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Korea Atomic Energy Research Institute (KAERI) and Argonne National Laboratory
(ANL) conducted steady-state tests at constant heat flux conditions to investigate the
scale effect on heat removal behavior of the air-cooled Reactor Cavity Cooling System
(RCCS). Two differently scaled-down test facilities were used in this study, KAERI's %
scale with 4.0-m cavity height at KAERI, and ANL's %2 scale with 6.8-m cavity height.
Two scaling laws were proposed to simulate the radiation across the cavity and the
buoyancy-driven duct flow in the riser, respectively. The test matrix for KAERI and ANL
test facilities was focused on the scaling effect of the heated riser length with constant
heat flux at the PMR200 RCCS design. The test results showed that mixed convection
in the riser duct is an important factor for accurately extrapolating the thermo-fluid
behavior in the prototype from the test results in the scale-down facilities. The system
analysis code, GAMMA+, with improved heat transfer models predicted fairly well the
air-cooled RCCS test data from two facilities. GAMMA+ analysis results showed that
the predicted radiation fractions on the heated plate in the scale-down test conditions
were larger than those on the reactor vessel in the prototype. The scaling law for air-
cooled RCCS was improved with the consideration of the mixed convection in the riser
duct and the same radiation fraction on the heated plate. The mixed convection effect
could be calculated by the height ratio. The same radiation fraction provided a
conservative extrapolation from the scale-down test results.
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428 NATURAL CONVECTION

Natural convection in a cylindrical cavity of length L and diameter p y,
found by Evans and Stefany [67] to be correlated by b

— L
Nu, = 0.55Ra)/*, 075 < 5 < 2
In the cylindrical annulus formed by two long and concentric cylinders,
s

Ra'/*
Nu = [1,0.603C, o7 (B l,/,

[(z/py” + (L/D,)*”

where C, is obtained from Table 109, L =(D,/D,)/2, and Nu =
an(D,/D,)/ 27 ATk. ol ;

Su}'vcys of natural convection by Raithby and Hollands [54, 68] give
additional details.

Enclosed Spaces Between Planes

Natural convection in the enclosure between two planes, each of constant
temperature, tilted at an angle @ from the horizontal has been studied for
many years. Recent interest in solar collector applications has led to refined
correla(rons, most of which envision air as the fluid. The separation of the
planes is L, the height of the enclosure along the tilt is /4, and the width of
the enclosure perpendicular to the tilt is W.

For Pr = 0.7 and W/H > 8 and subject to H/L > 5 and 0° < 6 < 60°,
Raithby and Hollands [54] recommend

. 3 16
Nup =1+ 1.44[1 _ 1708 i 1708(sin 1.8 0)
Ra, cos 6 Ra, cos @

( Ra cosf '/ '
+{——] -1

5830
El Sherbiny et al. [69a] recommend for 6 = 60°

7
(0.0936 Ra®1%)’ g
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EMPIRICAL RELATIONS FOR NATURAL CONVECTION 429

.

where G = 0.5/[1 + (Ra, /3165)%¢]" and for 6 = 90°

1/
0.104RaS® ' i RaLL)“” ——
Nop= (| I+(6310/R3L)"“} 5 ( H 9 .

Then for 60° < 6 < 90°, lincar interpolation is recommended as

(90° - 8) Nu_gg + (8 = 60°) Nug 0
F

Nu, =

As cxplained by Raithby and Hollands, in the vertical (6 = 90°) cavity
there is flow for a Newtonian fluid at any Ra. The flow is small and parallel
{0 the plancs at low Ra, and Nu = 1 since heat flows between the planes by
conduction. At higher Ra, the flow has several possibilities. For H/L < 40, a
Jaminar boundary layer forms on each plane with a nearly stationary core
between them [the core is nearly isothermal horizontally but with a vertical
gradient of (T, — Toga)/2H]; at sufficiently large Ra, after a transition
range turbulent boundary layers form on the planes. For H/L > 40, the flow
in the ion regime b ble at Ra in excess of a critical
Raylcigh number Ra, that depends on Pr (Ra,/Pr = 7300 for Pr< 127
according to Korpela [700]); for Pr > 12.7 the instability results in unsteady
yertically traveling waves while for Pr < 12.7 the instability results in station-
ary hori I-axis rolls. The turbulent boundary layers that are on the planes
for these two cases arc separated by a core of horizontally uniform tempera-
ture and a vertical temperature gradient of 0.36 (T, — Tewa)/H-

