THERMAL HYDRAULIC AND SAFETY ANALYSESFOR
PAKISTAN RESEARCH REACTOR-1

by
|.H.BOKHARI, M. ISRAR, S. PERVEZ

Nuclear Engineering Division
Pakistan Institute of Nuclear Science and Technology
P.O. Nilore, Islamabad, Pakistan

To be presented at:
22" International Meeting on
Reduced Enrichment for Research and Test Reactors (RERTR)
4-8 October, 1999, Budapest, Hungary

ABSTRACT

Thermal hydraulic and safety analysis of Pakistan Research Reactor-1 (PARR-1) utilizing low
enriched uranium (LEU) fuel have been performed using computer code PARET. The present core
comprises of 29 standard and 5 control fuel elements. Results of the thermal hydraulic analysis show that
the core can be operated at a steady-state power level of 10 MW for a flow rate of 950 m*h, with
sufficient safety margins against ONB (onset of nucleste boiling) and DNB (departure from nucleate
bailing). Safety analysis has been carried out for various modes of reactivity insertions. The events
studied include: gtart-up accident; accidental drop of afuel element in the core; flooding of a beam tube
with water; remova of an in-pile experiment during reactor operation etc. For each of these transents,
time higtories of reactor power, energy released and clad surface temperature etc. were calculated. The
results indicate that the peak clad temperatures remain well below the clad melting temperature during
these accidents. It is therefore concluded that the reactor can be safely operated at 10 MW without
compromising safety.

INTRODUCTION

Pakistan Research Reactor-1 (PARR-1) isaswimming pool type research reactor. The reactor has
been in operation since December 1965. The reactor had been operated at steady-state power level of 5
MW using highly enriched uranium (93%). The coolant flow, which is established by gravity, was 540
m>/h. The reactor has been converted to use less than 20% enriched uranium at an upgraded power level
of 9 MW. The criterion for fixing the maximum power level is to avoid Onset of Nuclear Boiling (ONB)
at: (i) when the reactor power level approaches the overpower trip set point of 115% of the normal
(steady-state) value and simultaneoudly (ii) the coolant flow approaches the low flow trip set point of 90%
of the normal value. The limiting parameter for reactor power is the maximum achievable flow rate
through the core (or the primary outlet pipe). The first high power core was assembled in May 1992 to
run a& 9 MW. Using the above mentioned criterion this power level was assessed (Ref.1) to be the
maximum allowable, with a coolant flow rate equal to 950 m*h. The reactor has been running
satisfactorily at this power level. Various core changes (shuffling and/or additions of fuel elements) have
been carried out in order to get to the equilibrium core, which is loading No. 94 (see Fig.l).



Many experimental requirements and radio-isotopes demand higher neutron flux levels. Also,
most of the instrumentation and controls have aready been designed for a power level up to 10 MW. The
equilibrium core is a bigger core, consisting of 29 standard and 5 control fuel e ements. Thus possibility
of raising power level needs to be explored without compromising on reactor safety. The present paper
presents the analysis of the core for enhanced power level of 10 MW. Computers codes and standard
correlations have been employed to calculate different parameters: coolant velocity distribution in various
channels of the core, critical velocity, pressure drop, saturation temperature, temperature distribution in
the core, heat fluxes at onset of nucleate boiling, onset of flow instability, departure from nucleate boiling
and the corresponding safety margins. Also, detailed accident analysis was performed for this core
configuration and its response to the anticipated reactivity insertion accident was studied. The accidents
analyzed included:

i) Start-up Accident;

i) Accidental Drop of a Fuel Element;

iii) Beam Tube Flooding;

iv) Movement of Core Towards Thermal Column;
V) Removal of an In-pile Experiment.

DESIGN PARAMETERS AND CORE CONFIGURATION

The design parameters are presented in Table 1. One side of the core is reflected by two rows of
Graphite elements. The remaining sides are surrounded by light water. The fuel elements are of plate
type and can be arranged in any configuration on a6 x 9 grid plate. Each standard fuel element contains
290 g of U* uniformly distributed in 23 straight plates. On the other hand, each control fuel element
contains 163.9 g of U** uniformly distributed in 13 straight fuel plates and having a rectangular passage
for the movement of oval shaped control rod. The equilibrium core comprises of twenty-nine standard and
five control fuel elements.

