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ABSTRACT Water/Steam Connections
An analysis has been carried out of natural circulation

thermal hydraulics in both the primary and intermediate circuits

of the Encapsulated Nuclear Heat Source (ENHS). It is . R

established that natura circulation enhanced by gas injection Steam Generators P”éneg%ggrﬁ ;Db-Bi

into the primary coolant above the core, or the intermediate
coolant above the heat exchange zone, is effective in

[ [

| )

transporting the nominal core power to the steam generators ] LA —
without the attainment of excessive system temperatures. Suppo_rt S_tructure ‘
Uncertainties in thermophysical properties and wall friction ~On Seismic
have a relatively small effect upon the calculated best estimate  !Solators
primary and intermediate coolant system temperature rises.
Primar

INTRODUCTION Vessal )éf

The Encapsulated Nuclear Heat Source (ENHS) is a small . <
innovative reactor concept of 125 MWt/50 MWe.*® Thefudl is Region of :\E/II\(I);'SI
“encapsulated” inside a removable cylindrical primary coolant Imbedded ue
vessel through out the 20-year core life restricting access to fuel Support
and neutrons (Figure 1). The ENHS utilizes lead-bismuth ~ Structure
eutectic (55 wt% Bi-45 wt% Pb; Tpar = 125 °C; Ty = 1670
°C) or lead (T gt = 327 °C; T = 1740 °C) heavy liquid metal ~ Reactor < Pool
coolant (HLMC). These coolants do not react exothermically ~ Core Vessd
or vigoroudy with water or steam, and do not burn when :
exposed to air. ]

The reactor concept relies upon heat transport by natural
circulation of both the primary and intermediate heavy liquid
metal coolants. There are no mechanical main circulation
pumps in the primary or secondary circuits.  Primary-to-
intermediate coolant heat exchange takes place inside an

Figure 1. lllustration of Possible ENHS Concept.

annular heat exchanger (HX) region inside the primary coolant
vessel (Figure 2). In the reference design, intermediate coolant
flows upward through long aspect ratio thick-walled parallel
plate channels while primary coolant flows downward over the

plate exterior surfaces. The removable ENHS primary coolant
vessel is placed inside an annular intermediate coolant pool.
Heat exchange between the intermediate coolant and the
water/steam working fluid occurs inside modular steam

1 Copyright © 2002 by ASME
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Figure 2. lllustration of ENHS Primary Coolant Heat
Exchanger Regions for NLP4 Design Variant.

generators (SGs) located near the top of the annular
intermediate coolant pool. The intermediate coolant flows
downward over numerous tube-in-tube channels inside which
water enters flowing downward through the central tube and
steam exits flowing upward through the annulus. If needed, the
ENHS optionally incorporates the injection of noncondensable
gas (i.e., alift pump) into the primary coolant above the core or
into the intermediate coolant above the HX plate channels
(Figure 3) to enhance the coolant flowrate above that from
single-phase natural circulation alone.

The ENHS is not a single design; a number of different
design variants have been specified based upon absence or
incorporation of a lift pump as well as variations in the core,
riser, HX, and SG dimensions.

The objectives of the present work are to: i) establish the
feasibility of natural circulation heat transport for both primary
and intermediate circuits; and ii) determine the effects of
uncertainties inherent in lead-bismuth eutectic (LBE) and lead
thermophysical properties as well as the representation of wall
friction. The approach consists of development of a mainly
analytical model for natural circulation flows and heat transfer
through the application of first principles modeling to the
ENHS design. The present work models natural circulation
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Figure 3. lllustration of ENHS Primary Coolant and Heat
Exchanger Regions for LP7 Design Variant.

flow and heat transfer of both the primary and intermediate
coolants together in a single integrated and refined framework,
whereas previous analyses® addressed only the primary coolant
system while treating the intermediate coolant through
boundary conditions that were at best approximate.