For hori | planes the ded ion is

Ra.l® Ra'”? 1=tn(Ra' /A /ky)
<
1 RzI k,+2l 7 ]

S TR

where [x] = (x| + )72, k, = 1.44/[1 + 0.018/Pr + 0.00136/Pr?}, k; =
75exp(1.5/Pr'/2), and Ra, is the critical Rayleigh number for the geometry
and boundary conditions encountered (Ra, = 1708 for infinite horizontal
planes, but see Raithby and Hollands for a collection of Ra, for various
conditions).

Ostrach’s [70) survey on natural convection in fluids heated from below is
recommended for detailed information and references to work prior to 1957.

Nu=1+

L. C. Burnister, _Co_nvective Heat Transfer, 2" edition, John Wiley and Sons, Inc., pp. 428-429, 1992.
—>The characteristic length of the correlation is the separation of the planes. '
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Figure 5.14  Experimental and numerical results for natural convection in a square enclosure
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Figure 516 The affect of the aspect ratio H/L on heat transfer through a two-dimensianal
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transfer effect reaches a maximum in the vicinity of H/L ~ 1, that is, when
the enclosure geometry does not suppress the fluid circulation. Conversely, the
convective heat transfer contribution vanishes (Nu — 1) as the buoyancy-driven
loop is snuffed out (fiattened) into a counterflow whose two branches are in
excellent thermal contact (H/L — 0 or HIL — =o).

The enclosure flows discussed so far are all laminar. As is shown in the
next chapier, the transition to turbulence occurs when the wall jet Reynolds
number based on the vertical velocity scale and the local thickness of the jet
exceeds O(107).

The heatline visualization of natural convection in a square cavity with
isothermal side walls is presented in Fig. 5.16. The Rayleigh number is high
enough so that the side-to-side heat transfer rate is dominated by convection.
The heatlines show vividly that **heat rises,”” and that the true energy corridor
consists of two vertical houndary layers connected through an encrgy tube
positioned along the upper wall. The heatlines are parallel to the top and bottom
walls which are adiabatic. Along the two isothermal vertical walls, the heatlines
are normal to the wall because the near-wall regions are dominated by con-
duction (both « and  vanish at the wall). Onc interesting contribution of the
heatline pattern is that it shows graphically the magnitude of the Nusselt num-
ber: note that the conduction-referenced Nusselt number appears on Fig. 5.16¢
as the value of maximum H on the top heatline of the heatfunction plot. Note
further that the heatline pattern shows graphically the flow of energy downward
through the core.

The recommended heat transfer correlation for laminar natural convection
in a rectangular enclosure heated and cooled from the side 15 due o Berkovsky
and Polevikov,*

08 0.09
— Pr L
Nuy, = 0.22 (m Rn") (FJ’) i (5.63)
H 5 13
2<E<10. Pr < 0¥, Ray < 10
o Pr 029 ;o =013
Nug = 0.18 (m Rab.) (E) R (5.64)

1<%<2‘ 1070 < Pr o< 10°,

o b Ly
0= gy pe Ram (H

*In Ref. 38, the Polevikov ions show a deceptively strong L/H effect because
the Nusselt and Rayleigh numbers in that paper were based on L as length scale, namely, Nu,
and Ra,.