COMPUTER CODESEMPLOYED

For the determination of pressure drop, velocity distribution and flow rate through different
channels of the core, effective and bypass flow, computer code DP (Ref. 2) was employed. The code
computes velocities through an iterative procedure after converging to the same pressure drop across the
core for each channel.

Computer code PARET [Ref. 3] was employed to carry out steady-state thermal hydraulic
analysis. The code was originally developed for power reactors for the analysis of SPERT-I1I experiments
(Ref. 4), which was later modified (Ref. 5) to include library of various parameters suitable to research
reactors. PARET is basicaly a coupled neutronic-hydrodynamic heat transfer code employing point
kinetics, one-dimensional hydro-dynamics and on-dimensiona heat transfer. The code supports a
selection of heat transfer correlations. For the current analysis, in order to have conservative estimates,
Dittus-Boelter (Ref. 6), McAdams (Ref. 7) were selected for the single phase and two phase heat transfer,
respectively. For the determination of onset of nucleate boiling, Bergles and Rohsnow (Ref. 8) was used.
The heat flux at onset of flow instability has been computed using both Forgan (Ref. 9) and CEA (Refs.
10,11) correlations. The value of bubble detachment parameter was taken to be conservative 48 (Ref. 12).
For critical flux determination, Labunstov (Ref. 13 ) and Mirshak (Ref. 14) were employed. For
conservative results, correlations were extrapol ated with zero sub-cooling (Ref. 15).
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METHODOLOGY

For the analysis, two channel model was utilized in the code. One assumes to have the hottest
plate and associated flow channel and other being an average plate and flow channel. Axia power
distribution has been represented by 21 equi-distance mesh points having peak to average ratio of 1.303.
The radial peaking factor of 2.228 was determined by neutronic calculations. To account for the
uncertainties, an engineering hot channel factor was incorporated using the conservative multiplicative
method. This factor is the product of three components: (i) a factor 1.2 for the coolant temperature rise
due to manufacturing tolerances in the coolant channel spacing. (ii) a factor of 1.2 for the film
temperature rise due to uncertainties in the heat transfer coefficient and inhomogeneities in U235
distribution etc. and (iii) a factor of 1.1 for uncertainties in the calculated power distribution. It has been
assumed that about 90% of the total fission energy is deposited in fuel, about 4% is produced in
moderator, about 1% is produced in other reactor materials and remaining 5% is carried away by
neutrinos. Kinetic parameters and reactivity feedback coefficients calculated for the core are listed in
Table 2. All the calculations have been done with coolant inlet temperature of 38°C, inlet pressure of
1.712 bar which corresponds to the static height of water from core top to a point 15 cm below normal
level of the pool (low level set point). It has been assumed that all the protection and safety circuits fail
except the ‘overpower trip at 11.5 MW. A time delay of 27 ms has been taken between attainment of trip
level and start of shutdown reactivity insertion. It has been assumed that control rods fall from fully out
position thus requiring 0.541 s to be fully inserted. The melting temperature of cladding (LT-24
Aluminium alloy) has been taken to be 600 °C.

