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Outline

» Description of the ATR
— Reactor 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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Outline - continued

« Capsule experiments using gas gap temperature control
— Temperature variations in capsule experiments
— Static capsule experiments
— Lead-out capsule experiments

« Capsule experiment examples
— Temperature data from the TMIST-1 experiment
— Temperature data from the UCSB-2 experiment mock-up
— Comparison of measured and calculated temperatures
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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)
— 100 psi (3 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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« 25% increase in power (accounting for 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 a capsule experiment

Irradiation Position

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

* Finite element analysis of safety limits in a capsule experiment

Irradiation Position (0.625 in. diameter)

Basket (0.573 inch O.D., 0.496 inch I.D.)

Primary coolant channels

Capsule (0.480 inch diameter)
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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 285 psig
— QOutlet coolant temperature from FE analysis
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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 0.016
— Flow 0.28 gpm

» QOuter coolant channel
— Hydraulic diameter 0.052
— Flow 2.55 gpm

« Maximum allowable capsule heating to meet safety limits
— 17,700 W allowable heat load to ensure FIR > 2
— 220 W/cm? allowable heat flux to ensure DNBR > 2
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Thermal analysis example 2

 Inner coolant channel temperature distribution (°F)
— Maximum temperature = 265°F, FIR = 2.0

265
253
242
220
218
207
1935
183
172
1e0
148
137
125

QDB A-position.edh  Abaqus/Standard Yersion £,.7-2  Mon Apr 06 151081 26 Mountain Daylight Time 2009
tep-1
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Thermal analysis example 2

« Capsule surface radial heat flux distribution (BTU/hr/in?)
— Maximum heat flux = 1140 BTU/hr/in?, DNBR = 8.5

SPOS, (fraction = 1.0)

1140
1048
956
o564
7Tl
Lyl
587
495
402
211
21e
128
a4
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Thermal analysis example 2

 Inner coolant channel flow and maximum allowable capsule heating
for various hydraulic diameters
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Thermal analysis example 3

« CFD simulations of heat transfer in a pressurized water loop

In-pile tube

Flow tube
Pressure tube
Envelope tube
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Thermal analysis example 3

* lrradiate 0.4 inch thick stainless steel compact tension (CT)
specimens at approximately 288°C

Coolant flow
— 10 gpm
Coolant pressure

— 2200 psig
Coolant temperature
— 230°C

Reactor lobe power

i A0 ]
f—— —

L/

1| /

e
/

&




m Idaho National Laboratory

Thermal analysis example 3

Model geometry

Coolant channels between
specimens and holder and
between adjacent specimens

CT specimen

Inner wall of specimen holder

Sep 08, 2009
FLUENT 6.3 (3d, dp, pbns, ske)
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Thermal analysis example 3

Temperature contours (°C) at specimen interior
Peak temperature is 61°C greater than coolant temperature

Contours of Static Temperatura (c) Sep Contours of Static Temperatura (c)
FLUENT 6.3 (3d, dp, pbn FLUENT 6.3 (3d, dp, p
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Temperature variations in capsule experiments

» Factors affecting temperature variation
— Specimen size
— Gamma heating
— Gas gap uniformity
— Axial position in core
— Reactor power variations

* Methods to control temperature variation
— Specimen isolation
— Dimensional tolerances
— Active temperature control
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Example 1 — static capsule experiment
* 50 specimens are contained in a stainless steel holder.
» Holder is contained in a helium-filled stainless steel capsule.

Temperature monitors

Specimen holder
Springs
Capsule tube

Specimens

Spacer
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Example 1 — static capsule experiment
« Experiment assembly

head

u///// upper tube
Ly 7

capsule

lower tube
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Example 1 — static capsule experiment
« Experiment capsule, holder, and specimens




H
% ldaho National Laboratory

Example 1 — static capsule experiment
» Assembling the capsule, holder, and specimens
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Example 1 — static capsule experiment
* Temperature of capsule assembly

Temperature (C)

ODB: Zrtestd.odb  Abaqus/Standard 6.9-2  Tue Oct 12 15:34:24 Mountain Daylight Time 2010
e Step. Session Step, Step for Yiewer non-persistent fields

Session Frame
Primary Var. Temperature (C)
z "
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Example 1 — static capsule experiment

» Range of specimen temperature (40 specimens in the center of stack)
« Target temperature is 285°C £ 10°C

300

‘ OMinimum Specimen Temperature

BMaximum Specimen Temperature

285 -

290 | ] & ] =

285

Temperature (C)

275

270

1 2 3 4 5 = 7 a
Specimen Row
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Example 2 — lead-out capsule experiment
« Experiment design showing gas lines and thermocouples

THERMOCOUPLE

TEMPERATURE CONTROL GAS
INLET LINE

Be SUPPLY

TEMPERATURE CONTROL GAS
CULET LINE
. THERMOCOUPLE
THERMOCOUPLE, 8X O ETLN,
TEMPERATURE CONTROL GAS
OULET LINE
TEMPERATURE CONTROL
GAS ANNULAS
\\.
LINER TUBE SPECIMEN
D:0 SUPPLY, 2X
SPECIMEN HOLDER
TEMPERATURE CONTROL GAS
INLET LINES, 4X — BHOLE
— 2.878
OO RETURN
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Example 2 — lead-out capsule experiment
* Finite element mesh and calculated temperature distribution
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Example 2 — lead-out capsule experiment
« Temperature measured by eight thermocouples located in capsule wall