entlosure heated from the side [36] ‘

A. Bejan, Convection Heat Transfer; Ch. 5 Internal Convection, John Wiley and Sons, Inc., pp. 244-245,
1994 > The author selected the height as the characteristic length, but the characteristic length in the
reference was the separation of the planes. (H: height, L: distance between heated and cooled surfaces)
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7 Regime 11 Figure 10.19. Schematic of the recirculation fAow
patterns associated with the flow regimes of
Fig. 10,18,
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Regime [V

When Ry < 1, the buoyancy effect is too weak to cause significant convec.
tion. Thus, except for a slow-moving recirculation loop that has little effect on hu.‘a(‘
lrant_fer‘ the fluid is relatively stagnant. The temperature variation in the horizon-
tal direction is approximately linear, and the heat flux (heat transfer rale per unit
surface area of the sidewall) is

q. (10.12.1)
This is equivalent to
Nug = (10.12.2)
The tall-enclosure regime covers the range
Ra > 1, (10.12.3a)
1
178 = Ra)™ (10.12.3b)

In .H"S regime the lateral temperature profile remains linear, and Nug = 1. Dislinct
ﬂull.!l. yers can be observed neal the top and bottom horizontal boundaries
T'he boundary-layer regime occurs over the parameter range,

Ry = 1, (10.12.42)
W
Ra; "™ = 1y8 < Ral, (10.12.4h)

T'hi s & conveetion-dominated regime. Distinet boundary layers form nest o the
vcr}nml surfaces. The boundary layers thus constitute the recirculation flow loop
while the core of the enclosure remains approximately stagnant, and the heat flux is
of the order of g = k(1) — Ty2) {8y,

I'he shallow-enclosure regime occurs in the parameter range

Ra; = 1, (10.12.50)
/8 < Ray M, (10.12.5h)

10.13 Natural C: in Horizontal Ry

This regime is also dominated by convection. 1t is characterized by a counierflow

pattemn in the horizontal direction and thermal boundary layers on the vertical sides.
The boundary layers, as well as the long horizontal core, contribute to the thermal

resistance for heat transfer between the two isothermal sides.

(10.12.6)

Empirical Correlations
Empirical correlations are often in terms of Rag, defined as
28| Tor — Te2

Ras —
ve

3

For Ray < 1, the flow field in the enclosure resembles the one described earlier for a
A larpe, slowly totating cell is observed, but heat transfer across the
, when Nug is defined in

tall enclosur,
enclosure is essentially by conduction, leading to Nug
Eq. (10.12.2).

For the parameter range 2 < [/S < 10, Pr < 10, and Rag < 100, Catton (1978)
proposed

02
¥ (Nug, = 022 (1457 ['Uzl;irprk‘“] v {10.12.7)

For the parameter range 1 < 1/8 <2, 1077 < Pr < (P, and 55T = 10°, Catton
(1978) recommends

Pr 0.29
N =018| — -Rag 3 10.12.
For the range 10 = [/8 < 40,1 < Pr <2 % 10* and 10* < Rag < 107, McGregor and
Emery (1969) recommend

[Nug)y = 0.42Ral™ P02 (175) %% (10.12.9)

The same authors recommend the following correlation for the range 1 < [/$ < 40,
1< Pr =20, and 10° < Rag < 10°.

(Nug), = 0.046Ra}™ (10.12,109

The properties in all these correlations should correspond to (Ty; + Ts2)f2.

10.13 Natural Convection in Horizontal Rectangles

We now discuss natural convection in fluid layers that have small aspect ratios. Con-
sider a fluid whose specific volume expands as a consequence of increasing temper-
ature. When a layer of such a fluid is heated from the top, as in Fig. 10.20(a), a
stable, quiescent, and thermally stratified field is developed. Heat transfer through
the fluid layer will be due to conduction, and that leads to Eq. (10.12.2). When such
a fluid layer is heated through its bottom surface, however, the developed temper-
ature gradient leads to buoyancy that tends to destabilize the fluid fayer while the
Ruid viscosity resists fluid motion. The stability of this type of fuid layers has been
studied extensively. It was shown that the layer remains stable, and therefore quies-
cent, as long as (Pellew and Southwell, 1940}