NOMENCLATURE

flow area, m?
specific heat, J(KgeK)
hydraulic diameter, m
frictional term
friction factor
= gravitational acceleration, m/s’
= inverse thermal resistance, W/(msK)
= heat transfer coefficient from primary bulk
coolant, W/(m%K)
heat transfer coefficient to intermediate bulk
coolant, W/(m?K)
frictional loss coefficient
= thermal conductivity, W/(meK)
s = grainsize for roughness, m
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thermal conductivity of HX plate wall
W/(meK)

length for frictional losses associated with
cooled zone, m

difference in elevation between cooled and
heated zone thermal centers, m

length for frictional losses associated with
heated zone, m

height of two-phase region, m

ﬁ = Nusselt number

H ~ Prandt! number

total reactor power, W

hydraulic radius, m

puD, _ Reynolds number
M

perimeter, m

temperature, K

inlet temperature, K

outlet temperature, K

primary coolant velocity, m/s

velocity through heated zone, m/s

intermediate coolant velocity, m/s
1

2f 1/2

position vector, m

vertical coordinate directed downwards, m

void fraction of gas,

—%3—_?_ = compressibility/thermal expansion
coefficient, K™

temperature rise through heated zone, K

wall thickness, m

turbulent eddy diffusivity of momentum, m?s
viscosity, Kg/(mes)

Wp

kinematic viscosity, m?/s

density, Kg/m®

coolant physical/liquid density evaluated at
mean coolant temperature, Kg/m®

coolant liquid density a core outlet
temperature, Kg/m®

average effective eddy diffusivity ratio

heated intermediate coolant

ANALYSIS APPROACH

Steady state heavy liquid metal coolant flow and
temperature conditions are calculated with a one-dimensional
formulation. An equation is derived for the quasi-steady
coolant velocity through the primary or intermediate circuit
heated zone. The Bernoulli form of the steady state one-
dimensional momentum equation is integrated over a closed
circuit. The effective driving pressure rise from buoyancy due
to single-phase temperature differencesis

$pg-dx = p(p-0) g dX =R(Tos ~To)law- (1)

The enhancement in driving head due to buoyancy from
noncondensable gas injection above the heated zone is

(pé _pr)gLZw =pa, gL, w:p[ _B%j 6oL, , (2

The temperature rise across the heated zone from energy
conservation is

AT = Tout _Tin =¢' (3)

puheﬂedA heﬂedC

Using this equation to eliminate the core temperature rise
provides an equation for the velocity through the heated zone in
terms of total power,

3
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[

heated cooled
Dh‘heﬂai L o 4Lhﬂed A Dh‘(x)o\ed L 4L

X

cooled cooled

The model employs the turbulent friction factor of
Colebrook and White® that depends upon a grain size for
roughness,

1
f=—, 5
4x? ®)
x=174+—2_In| Ks 187X ) 6)
In10 (R, Re

A roughness size of 10 microns is nominaly assumed as
representative of an oxide film.

The model incorporates an analytical solution of one-
dimensional equations for primary and intermediate bulk
coolant temperatures along the height of the heat exchanger,

3 Copyright © 2002 by ASME



dT
Ac— = - HS(T -T), 7
puAc— (T-T) @)

dT.
—-puAc—=HS(T-T). 8
plul |C| dz ( |) ()

The inverse therma resistance between primary and
intermediate bulk coolantsis

H=— 1 ©)

1.0, ,1
T wal g &
h kWéil h,

The correlation of Dwyer® for liquid metal heat transfer
from parallel plates for identical heat fluxes from both plate
walls is assumed for both the primary and intermediate coolant
forced convection heat transfer coefficients,

Nu =9.49+0.0596( WRePr)""". (10)

The average effective eddy diffusivity ratio is given by the
semiempirical equation proposed by Dwyer,°

P=1-— 182 (11)

14
%)
V max
The following function was fit to the figure of Dwyer®
versus Reynolds number for the case of

1.
max

presenting (0, ¥ ).
concentric annuli,

\Y

D 14
[—Mj =7.833x10™ Re"?. (12)
Although a protective oxide layer is present at the channel
walls, the assumed 10 micron nominal thickness is too small to
contribute a significant thermal resistance relative to the
calculated forced convection heat transfer coefficients. The
level of dissolved oxygen in the melt is assumed to be
controlled to maintain the oxide layer and minimize the
presence of contaminants in the coolant. Thus, no additional
thermal resistance is assumed due to an oxide layer or
contaminants at the channel walls.

Four ENHS design variants were analyzed. Detailed
design conditions are shown in Table 1. Case NLP4 (No Lift
Pump Case No. 4) incorporates the greatest riser heights above
the core and HX (Figure 2) to enhance single-phase natural
circulation from coolant temperature differences alone. Case
LP6 (Lift Pump Case No. 6) includes enhanced circulation from
gas injection with somewhat reduced riser heights. Case LP7

features a compact design with gas injection and significantly
reduced riser heights above both the core and HX (Figure 3). A
fourth variant of LP7 extends the bottom of the HX that was
located completely above the core down to the active core
lower elevation. The single constraint upon the temperaturesin
the calculations is that the primary coolant inlet temperature at
the bottom of the core equals 400 °C.