RESULTSAND DISCUSSION

Steady-State Thermal Hydraulics

Results of the study are presented in Table 3. The figures computed are rather conservative since,
to incorporate the uncertainties, the multiplicative method was used. This method is somewhat unrealistic
since it assumes that al the worst conditions occur simultaneously at the same point. On the other hand,
use of statistical method shows that reactor could be operated at much higher power levels with the
probability of ONB in 1.4 cases per 1000. The statistical method recognizes that al of the worst
conditions do not occur at the same time and same location. Since not much information is available
about the use of statistical method, therefore, the conservative approach of multiplicative method was
adopted. Based on this approach, maximum operating power, corresponding to maximum flow rate of 950
m3/h has been assessed. Results show that at reduced flow rate (90%), nucleate boiling will commence in
the core when the reactor power surpasses 12.8 MW. Therefore, it is concluded that with full flow rate
(100%), the core can be safely operated at 10 MW with an overpower trip set point of 11.5 MW. The
maximum clad surface temperature at steady-state power level of 10MW, will be 102 °C, which is about
23 °C below than needed to commence nucleate boiling. This gives a safety margin of 1.4 against ONB.
The peak clad temperature is about 44.3 cm from top of the plate. Due to small meat thickness and good
thermal conductivity of the fuel, plate peak temperatures at the center line of the meat are only about 2 °C
higher than the respective peak clad temperatures. The coolant velocity in the inner standard channel is
2.46 m/s. The critical velocity at which hydraulic vibrations can result in deflection of fuel plates, causing
local overheating and possibility of a complete blockage of the coolant channel has been calculated to be
10.5 m/s. This is well above the coolant velocity thus provides higher safety margin against the critical
velocities.
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Flow oscillations are undesirable for various reasons. They may cause undesirable mechanical
vibration of components. They may cause system control problems. Also, these oscillations may cause
changes on heat transfer characteristics. Peak heat flux at OFI calculated by Forgan (Ref. 9) correlation is
dlightly lower and is considered conservative. This gives a safety margin of 1.7

Critical heat flux computed by using Mirshak correlation is conservative, which gives the safety
margin of 3.1

Safety Analysis
Various reactivity insertion accidents analyzed have been discussed in the following:

Start-up Accident: In this accident, it is postulated that due to circuit malfunctions, during start-
up of the reactor, al of the control rods are withdrawn simultaneously, from their most sensitive position
at maximum rate of travel with the reactor initially critical at a power level of 1 W and 10 MW. Using
the maximum rod withdrawal speed of 102 mm/min and the reactivity versus rod position curves for the
core, the maximum reactivity insertion rate has been estimated to be 0.048% Ak/k/s. Results of the study
are provided in Table 4. The results indicated that for an accident starting from 1 W, trip level is reached
much later as compared with the case of initial power equal to 10 MW. In spite of the fact that higher
power level is reached, the energy released is smaller. On the other hand, for transients starting from 10
MW, lesstime is available to reach trip level. So the minimum period achieved is much higher and peak
power just exceeds the trip level. Because the reactor remains in higher power range for larger time,
energy released is much higher. Peak temperature at the clad surface reached is well below the melting
point. No boiling occurred in the core. This shows that the core has a large safety margin against the
worst foreseeable start-up accident.

Accidental Drop of Fuel Element: According to the approved operating policies at PARR-1,
fuel loading during reactor operation is not permitted therefore, probability of occurrence of such an
accident is negligible. However, this hypothetical accident has been analyzed. In the accident it is
assumed that due to an operator’s error during fuel loading a fresh fuel element is dropped on the core
when the reactor is initialy critical a 1 W. Since the spare insertion holes are always plugged, the
insertion would be only partial and a reactivity of 0.902% Ak/k will be inserted. From the data on fuel
element drop test [13] time required by the fuel element to reach grid plate, after covering a distance of
0.45 m, has been calculated to be 0.375 s. Results of the study are presented in Table 5. Peak clad tem-
perature reaches 107.4 °C, which is far below the melting point.

Beam Tube Flooding: PARR-1 has six radia beam tubes. When not in use, these beam tubes are
plugged with shielding blocks and filled with demineralized water. However, when an experiment is to be
setup, water is drained and plugs are removed. If it is assumed that the drained (air filled) beam tube having
maximum reactivity worth is filled with water. The trangition from the air filled to water filled state adds a
positive reactivity into the core. This will add a reactivity of 0.25%Ak/k. It has been assumed that this
reactivity is added within 0.25 s while the reactor is operating at 10 MW. The results have been given in
Table 6. Inthis casethe peak power was 12.1 MW and the corresponding peak clad temperature 106 °C.