Ras < Ra.«; = 1708, (10.13.1)

S. M. Ghiaasiaan, Convective Heat and Mass Transfer, Cambridge University Press, pp. 306-307,
2011->Catton(1978)’s characteristic length was the separation of the planes(S).
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Highlights (as a separate file)
e Test results from two reduced height air-cooled RCCS test facilities were compared for the
scaling law.

e Mixed convection correlation in the riser duct was selected to simulate the test results by
GAMMA +.

e Air-cooled RCCS scaling law was improved for conservative extrapolation.
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Abstract
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Korea Atomic Energy Research Institute (KAERI) and Argonne National Laboratory (ANL) conducted steady-
state tests at constant heat flux conditions to investigate the scale effect on heat removal behavior of the air-
cooled Reactor Cavity Cooling System (RCCS). Two differently scaled-down test facilities were used in this
study, KAERI’s ¥ scale with 4.0-m cavity height, and ANL’s ¥ scale with 6.8-m cavity height. Two scaling
laws were proposed to simulate the radiation across the cavity and the buoyancy-driven duct flow in the riser,

respectively. The test matrix for KAERI and ANL test facilities focused on the scaling effect of the heated riser
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length with constant heat flux at the PMR200 RCCS design. The test results showed that mixed convection in
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the riser duct is an important factor for accurately extrapolating the thermo-fluid behavior in the prototype from
the test results in the scale-down facilities. The system analysis code, GAMMA+, with improved heat transfer
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models predicted fairly well the air-cooled RCCS test data from two facilities. GAMMA+ analysis results

showed that the predicted radiation fractions on the heated plate in the scale-down test conditions were larger
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than those on the reactor vessel in the prototype. The scaling law for air-cooled RCCS was improved by
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considering the mixed convection in the riser duct and the same radiation fraction on the heated plate. The
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mixed convection effect was calculated by the height ratio. The same radiation fraction provided a conservative
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extrapolation from the scale-down test results.

w
N
— =
O oo

Keywords: high temperature gas-cooled reactor, air-cooled reactor cavity cooling system, radiation, mixed

\)
(@]

convection, riser duct, GAMMA+, scaling law

w
N

\)

~


https://www.editorialmanager.com/ned/viewRCResults.aspx?pdf=1&docID=27173&rev=2&fileID=500794&msid=8111664d-fbda-47cc-aae9-ee3fd1216433
https://www.editorialmanager.com/ned/viewRCResults.aspx?pdf=1&docID=27173&rev=2&fileID=500794&msid=8111664d-fbda-47cc-aae9-ee3fd1216433

O©CoO~NOOOTA~AWNPE

O 0 N O O &~ W N =

e e e e e
S O &~ W N = O

17
18

1. Introduction

The Reactor Cavity Cooling System (RCCS), a key passive safety feature in a High Temperature Gas-cooled
Reactor (HTGR), maintains the concrete temperature below the design limit during normal operation. In an
accident condition, the RCCS removes the residual heat, which amounts to 0.3~0.6 % of the full reactor power.
The air-cooled RCCS (Thielman et al, 2005) is an open natural-circulation air loop as shown in Figure 1. The
air in the riser ducts absorbs the heat from the vessel and flows into the ambient air by the chimney effect, and
the cold ambient air flows into the riser ducts, again. Heat transfer modes from the vessel to the riser ducts are
the radiation and the natural convection in the cavity. Simulation with computational fluid dynamics codes
indicates that the radiation is more than 80% of the total heat transfer (Niessen and Ball, 2001). Furthermore,
the air-cooled RCCS can be operated without additional electricity or water coolant supply. The criteria for the
RCCS design and performance are determined from the temperature limit of the reactor vessel and concrete
structures in all the conditions of HTGR. Its governing heat transfer mechanisms are the radiation across the
cavity and the buoyancy-driven internal convection in the riser ducts installed around the reactor cavity as

shown in Figure 1.

