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Outline

» Description of the ATR
— Reactor vessel and core arrangement
— Primary cooling system (PCS)

* Thermal-hydraulic safety requirements
— Departure from nucleate boiling (DNB)
— Flow instability (FI)
— Thermal loads

« Thermal analysis examples
— Analytical solution to temperature profile in capsule experiments
— FE analysis of DNB and FI safety limits in capsule experiments
— CFD simulations of heat transfer in a pressurized water loop
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ATR core cross-section
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Primary cooling system

* PCS flow
— 43,500 gpm (2 pumps)
» Core inlet pressure
— 360 psig
» Core pressure drop
— 77 psi (2 pumps)
» Reactor inlet temperature
— 125°F
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Critical heat flux in flow boiling

« Modified form of the CHF correlation due to L. Bernath, “ A theory of local-boiling burnout
and its application to existing data,” Chemical Engineering Progress Symposium Series,
Vol. 56, No. 30, 1960

dhj,r v P
Qopf = 18| 12915 + 137 055 -[60-]11(3] - B0.E =025 - Taj

Yy + Fhe . F+135
P Pressure (psi)
dh},r Hydraulic diameter {ft)
e Heated diameter (ft)
ki Yelocity (ftfs)
T Temperature (C)

Uohf Critical heat flux (BTUhef2)
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Thermal-hydraulic safety requirements

» Departure from nucleate boiling ratio (DNBR)
* Flow instability ratio (FIR)

qchf AT

DNER = > 20 FIR = — > 21
q T
Qohf Critical heat flux in flow boiling AT =T~ Tintat Critical temperature rise
q Actual heat flux at surface _ o .
cartacting primary coalant AT =T iet — Tintet Actual temperature rige

Tinlet Coolant channel inlet temperature
T outlet Coolant channel autlet temperature
Teat maturation temperature



Thermal loads
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* Nominal operating power and nominal flow
« 25% increase in power (reactor power variation and instrument

uncertainty)

» 25% reduction in flow (primary coolant pump coast-down following loss
of power to pumps)

« Power and flow transients (reactor scram at low vessel inlet pressure)
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Thermal analysis example 1

» Analytical solution to temperature profile in capsule experiments

Primary coolant (52°C)

/ Capsule (0.435 in. OD, 0.385 in. ID)

Helium gas gap (0.018 in.)

Specimen (0.350 in. OD)
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Thermal analysis example 1

e MOdEl |npUtS ky = IS.Q-EK Thermal conductivity of capsule
-

[stainless steel)

ky = IZI.23-E Thermal conductivity of gas gap
mk {heliurn)
k=188 — Thermal conductivity of specimen
wk [stainless steel)
W .
h = 33000-—— Heat transfer coefficient at capsule surface
mz-K iforced convection to primary coolant)
q,=72 — Capsule heat load
cm3
q, = 72 w Specimen heat load
cit
. Temperature of
Tp=32°C primary coolant
Ry =0175in Radius of specimen
Ry=0193in Inside radius of capsule

Ry=0217in Cutside radius of capsule
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Thermal analysis example 1

» Solution method

2 12
4y Ry + qc'(RE ‘sz
IRy

AT =

2 2

qe R 4Ry Rgl  ophg kg
Fyln| — |+ 11

TRyky Ik Ry 4k 2

2
i B E

AT=— 1 4l 2
2k Ry

qs'RI
41y

AT

AT =527°C

AT =53°C

AT = 28458 °C

AT = 188 °C

AT = 324 °C

Temperature drop
from capsule wall
to coolant

Temperature drop
across capsule wall

Temperature drop
across gas gap

Temperature drop from
specimen center to
specimen surface

Total ternperature drop fram
specimen center to coolant
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Thermal analysis example 2

« FE analysis of DNB and FI safety limits in capsule experiments

* DNBR > 2.0
— CHF in flow boiling from modified Bernath correlation
— Maximum heat flux at capsule surface from FE analysis

* FIR>2.0
— Inlet coolant temperature 125°F
— Saturation temperature 412°F at saturation pressure 285 psig
— QOutlet coolant temperature from FE analysis
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Thermal analysis example 2

» Finite element model of a capsule experiment

Irradigtion Position
(0 625 inch diameter hole)

Outer Colant Channel

Basket (0.565 inch 1D, 0.495 inch OD)

Inner Coolant Channel

Capsule (0415 inch diameter)

ODB: Test-Problem1273859742 47.0db  Abaqus/Standard Wersion 6.8-2  Mon Jul 20 11:42:43 Mountain Daylight Time 2009
¥ Step: Step-1
Increme

/L nt 0: Step Time = 0,000

z "
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Thermal analysis example 2

* Approximate ATR axial heating profile

Py o = Cos(0.057-5) Marmalized axial heating profile

z Qistance from core mid-plane {inches)

MNormalized Heat Load
o
o

o
N

1 1 1 1 1 1 1
25 220 15 10 -5 0 5 10 15 20 25
Axial Position (in)
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Thermal analysis example 2

* |Inner coolant channel
— Hydraulic diameter 0.080
— Flow 3.25 gpm

Outer coolant channel
— Hydraulic diameter 0.060
— Flow 2.52 gpm

Capsule (maximum heating to meet safety limits)
— Heating 19,730 W/in3 at core mid-plane

Basket
— Heating 445 W/in3 at core mid-plane

Water
— Heating 482 W/in3 at core mid-plane
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Thermal analysis example 2

 Inner coolant channel temperature distribution (°F)
- FIR=2.0
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Thermal analysis example 2

« Capsule surface radial heat flux distribution (BTU/hr/in?)
—~ DNBR =5.2
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Thermal analysis example 2

* Inner coolant channel flow for various hydraulic diameters

Coolant Flow (gpm)
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0.0
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.

m Idaho National Laboratory

Thermal analysis example 2

« Maximum allowable capsule heating for various hydraulic diameters
160000
140000
120000
100000
80000

60000

Maximum Heating (W)

40000
20000

0
0.00 0.02 0.04 0.06 0.08 0.10 012

Hydraulic Diameter (inches)
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Thermal analysis example 3

« CFD simulations of heat transfer in a pressurized water loop (PWL)

Elev. 97 ft-in.
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Thermal analysis example 3

* lrradiate 0.5 inch thick stainless steel compact tension (CT)
specimens at 288°C
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Thermal analysis example 3

* PWL flow
— 10 gpm (through specimen holders)

* Inlet pressure
— 2200 psig

* Inlet temperature
— 226°C

» Reactor lobe power
— 24 MW



Thermal analysis example 3

Model geometry

0.030 inch coolant channel
between specimens and holder
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CT specimen

Inner wall of specimen holder

Grid

Jan 25, 2008
FLUENT 6.3 (3d, dp, phns, ske)




Thermal analysis example 3

« Temperature contours (°C) at specimen interior
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