Movement of Core Towards Thermal Column: When the reactor core is moved from a
position in which it is completely surrounded by water into the stall operating position, a portion of its
water reflector is replaced by graphite thermal column. This adds a reactivity of about 0.728 % Ak/k into
the core. In order to prevent the initiation of excursions through the rapid movement of the core in the
vicinity of the thermal column, a micro-switch has been installed in the bridge drive assembly, which
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scrams the reactor when the crank controlling bridge movement is engaged. Assuming, however, that the
bridge scram interlock fails. The intensity of the transient would depend upon the speed with which the
reactivity is added. The maximum speed at which the reactor bridge can be moved by an average person
is about 13 cnm/s. If it is conservatively assumed that the effect of thermal column on the core reactivity
occurs only in the last 8 cm (extrapolation length) of the motion. The 0.728% Ak/k would therefore, be
added into the core in about 0.615 s. Transient response of the core to this ramp insertion has been
studied. Results of the anaysis are presented in Table 7. Peak power reached is 11.6 MW. Peak

temperatures at fuel center line and clad surface are 108 °C and 106 OC, respectively. Peak clad
temperature remains below the melting point.

Removal of In-Pile Experiment: The experiments which are placed inside the reactor
represent a potential means of imparting a sudden increase in reactivity which can be inserted by removal
of an experiment while the core is critical. Therefore reactivity of a single in-pile experiment has been
limited to be less than 0.5% Ak/k. Transient response of the core to such situation has been investigated
assuming that the experiment is removed through pneumatic rabbit system at a speed of 13 m/s. Under
such conditions total reactivity of 0.5% Ak/k will be added in 0.023s. This transient has been anayzed for
an initial power of 10 MW. Results of the study are listed in Table 16.8. For the transient the maximum

clad surface temperature reached about 120 °C, which is far below the clad melting temperature.

CONCLUSION

Results of the study show that while operating at 10 MW, the peak clad temperature in the coreis
about 102 °C, which is 23 °C below the temperature at which nucleate boiling will commence. The core
will have sufficient safety margins against onset of nucleate boiling, onset of flow instability and
departure from nucleate boiling. The core is aso safe against reactivity induced accidents. It is therefore
concluded that using the equilibrium core, reactor power can be operated at 10 MW without comprising
on reactor safety.

REFERENCES

1. L.A. Khan, I.H. Bokhari, K.M. Akhtar, S. Pervez,, 'Steady state thermal Hydraulic Anaysis of
LEU Coresfor Pakistan Research Reactor-1', PINSTECH-122, (1991)

2. L.A.Khan and |.H.Bokhari, ‘Manua of Computer Code DP- A Program for the Hydraulic
Analysis. 1990

3. C.F. Obenchain, ‘PARET-A Program for the Analysis of Reactor Transients’, ACE Research and
Development Report, IDO-17282, January 1969.

4, R.Scott, Jr., C.L. Hale and R.N. Hagen, ‘Transient Tests of Fully Enriched Uranium Oxide
Stainless Steel Plate Type C-Core in the SPERT-111 Reactor’, Data Summary Report, IDO-17223,
February 1967.

5. W.L. Woodruff, ‘A Kinetics and Thermal Hydraulics Capability for the Analysis for Research
Reactor’, ANL, September 1983.

6. Dittus, F.W and Bodlter, L.M K., 'Heat Transfer in Automobile Radiators of Tubular Tube',
U. of California Press Eng., 2(13), 443 (1930)

1999 International Meeting on Reduced Enrichment for Research and Test Reactors, Budapest, Hungary, October 3-8, 1999.



10.

11.

12.

13.

14.

15.

W.H. McAdams et al. 'Heat Transfer at High Rates to Water with Surface Boiling', Ind. Eng.
Chem. 41, 1945-1955 (1949).

A.E. Bergles and W.M. Rohsenow, 'The Determination of Forced Convection Surface Boiling
Heat Transfer', Transaction of the ASME 86 (Series of C-Journal of Heat Transfer), August,
1964.