HEAT TRANSFER MODES
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Fig. 1 Heat Removal Behavior in PMR200 Air-cooled Reactor Cavity Cooling System (Not-scaled)
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As shown in Fig. 1, the RCCS prototype, which has nearly a 55-m total height, is largely infeasible to study full
scale test in a laboratory setting, so a reduced-scale test is preferred to verify its performance. KAERI conducted
experiments to verify the RCCS cooling performance to validate the inherent safety features of a VHTR (Very
High Temperature gas-cooled Reactor), using NACEF (Natural Cooling Experimental Facility), with a 4/17-
scale height of the PMR200 RCCS (Kim et al., 2015a). Argonne National Laboratory (ANL) and the University
of Wisconsin-Madison similarly performed 1/2 scale (Lisowski et al., 2016a, b) and 1/4 scale (Corradini et al.,
2014.) tests for GA-designed MHTGR RCCS, respectively. Especially, the ANL 1/2 scale test facility is called
NSTF (Natural Shutdown heat removal Test Facility).

Key heat transfer modes in the air-cooled RCCS are the radiation across the cavity and the naturally circulated
air flow in the riser duct. The natural circulation flow is dependent on the height scale, while the radiation is
independent of the scale effect. The contradiction between the radiation and the convection on the scale effect
makes it impossible to satisfy the similarity in the radiation and the convection at the same time. Thus, the
scaling criteria have to be developed to choose the most dominant non-dimensional parameters. Bae et al. (2014)
proposed two cases, one with radiation-dominant and the other governed by buoyancy-driven flow. Kim et al.
(2015b) analyzed the scale effect on RCCS heat removal mechanism to check the validity of Bae et al. (2014)’s
scaling analysis using GAMMA+(Lim and No, 2006), a system analysis code for HTGR developed by KAERI.
The mixed convection in the riser duct was a very important factor making the scale effect on the RCCS heat
removal mechanism distorted (or non-linear). By incorporating the non-linearity of the scaling law, Kim et al.
(2016) improved GAMMA+ heat transfer model to more accurately simulate the NACEF test results.
Corradini et al. (2014) investigated the heat removal behavior and performance for a quarter-scale RCCS facility
with air. Their scaling laws were used to preserve key aspects and to maintain similarity of the natural circulation
in the riser ducts. The tests were run under different heat loadings with forced convection and natural circulation
modes. A flow reversal for a period occurred at one of the two exhaust ducts in some tests. NSTF test program
(Lisowski et al., 2016a) completed over 2,250 hours of active test operations and 16 successful test runs. Test
parameters included scaling effect, power shaping, flow path configuration, design basis accident conditions,
weather influences, off-normal scenarios, the blocked riser ducts, and others. In some cases, the downdraft of
cold ambient air through one of the chimneys caused a severe reduction in heat removal capability. Two facilities
were designed to maintain the similarity of the natural circulation in the riser ducts.

In this study, KAERI and ANL separately performed the tests with two reduced-scale test facilities, and made
comparisons to develop a better scaling methodology. Two test conditions were established based on Bae et
al.(2014)’s and Lisowski et al.(2016a)’s scaling analysis methodologies. The post-test analysis using GAMMA+
was performed to examine the applicability of the improved heat transfer model in GAMMA+ to the RCCS
heat removal mechanism by predicting the results at all the established test conditions. The improved heat
transfer model was expected to make the calculation results agree with the results obtained from KAERI &

ANL test facilities. The scaling law for air-cooled RCCS was improved from the comparison with the test results
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and the numerical results.

2. Test Facilities

KAERI designed and constructed the NACEF, a 4/17 scale mockup of the PMR200 RCCS. Figure 2 shows the
test section and chimneys of the NACEF. The height (4m) of the heated plate was reduced to a scale of 4/17
from the prototype, PMR200 RCCS, and the distance between the reactor vessel and the RCCS riser ducts was
kept the same as that of PMR200 RCCS. Figures 3 show plan and front views of the NACEF test section,
respectively.