The analysis uses temperature dependent thermophysical
properties for LBE and lead evaluated at the mean of the
primary and intermediate coolant outlet and inlet temperatures.
The properties were determined by members of the ENHS
Project Team and are being used consistently in al ENHS
analyses.

FINDINGS

Table 2 shows the results calculated for each case with the
dternative choices of LBE and lead coolants. The major
figures of merit are the primary and intermediate coolant
temperature rises across the respective heated zones. It is
desired that the temperature rises remain less than about 160 C.
This limits the coolant outlet temperatures to values of 560 C or
less for which it is expected that ferritic steels such as HT9
could be used as a structura material together with the
formation and maintenance of a corrosion-inhibiting oxide layer
on the structural wall surface.

The calculated heated zone temperature rises for the
primary and intermediate coolants all meet the figures of merit
such that reliance upon pure or gas-injection augmented natural
circulation of the primary and intermediate coolants is effective
in transporting the nominal core power from the fuel rods to the
HX as well as from the HX to the steam generators. As
observed from Table 2, very small differences in the results are
calculated between LBE and lead coolants.

Effects of uncertainties in the LBE and lead coolant
thermophysical properties were examined.  Variations in
thermophysical properties that cause AT to increase are of
present interest. Under pure natural circulation (i.e,, no gas
injection), the coolant velocity through the heated zone is given

by

QgBLd.ff 1/3
= — 13
uheated ( ZpCAF ( )

such that the temperature rise across the heated zone is

2/3 13
pcuheaedA pCA gBLdiff

Thus, an increase in AT will result from decreasesin 3, p, and ¢
aswell asfrom anincreasein F. The present approach consists
of decreasing 3, p, ¢, and k while increasing the viscosity, ,
consistent with data uncertainties or scatter for the variablesin

4 Copyright © 2002 by ASME



Table 1. Comparison of ENHS Design Variants.

Design NL P4 LP6 LP7 LP7 with HX
Extending to
Bottom of
Active Core
Gas Injection Above Core and HX No Yes Yes Yes
Heated Core/Fission Gas Plenum Height, m 1.25/0.625 | 1.25/0.625 0.933 0.933
Core Radius, m 0.989 0.788 0.933 0.933
Fuel Rod Diameter, cm 1.20 .20 1.20 1.20
Rod Pitch-to-Diameter Ratio 1.208 1.108 1.247 1.247
Riser/HX Channel Heights, m 13/11 10/8 3.0/1.75 3.0/3.25
HX Channel Thickness/Width, cm 2.5/40 1.7/40 0.5/50 0.5/50
HX Channel Wall Thickness, cm 0.4 0.4 0.4 0.4
SG Heat Exchange Height, m 4.6 4.6 4.6 4.6
Number of SG Modules/Tubes per Module 8/613 8/613 8/613 8/613
Primary/Intermediate Two-Phase Region Height 0/0 8/2 1.75/2 1.75/2
\Void Fraction 0.0 0.1 0.1 0.1
Primary Coolant Core/HX Hydraulic Diameter, cm 0.732/4.41 | 0.425/3.14 | 0.856/1.00 0.856/1.00
Intermediate Coolant HX/SG Hydraulic Diameter, cm 4.71/2.51 3.26/2.51 | 0.990/2.51 0.990/2.51
Table 2. ENHS Thermal Hydraulic Conditions.
Design NLP4 LP6 LP7 LP7 with HX
Extending to
Bottom of
Active Core
Coolant LBE/Lead | LBE/Lead LBE/Lead LBE/Lead
Gas I njection Above Core/Lift Pump No Yes Yes Yes
Primary Coolant Velocity in Core, m/s 0.515/0.492 | 1.08/1.06 | 0.600/0.582 | 0.479/0.466
Primary Coolant Velocity in HX, n/s 0.384/0.366 | 0.446/0.436 | 0.552/0.536 | 0.441/0.429
Intermediate Coolant Velocity in HX, m/s 0.447/0.426 | 0.795/0.776 | 0.725/0.710 | 0.604/0.589
Intermediate Coolant Velocity in SG m/s 0.294/0.281 | 0.414/0.404 | 0.384/0.376 | 0.320/0.312
Primary Coolant Temperature Rise, °C 145/147 158/157 127/127 160/160
Intermediate Coolant Temperature Rise, °C 139/141 99.0/98.2 107/105 129/128
Primary Coolant Outlet Temperature, °C 545/547 558/557 527/527 560/560
Intermediate Coolant Temperature at Top of HX, °C 497/502 479/480 477/478 519/519
Intermediate Coolant Temperature at Bottom of HX 358/360 380/382 370/372 390/391
Primary-to-Intermediate Coolant Temperature Difference at| 47.8/45.6 78.8/76.9 50.5/49.8 41.1/41.0
Top of HX, °C
Primary-to-Intermediate Coolant Temperature Difference at|] 42.4/39.6 19.7/17.8 29.9/27.6 9.62/8.87
Bottom of HX, °C
5
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Table 3. Effects of Uncertaintiesin LBE Thermophysical Properties for NLP4.