Temperature (deg F)

TMIST-1 Thermocouple Outputs

500
450 | F/f;:;_,\ﬂ ——
400 i |MM-‘%~'—“—”W—‘—‘—>—’\‘\/_
——
[ ‘
e NN
| I
350 A
-
300 -
250 - ——TE-1AH
—TE-1A-L
TE-1B-H
200 A
TE-1B-L
——TE-1C-H
150 A —TE1CL
——TE-1D-H
100 | —TE-1D-L
0 +—Tr—r>"1r—1—"—""""T""T""TT"""""T"""T"T"T"T"""T"T—T"T"T"—T—T—T—T—T——T—T—T—T
Y % % o
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Example 2 — lead-out capsule experiment
« Comparison of calculated and measured temperatures

500

OCalculated Temperature

BThermocouple Temperature

450 -

400 -
350 -
200 -
150 1
100 |
50 - . . . . . . .

TE-1D-H TE-1D-L TE-1C-H TE-1C-L TE-1B-H TE-1B-L TE-1A-H TE-1A-L

[
[=)
o

Temperature (deg F)
o
o
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Example 3 — lead-out experiment mock-up
 Electrically heated pressure tube contained in a water tank

Gas and
Thermocouple Lines

T
C

34



Example 3 — lead-out experiment mock-up
» Location of thermocouples
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Example 3 — lead-out experiment mock-up
° Temperature measurements

Test4
350 == ————‘
Time:11:57 Time: 1259 Time: 13:57
Upper: He - 14, Ar- 6 ‘ Upper: He -18, Ar-2 Upper: He - 20, Ar- 0
Lower: He- 14, Ar-6 Lower: He- 18, Ar-2 Lower: He- 20, Ar-0
Heater:65 ‘ Heater: 65 Heater: 65
300 +—
‘ =—=(CH1 - 0.0"
-

] |r T Yy “l\

o ——(CH2-1.6"
250 ! e (CH3 - 3.2"

——CH4 - 4.8
|l AN -

T a0 — _ ——CHS - 8.0

e \ B l't —CH7 - 9.6"

= [ ’ a

' I ki o A ——CHB - 11.2"

']

g | #Aﬂiﬁiﬁ[ \ ——CHg -12.8"

& 150 1 P e

=—CH10 - 14.4"

— ~ "
o - CHI11 - 16.0

==CH12 - 17.6"
100

———CH12 -19.2"
—‘N\-ﬁ ——CH14 - 20.8"

CHIS - 22.4"
> %W T CHIG - 24.07

CH20 - Coolant
0

10:45:00 11:15:00 11:45:00 12:15:00 12:45:00 13:15:00 13:45:00 14:15:00 14:45:00 15:15:00

Time (Hours:Minutes:Seconds)
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Example 3 — lead-out experiment mock-up

« Temperature calculations

Example: Calculation of temperature at TC-14 with a heater
sefting of 65 and a gas mixture of 50% helium - 50% argon

Qy, = 2000W

Ly =24in

sp = 0.65

d_ = 0.040in

Heater power

Heated length

Heater setting

Gas gap (cold)

T, = 291°C

T, = 15°C

o= 108x 10 -+
°C

r = 0.50%n

Ar = IJ:-(:TI - Tz]-r

dy =d. - Ar

dy, = 0.038in

Temperature (initially assumed due to nonlinear
dependence of radiation heat flux on temperature)

Coolant temperature

Mean coefficient of thermal expansion

Radius of tube

Radial thermal expansion of the tube

Gas gap (hot) accounting for thermal expansion

37
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Example 3 — lead-out experiment mock-up
» Temperature calculations — continued

_ W
o= 35.670-10 ¥ S 2
m -K
E .= 0.2
k= 4217 % 107 - Bjm
hr-in-R
R.l =1
Br=1+ d].l
sp-Qy
qs = —'j
Ly ™Ry
BTU
q, = 0.063 —3
51

Stefan-Boltzmann constant

Emissivity of stainless steel

Thermal conductiaty of 50%
helium - 50% argon mixture

Inside radius of gas gap

QOutside radius of gas gap

Rate of heat generation

4Ry
AT = 2 Temperature drop across gas gap,
-t . 5 7 due to conduction and radiation
k CF'(TI + Tz}(Tl + T2 ;l
B
k2 1 -5 Ry
Rl - _ _ + —

Ry J g g Ry

AT =276 °C

T2+£\T=291 °C

Temperature at location of thermocouple, assuming thermal
resistance of tubes is negligible in comparison to thermal
resistance of gas gap

38
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Example 3 — lead-out experiment mock-up
» Results of temperature calculations

Heater Setting
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65

Helium Percent
0
25
50
75
100

25
50
75
100

25
50
75
100

Argon Percent

100
75
50
25

0

100
75
50
25

0

100
75
50
25

0

Thermocouple

10
10
10
10
10
12
12
12
12
12
14
14
14
14
14

Calculated
Temperature

422
298
213
153
106
478
341
246
178
124
549
399
201
212
148

39
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Example 3 — lead-out experiment mock-up
« Comparison of measured and calculated temperatures

Temperature (C)

550

500

450

400

350 -

300 -

250 -

200 -

150

100 -

50

Comparison of Measured and Calculated Temperatures

® TC10, Measured
TC 10, Calculated

& TC12, Measured
=——TC 12, Calculated
B TC 14, Measured
s TC 14, Calculated

30 40 50 60 70 80 920 100

Percent Helium

40
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