPTION OF COMPUTER CODE RELAP5/MOD3.2 
 
REALP5/MOD3.2 [4] code has been used worldwide for analyzing thermal hydraulic behavior of nuclear reactor 
systems. The RELAP5/MOD3.2 equation set gives a two fluid simulation using nonequilibrium, nonhomogeneous, 
six-equation representation. The code has also the capability to simulate the presence of slabs of material adjacent to 
the fluid. The basic  field  equations  for  the  two-fluid  nonequilibium model  consists  of   two  phasic    continuity,  
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two phasic momentum equations and two phasic energy equations. Symbols used in the expressions are as follows. 
 
NOMENCLATURE 
 A  Cross sectional area(m2) Symbols 
Bx  Body force in x Coordinate direction(m/s2) α Void fraction 
C Coefficient of virtual mass(1/K.s) ρ   Density (kg/m3) 
DISS  Energy dissipation function (W/m3) Γ            Volumetric mass exchange rate(kg/m3.s) 
FIF, FIG  Interphase drag coefficients (liquid,vapor) (s-1 ) Subscripts 
FWF, FWG  Wall drag coefficients (liquid, vapor)(s-1 ) f   Liquid phase 
h  Specific enthalpy (J/kg) g   Vapor phase 
P  Pressure (Pa) i  Interface 
Q  Volumetric heat addition rate (W/m3) m   Mixture property 
t   Time (s) w   Wall 
V  Phasic velocity(m/s) Superscripts 
x   Spatial coordinate (m) * associated with bulk interface mass transfer 

and wall interface mass transfer 
 

MASS CONTINUITY 
 
 The phasic continuity equations are: 
 

 

       

 

      
MOMENTUM CONSERVATION 
 
For gaseous phase 
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and for the liquid phase is 

 

 

ENERGY CONSERVATION 

             (5) 

 

  

 
Heat structure is assumed to be represented by one dimensional heat conduction in rectangular, cylindrical, or 
spherical geometry. Finite differences are used to advance the heat conduction solutions. The heat transfer 
correlation package can be used for heat structure surface connected to hydrodynamic volumes and contains 
correlations for convective, nucleate boiling, transition boiling and film boiling heat transfer from the wall to water 
and reverse transfer from water to wall including condensation. 
 
ACCIDENTS POSTULATED 
 

A wide spectrum of break sizes and break locations in the Inpile loop have been postulated [5,6]. The break 
nature and their characteristics are shown in Table 1.0. The following break scenarios  have been analyzed.  
(1) Complete rupture of the Hot Leg at the test section top (HLB200). 
(2) Complete rupture of the Cold Leg at the test section bottom (CLB200). 
(3) Complete rupture of the Surge Line (SLB200). 
(4) Complete rupture of single tube of the Main Loop Cooler (MLCTR). 
(5) Complete rupture of the single branch off line at the Test section Top (BOL200). 
The various plot keys used in plotting the graphs are shown in the brackets (figures 3.0 to 10.0). 
 
ANALYSIS METHODOLOGY 
 
Modelling 
The overall methodology and the approach followed for LOCA analysis was adopted as per the guidelines stipulated 
in the AERB safety guide [7]. The analysis is carried out using system analysis code RELAP5/MOD3.2. For the 
purpose of analysis, nodalization scheme for the Inpile loop were constructed as per the codal guidelines, for two 
cases viz. with and with out ECC injections. Discretisation scheme used for the analysis comprises of 84 volumes 
and 87 junctions simulating the main loop system including the test section, main loop cooler, main loop heater, 
loop pump, and the surge tank. The two test fuel bundles located nearly in the midway of the test section height are 
modeled as heat source using heat structures option of the code. Total of 45 heat structures are used in the analysis. 
Emergency core cooling injection has been modeled using time dependent volumes specifying the required mass 
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flow rates at the applicable pressure and temperatures in the system. The fuel bundles are divided into 4 axial 
segments. Break controller simulating a double ended break for the hot leg break (break location (1)) is shown in 
detail in figure 2.0. For the purpose of indicating the other locations included in this paper, the same have been 
marked as break locations 1, 2, 3, 4 and 5 in the same figure. Similarly for emergency coolant injection locations are 
shown for the cold leg and the hot leg locations and indicated by time dependent volumes 160 and 161 respectively 
in figure 2.0. The nodalization scheme comprises of around 86 control volumes with similar number of junctions as 
their interconnections. The total numbers of heat structures simulated are 45. The emergency core cooling system is 
modeled as time dependent junction, delivering an emergency coolant flow of 250 lpm at a pressure of 2.3 bar, 
independently either at hot leg or cold leg injection point respectively. The design combination of the Inpile loop 
facility having light water as coolant and the reactor with heavy water as coolant and moderator impart special 
neutronic characteristics. The point kinetic reactor model of the code RELAP5/MOD3.2 was used to simulate test 
fuel bundles. Doppler temperature coefficient for fuel was taken as - 0.0002 mk/0C. The moderator density 
coefficient was taken as 4.4mk for 100% change in the moderator density in hot pressurized conditions [3]. 