Case Designation NL P4 NL P4 with NL P4 with Density and
Density and | Compressibility of Nikol’skii
Compressibility| et. al. Also Decrease Density
of Nikol'skii |by 1.5%, Specific Heat by 1%,
et. al. Thermal Conductivity by 3%;
Increase Viscosity by 6%
Primary Coolant VVelocity in Core, m/s 0.515 0.491 0.494
Primary Coolant Velocity in HX, m/s 0.384 0.366 0.368
Intermediate Coolant Velocity in HX, m/s 0.447 0.426 0.429
Intermediate Coolant Velocity in SG, n/s 0.294 0.281 0.282
Primary Coolant Temperature Rise, °C 145 151 154
I ntermediate Coolant Temperature Rise, °C 139 145 148
Primary Coolant Outlet Temperature, °C 545 551 554
Intermediate Coolant Temperature at Top of HX, °C 497 502 505
Intermediate Coolant Temperature at Bottom of HX, °C 358 357 356
Primary-to-Intermediate Coolant Temperature Difference a] 47.8 48.4 49.3
Top of HX, °C
Primary-to-Intermediate Coolant Temperature Difference aff a2.4 42.8 435
Bottom of HX, °C

Table 4. Effects of Uncertaintiesin Lead Thermophysical Properties for NLP4.

Case Designation NL P4 NL P4 with NL P4 with Density and
Density and Compressibility of Crawley.
Compressibility|] Also Decrease Density by
of Crawley | 0.5%, Specific Heat by 1.6%,
Thermal Conductivity by 6%;
I ncrease Viscosity by 3%
Primary Coolant Velocity in Core, m/s 0.492 0.477 0.479
Primary Coolant Velocity in HX, m/s 0.366 0.355 0.357
Intermediate Coolant Velocity in HX, m/s 0.426 0.413 0.416
Intermediate Coolant Velocity in SG, m/s 0.281 0.272 0.274
Primary Coolant Temperature Rise, °C 147 153 155
Intermediate Coolant Temperature Rise, °C 141 147 149
Primary Coolant Outlet Temperature, °C 547 553 555
Intermediate Coolant Temperature at Top of HX, °C 502 507 508
Intermediate Coolant Temperature at Bottom of HX, °C 360 360 359
Primary-to-Intermediate Coolant Temperature Difference af] 45.6 46.1 47.5
Top of HX, °C
Primary-to-Intermediate Coolant Temperature Difference aﬂ 39.6 40.0 41.3
Bottom of HX, °C
6 Copyright © 2002 by ASME



those directions. The results are shown in Tables 3 and 4 for
LBE and lead coolants, respectively.

The most significant uncertainties involves the volume
thermal expansion coefficient/compressibility, B. In order to
separately quantify the effects of uncertaintiesin 3, variationsin
the properties were carried out in two steps. The first involves
variation in only the density and compressibility. The density
and compressibility of LBE are nominally assumed given by the
equation of Been, Edwards, Teeter, and Calkins,”

p =10740-1.38(T -273.15), (15)

selected by the ENHS team. That equation is replaced with the
equation recommended by Nikol’skii, Kalakutskaya, Pchelkin,
Klassen, and Vel'tischeva,?

p =10730-1.22(T -273.15). (16)

The rationale is that the Nikol'skii et. al. equation provides a
significantly lower compressibility, (3.

In addition to the first variation, the second variation also
performs the following changes:

Change Rationale

Decrease density by Uncertainty in density reported
1.5% by Beenet. a. is+ 1.5%

Curve used by ENHS team lies
below other data Round off
error of 1% ismadein literature

Decrease ¢ by 1%

Decrease k by 3% Data points lying below curve

used by ENHS team
Uncertainty assessed by Fink® is
+ 6%

Increase y by 6%

It is observed from Table 3 that uncertainties in 3 alone
could raise the heated zone temperature rises by 6 °C above the
values in Table 3. Additional property uncertainties could
further increase the heated zone temperature rises to a total of
9C.