R.H. Whittle and R.Forgan, 'A Correlation for the Minima in the Pressure Drop versus Flow Rate
Curves for Subcooled Water Flowing in Narrow Heated Channels, Nuclear Engineering and
Design, Vol. 6, 1967.

J. Fabrega, 'Le calcul thermique des reacteurs de recherche refroidis par eau’, Rapport CEA-R-
4114, Mars, 1971.

J. Lafay, G. Maisonnier, and F. Mazzili, '‘Compte-rendu d'essis-influence de la repartiton exiale
du flux sur les Senils d'apparition dela redistribution de debit', CEA-CENG-SIT Note intern
TT/68-4-B/JL, 15 Jevrier, 1968.

'Research Reactor Core Conversion from the Use of Highly Enriched Uranium to the Use of Low
Enriched Uranium Fuels, Guidebook, IAEA-TECDOC 643, 1992.

D.A. Labunstov, 'Critical Thermal Loads in Forced Motion of Water Which is Heated to a
Temperature Below the Saturation Temperature', Soviet Journal of Atomic Energy (English
Trandation) 10, 516-18, November, 1961.

S. Mirshak, W.D. Durant and R.H. Towell, 'Heat Flux at Burnout', DuPont, DP-355, February,
1959.

'Research Reactor Core Conversion from the Use of Highly Enriched Uranium to the Use of Low
Enriched Uranium Fuels, Guidebook, IAEA-TECDOC 233, August, 1980

1999 International Meeting on Reduced Enrichment for Research and Test Reactors, Budapest, Hungary, October 3-8, 1999.



8

GR

SFE

5FE

SFE

SFE

GR

5FE

5FE

SFE

SFE

FCB

GR

SFE SFE

SFE SFE

SFE

GR

5FE

SFE

ZFE

5FE

SFE SFE

SFE

SFE

Fo-&

GR

SFE

5FE

SFE

SFE SFE

ZFE =FE

SFE

Thermal Column

Standard Fuel Element

@ Control Fuel Element

Fission Chamber

Graphite R eflector

E’ wwrater B ox

Fig. 1. Configuration of Equilibrium core (Loading No. 94)
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Table1: Design Parameters of the Equilibrium Core of PARR-1

Fuel U3S| 2-A|
U*® Enrichment (%) 19.99
Cadding Material Aluminum
Coolant H,O

M oderator H,O
Fuel Element Dimensions 79.63 X
(mm) 75.92

L attice Pitch (mm) 81x77.11
No. of Fuel Elements:

. Standard 29

. Control 5

U Content (g)

. Standard 290

. Control 163.9
No. of Fuel Plates/Fuel

Element: 23

. Standard 13

. Control

Water Channel Thickness 2.10
(mm)

No. of Dummy Plates:

. Standard Nil

. Control 2

Shape of Fuel Plate Straight

Table 2: Kinetic Parameters and Reactivity Feedback Coefficients
of the Equilibrium Core of PARR-1

Prompt Neutron Generation Time ( S) 41.00
Effective Delayed Neutron Fraction ( B eff) 0.0072754

Water Temperature Coefficient (-%Ak/k /0C) | 1.415x 1072
Void/Density Coefficient (-%Ak/k /%void) 0.32

Doppler Coefficient (-%Ak/k /9C) 2.11x 1073
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Table 3: Results of Thermal Hydraulic Anaysis of the Equilibrium Core of PARR-1

Operating Power (MW) 10
Overpower trip level (MW) 115
Total flow rate (m*/h) 950
Effective flow rate (m*/h) 855
Coolant velocity (m/s) 2.46
Critical velocity (m/s) 105
Power peaking factors:

- Axia 1.303
- Radid 2.228
- Engineering 1.584
- Total 4.598
Pressure at core top (kPa) 171
Pressure at the end of 161

active region (kPa)

Saturation temperature at the 1135
end of active region (°C)

Steady-state temperatures (°C):

- Coolant temperature rise across

. Average channel 9.47

. Hot channel 33.65

. Core (including bypass flow) 8.55
- Peak clad surface temperature 102.5
- Peak centerline temperature 104.6
Average heat flux (W/cm?) 18.1
Peak heat flux (W/cm?) 83.4
Onset of nucleate boiling (ONB)
- Average heat flux (W/cm?) 25.52
- Peak heat flux (W/cm?) 117.34
- Location of ONB from top(cm) 44.3
- Peak temperatures (°C):

. Fuel centerline 128.5

. Clad surface 1255

. Coolant exit 85.4

Onset of Flow Instability (OFI):
- Peak heat flux (W/cm?)
. Forgan 138
. CEA 170
Departure from Nucleate Boiling (DNB)
- Critical heat flux (W/cm?)