The following initial and boundary conditions were used in the analysis. The reactor trip may occur on any 
of the parameters viz., the generation of low surge tank(ST) pressure or low ST level or reactor overpower etc. The 
first reactor trip signal is ignored in the analysis and reactor trip occurs on registering the second reactor trip signal 
with a delay of 1.2 seconds. Reactor shutdown system introduces -60 mk reactivity in 5.56 seconds. 
 
Initial Conditions 
(1) Power in Fuel bundles: 800 kW(th) +3% 
(2) Surge Tank Pressure: 11.0 MPa 
(3) Surge Tank Water Level (%): 65% 
(4) Test Section Inlet Temperature: 523 K 
(5) Test Section Outlet Temperature: 546 K 
(6) Main Loop Flow: 12.12 kg/s 
(7) Main Loop Heater Power: 54 kW 
(8) Surge Tank Heater: 21 kW 
 
Boundary Conditions 
(1) Test section contains two test fuel bundles of 37- pin configuration (UO2   Fuel). 
(2) The steady state temperature distribution and the heat flux profile in the fuel bundles have been taken from the 

references [5, 6].  
(3) The Reactor trips on any of the signal e.g. low surge tank pressure (10 MPa), low surge tank level (50%) or 

Reactor Over power (110%). First reactor trip signal is ignored in all the analyses. Following reactor shut down, 
the decay heat data is taken from reactor physics analysis report[3] with 20% additional power. 

(4) Following reactor scram, main loop pump and loop heater trip simultaneously. 
(5) Following pump trip, the main loop cooler is isolated on Dowtherm side. 
(6) Main loop heater and surge tank heaters are switched off completely on reactor trip. 
(7) An ECC Injection of 250 lpm (4.15 kg/s) at 2.3 bar pressure is considered at the top of the test section and 250 

lpm (4.15 kg/s) at a pressure of 4.3 bars is taken for injection at the cold leg.  
 
RESULTS AND DISCUSSION 
 

All the analyses were carried out for a sufficiently long duration of the accident (about 4000 seconds). As 
the LOCA event is very fast transient and most of automatic actions of safety significance occur early in the 
transient. In order to have a reasonable resolution amongst various loop parameters, these have been plotted for a 
maximum duration of 500 seconds. In the longer term due to the continued ECI operation these parameters show 
continuously decreasing trends. Hence the plots are compressed in the late phase of the transients. Also the trends 
and over all behaviour of the loop for complete ruptures of hot leg and cold leg are to some extent similar on the 
time scale. Main loop cooler tube being the smallest in terms of break size (approx. 7%), therefore the significant 
system response is spread out over a larger time scale. 
 
Break Mass Flow rates 

Figures 3 and 4 show the break mass flow rates at the two break ends formed by the complete rupture at a 
given break location. Sudden initiation of break, results in very high choking flows transiting from single phase 
choke flow to two phase choke flow regimes. Peak mass flow rates were observed for both break end-1 and break 
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end-2 corresponding to complete rupture of the hot leg (HLB200). This is followed by the ruptures at locations 1, 3, 
4 and 5 respectively. The difference in the flow rates is primarily due to the differences in the break sizes. 
Additionally, besides this, the difference in flow rates comes from the fact that the resistance of the flow paths in the 
two directions is also different. After the initial large blowdown is over, the break mass flow rate shows small 
positive flow, due to the commencement of emergency coolant injection (ECI). The timings of actuation of ECI and 
blowdown periods for various break location are specified in table 1.0.  
 
Main Loop Pressure 

System pressures are predicted at three locations i.e. the surge tank (figure5.0) and the test section 
bottom(figure 6.0) and top locations. Following break, the main loop pressure falls rapidly due to large break flow 
rates as mentioned earlier. However, due to the smaller break size associated with rupture of main loop cooler tube, 
longer depressurization time was observed. Owing to large break sizes for the hot leg and cold leg cases, the reactor 
trip signal is generated on low surge tank pressure, while for medium size of break viz. Test section top branch-off 
line first reactor trip signal occurs on low surge tank level. On generation of LOCA signal, the reactor trip occurred, 
causing continued fall of pressure and temperature in the loop. 
 
Test Section Power  

Figure 7.0 shows total test section power for various ruptures analysed. It was observed that the maximum 
peak power occurred in case of complete rupture of the surge line. In this case the reactivity introduced is very early 
due to generation of large voids in the test section compared to the other cases. This results in addition of positive 
reactivity due to feed back effect. The increase in reactivity causes increase of reactor power. In case of surge line 
break, the first reactor scram signal to occur is on reactor overpower (110%) signal, which is ignored. Finally the 
reactor trips on generation of low surge tank level signal. Total reactivity becomes negative due to the reactor trip. 
This effect is present during all the LOCA transient, however, in the case of surge line break, this is most dominant. 
It is due to the fact, that on surge line rupture, the nearly 50% of the total loop inventory is lost instantaneously. 
Maximum peak of about 2.75 times the initial power is produced for the surge line break. For the case of main loop 
cooler tube rupture, void generation in the test section is rather increasing progressively. 
 