For lead coolant, the nominal density and compressibility
selected by the ENHS team are given by the equation of Saar
and Ruppersberg,

p =10600 -1.35(T -600). (17)

Their equation is replaced with that recommended by
Crawley,"

p =15870-1.222(T -600.6), (18)

that provides a significantly lower compressibility. In addition
to this variation, the second variation also makes the following
changes:

Change Rationale
Decreasedensity by ~ Uncertainty in density reported by
0.5% Saar and Ruppersbergis+ 0.5%
Decreasechby 1.6%  Uncertainty at 1000 K according to
Fink™

Decrease k by 6% Data points lying below curve used
by ENHS team

Increase y by 3% Data points lying above curve used
by ENHS team

It is observed from Table 4 that the possible increases in the
heated zone temperature rises with lead coolant are similar to
those for LBE.

Table 5. Effects of Roughness Grain Size for NLP4 with LBE Coolant.

Roughness Grain Size, um

001 | 01 10 10 50 100 | 1000

Primary Coolant Velocity in Core, m/s

0.531 | 0.531|0.529 | 0.515| 0.479 | 0.455 | 0.342

Primary Coolant in Velocity in HX, m/s

0.395 | 0.395 | 0.394 | 0.384 | 0.357 | 0.339 | 0.255

Intermediate Coolant Velocity in HX, m/s

0.455 | 0.455|0.454 | 0.447 | 0.426 | 0.411 | 0.337

Intermediate Coolant Velocity in SG m/s

0.299 | 0.299 | 0.299 | 0.294 | 0.281 | 0.271 | 0.222

Primary Coolant Temperature Rise, °C

140 | 140 | 141 | 145 | 156 | 164 | 219

Intermediate Coolant Temperature Rise, °C

137 | 137 | 137 | 139 | 146 | 152 | 186

Primary Coolant Outlet Temperature, °C

540 | 540 | 541 | 545 | 556 | 564 | 619

Intermediate Coolant Temperature at Top of HX, °C

494 | 494 | 494 | 497 | 505 | 511 | 551

Intermediate Coolant Temperature at Bottom of HX, °C

357 | 357 | 357 | 358 | 359 | 360 | 366

of HX, °C

Primary-to-Intermediate Coolant Temperature Difference at Top| 46.6 | 46.6 | 46.7 | 47.8 | 50.6 | 52.7 | 67.4

Bottom of HX, °C

Primary-to-Intermediate Coolant Temperature Difference atf 43.0 | 43.0 | 429 | 424 | 41.2 | 40.3 | 34.1

7 Copyright © 2002 by ASME



The ENHS involves flow through channels having
hydraulic diameters of significantly differing sizes. A roughness
grain of 10 um is nominaly assumed as representative of an
oxide film in Equation 6. As observed from Table 5, the
calculated primary and intermediate temperature rises for NLP4
with LBE are about 5 and 2 °C greater, respectively, than would
be obtained for a hydraulically smooth channel that corresponds
to roughness sizes less than 1 um. An increase in the effective
roughness grain size to 50 um would increase the temperature
rises for NLP4 by another 11 and 7 °C, respectively, relative to
the values at 10 pm.

SUMMARY

Natural circulation of the primary and intermediate
coolants, or natural circulation enhanced by noncondensable
gas injection, can be relied upon to transport the nominal core
power from the core to the heat exchanger and from the heat
exchanger to the steam generators. Primary coolant
temperature rises and outlet temperatures are less than or equal
to 160 °C and 560 °C, respectively. Intermediate coolant
temperature rises and outlet temperatures are less than or equal
to 141 °C and 519 °C, respectively. Very small differences in
temperatures are calculated between |ead-bismuth eutectic and
lead coolants (<2 °C for temperature rises). With the exception
of LP6, primary-to-intermediate coolant bulk temperature drops
are less than or equal to 50 °C.

Uncertainties in thermophysical properties have arelatively
small influence upon calculated best estimate primary and
intermediate coolant system temperatures. The greatest
uncertainty in the thermophysical propertiesisthe uncertainty in
compressibility, B. Uncertainty in 3 could increase the
temperature rises by 6 °C above values calculated using ENHS
team consensus properties. Other uncertainties in properties
could further increase the temperature rises to a total of 9 °C
above the values calculated using ENHS team consensus
properties Increase in roughness grain size from 10 to 50
microns could increase primary and intermediate coolant
temperature rises by another 11 and 7 °C, respectively.
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