. Labunstov 326
. Mirshak 257
Safety margins:
- Marginto ONB 14
- Margin to OFI
. Forgan 17
.CEA 2.0
- Marginto DNB
. Labuntsov 3.9
. Mirshak 3.1
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Table4: Transient Response to Start-Up Accident

Initial Power, MW

Reactivity Inserted, % Ak/k
Minimum Period, s
TripTime, s

Peak Power, MW

Peak Temperatures,°C

. Fuel Center Line

. Clad Surface

. Coolant Outlet

Energy Released at Time

1x1076
0.761(15.86)*
0.158(14.90)
15.86
11.68(15.89)

105.8(15.89)
103.4(15.89)
69.3(15.93)
6.83

10

0.096(1.994)
11.59(1.96)
1.995
11.51(2.02)

112.7(2.02)
110.2(2.03)
75.3(2.045)
21.66

to Peak Power, MW-s

*  Thequantitiesin parenthesis are the times (in seconds) at which the
corresponding values occurred.

Table5: Transient Response to Accidenta Drop Of Fuel Element

Initial Power, MW 1x 106
Reactivity Inserted, % Ak/k 0.902(in 0.375)*
Minimum Period, s 0.022 (0.38s)
TripTime, s 0.638

Peak Power, MW 39.8(0.68)
Peak Temperatures,°C

. Fuel Center Line 110.4(0.70)

. Clad Surface 107.4(0.70)

. Coolant Outlet 58.16(0.86)
Energy Released at Time 1.19

to Peak Power, MW-s

*  Thequantitiesin parenthesis are the times (in seconds) at which the
corresponding values occurred.
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Table6: Transient to a Beam Tube Flooding Accident

Initial Power, MW 10

Reactivity Inserted, % Ak/k 0.25(in 0.259)*
Minimum Period, s 0.425 (0.1009)
TripTime, s 0.076

Peak Power, MW 12.13(0.100)
Peak Temperatures,°C

. Fuel Center Line 108.8(0.115)

. Clad Surface 106.5(0.115)

. Coolant Outlet 71.9(0.115)
Energy Released at Time 1.09

to Peak Power, MW-s

*  Thequantitiesin parenthesis are the times (in seconds) at which the
corresponding values occurred.

Table7: Transient Response to Movement Towards Therma Column

Initial Power, MW 1x 10°
Reactivity Inserted, % Ak/k 0.728( in 0.6159)*
Minimum Period, s 0.066 (0.6159)
TripTime, s 3.285

Peak Power, MW 11.63(3.312)
Peak Temperatures,°C

. Fuel Center Line 107.9(3.32)

. Clad Surface 105.5(3.32)

. Coolant Outlet 71.3(3.34)
Energy Released at Time 10.45

to Peak Power, MW-s

*  Thequantitiesin parenthesis are the times (in seconds) at which the
corresponding values occurred.
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Table8 Transient Response to Removal of In-Pile Experiment.

Initial Power, MW 10

Reactivity Inserted, % Ak/k 0.5(in 0.0239)*
Minimum Period, s 0.056 (0.0359)
TripTime, s 0.0094

Peak Power, MW 24.1(0.040)
Peak Temperatures,°C

. Fuel Center Line 123.5(0.065)

. Clad Surface 120.5(0.065)

. Coolant Outlet 74.9(0.155)
Energy Released at Time 0.66

to Peak Power, MW-s

*  Thequantitiesin parenthesis are the times (in seconds) at which the
corresponding values occurred
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