Main Loop Coolant Temperatures 

The loop coolant temperatures at the outlet to the test section are shown in figure 8.0. It can be observed 
that in case of complete rupture of cold leg break (CLB200), the direction of coolant flow through the test section 
reverses. Hence the coolant temperatures at the test section are higher at inlet than at the outlet. Also the coolant 
temperature slightly increases in the beginning due to the corresponding power spikes prior to temperature rise.  
 
Fuel Clad Surface Temperature 

Peak Clad surface temperatures are shown in figure 9.0 corresponding to the top fuel bundle in the test 
section. Out of two axial points chosen along the length, plots are plotted only for the nodes experiencing the highest 
clad surface temperatures. The clad surface temperatures show sudden rise for surge line break corresponding to the 
top and bottom fuel bundles. This is due to the fact that the emergency core cooling system is effective and is able to 
contain the temperature rise during LOCA within acceptable limits. 

 
Emergency coolant Injection (ECI) mass flow rates  

The emergency coolant injection as a function of time is shown in figure 10. Actuation of ECI flow for two 
cases of hot leg(HLB200) and cold leg(CLB200) break takes place quite early on during the transients, i.e. 20 and 
23 seconds respectively. However, for smaller breaks like loop cooler tube (MLCTR), EC Injection takes place at 
229 seconds. However, for all the cases, ECI exhibited fluctuating flow with gradually reduced magnitude. This was 
due to the refilling of the test section and build up of the back pressure in the loop due to prolonged operation of 
ECI. The cumulative mass of water added in the loop by the continued operation of ECI is shown in figure 16.0. The 
behaviour of ECI mass addition for the hot leg (HLB200) and the branch-off line at test section top (BOL200) cases 
are similar, except that the ECI actuations timings are different. The remaining two cases (MLCTR and SLB200) 
show behaviour similar to cold leg break (CLB200). 
 
CONCLUSIONS 
 

Based on the analysis the following conclusions have been arrived at. 
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(1) The LOCA analysis establishes that the test section showed power spikes during the initial phase of blowdown 
stage of LOCA events. However, from the clad surface temperature point of view, power spikes do not result in 
exceeding the acceptable temperature limit during LOCA. This is due to the short lived power peaks associated with 
the positive void coefficient of the reactivity. 
(2) Among the various cases analyzed, it is established that the case involving complete rupture of the surge line is 
the worst from the point of view of fuel clad surface temperature. Calculated maximum clad surface temperature is 
1214 K, which is well below the acceptable temperature limit of 1473K(1200 ). 
(3) In case of main loop cooler tube rupture, the depressurization of the main loop will be limited by the action taken 
on the Dowtherm side (shell side of the main loop cooler). However, in the analyses reported here, it is postulated 
that the pressure on the secondary side is unconstrained. The chronology of the occurrences of the sequence of 
events/automatic actions is tabulated in Table 2.0. 
(4) The ECCS injection is adequate and able to limit the fuel clad surface temperature within acceptable limits. 
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TABLE 1.0: BREAK SIZES AND THEIR LOCATIONS 
 

S.No Break Location Break Size (m2) Break nature & % of  DE break size Approximate 
blowdown time (s) 

1 Hot Leg 1.3296E-2 Complete rupture; 200% 10 
2 Cold Leg 1.3296E-2 Complete rupture; 200% 26 
3 Surge Line 9.2760E-4 Complete rupture; 6.98% 150 
4 Main Loop Cooler 

Tube 
3.8966E-4 Complete rupture; 2.93% 205 

5 BOL at T.S. Top 9.2760E-4 Complete rupture; 6.98% 125 
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TABLE 2.0: SALIENT AUTOMATIC ACTION PARAMETERS DURING LOCA EVENTS 
 

S.No Parameter Time of occurrence(seconds) for different break locations 
  Hot leg Cold leg Surge Line Main Loop 

Cooler tube 
Branch- Off 

line at TS Top 
1 Low ST Pressure  (P≤ 10 MPa) 0.44 0.71 9.69 4.44 1.37 
2 Low ST Level          (L ≤ 50%) 0.52 0.77 3.90 1.89 1.0 
3 Over Power Signal (W≥110%) - - 0.3 - - 
4 Reactor Scram(s) 1.72 1.97 5.1 5.67 2.57 
5 Maximum clad surface 

temperature (K) with ECCI 
912 564 1214 1028 581 

6 Start of ECCI(S) 20.0 23.0 134.0 229.0 70.0 
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FIG 9.0: PEAK CLAD SURFACE TEMP. (TOP FUEL BUNDLE)
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