The heated plate, a mockup of the reactor vessel, was constructed to be 4.05 m in height (serially-flange-
connected two plates of 2 m long, 0.65 m wide and 25 mm thick), and two chimneys are 8 m in height. Twenty
ceramic mold heater of 2.6 kW, with total 52 kW, were equipped on the heated plates in two rows. The heated
plates were oxidized and blackened to provide a high emissivity of 0.8 at 350 ‘C (Kim et al, 2013).

Of the 220 riser ducts in PMR200, only 6 riser ducts were installed in the NACEF with the same duct cross
sectional dimensions of 250 mm x 50 mm with thickness of 5 mm. The duct’s long side was aligned

perpendicular to the heated plate, and each duct was separated by 50 mm from the adjacent ducts.

Fig. 2 Pictures of NACEF
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Fig. 3 Schematic Diagram of NACEF (Not-scaled)

The riser ducts were painted black for high temperature service with a high emissivity of ~0.85 to absorb well
the heat from the heated plates (Kim et al, 2013). The reflective walls were plated with chromium to provide a
mirror-like surface with a low emissivity of ~0.15. The side walls were covered with an aluminum foil to
maintain the low emissivity. The reflective walls and the side walls reflect the radiation heat from the heated
plates to the riser walls.

Two thermal mass flow meters were installed in the downstream of two chimneys to measure the flow rate of
buoyancy-driven air. Two differential pressure transmitters were installed to measure the pressure drops across
both ends of the rise duct and across the total air passage, respectively. The temperatures at several positions
were measured by using the K-type thermocouples. Fifty-two thermocouples were installed on the surface of
the heated plates, and 32 on the back reflective walls. Seventy-two thermocouples were installed on the inside
and outside of four surfaces of the third riser duct of Figure 3(b).

The ¥ scale test facility designed by and constructed at ANL was similar to the facility at KAERI, except for
the target of the specific boundary conditions of the General Atomics MHTGR reactor. Figure 4 shows the test
section of NSTF. Figure 5 shows the cross-sectional view of NSTF test section. Twelve riser ducts were located
within a 6.8-m insulated enclosure, and heated by 2.5-cm thick plate capable of supplying up to 220 kW of
electric power. The geometry and emissivity of the riser ducts, insulated enclosure and heated plate matched

those of NACEF. Extending from the outlet plenum were two vertical chimney stacks that created an overall
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test facility 26-m in elevation.

A suite of nearly 450 data acquisition channels provided measurement of critical thermal hydraulic parameters,
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Fig. 5 Cross-sectional View of NSTF Test Section
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including fluid and surface temperatures, heat flux, mass flow, differential pressure, etc. Additionally, a
professional grade weather station was included in the data acquisition to monitor and record meteorological
conditions such as wind speed and direction. Lastly, an array of high fidelity distributed temperature sensors
(Lomperski et al., 2016) were included inside the riser duct and outlet plenum gas spaces. These sensors
provided 10-mm resolution and span over 80-m in total length.

Table 1 shows the geometrical dimensions of the RCCS test facilities at ANL and KAERI. Two facilities had a
similar cross-sectional dimension of the riser duct and a similar distance between the heated plate and the riser
duct front walls. Two facilities had the same heated plate width per riser duct but the different ratios between

the heated riser height and total height.

Table 1 Summary of NSTF and NACEF

ANL (NSTF) KAERI (NACEF)
Total Height [m] 26.2 14
Total Riser Height [m] 7.5 45
Heated length of Riser [m] 6.82 4.05
Number of Ducts 12 6
Flow Area of a Riser Duct [mm?] 44.1x244.7 40%240
Thickness of Riser Duct [mm] 441 5.0
Area of Heated Plate [m?] 8.820 2.600
Total Width of Heated Plate [m] 1.29 0.64
Width of Heated Plate per duct [m] 0.108 0.107

3. Scaling Law and Test Matrix

(1) Scaling Law for Air-cooled RCCS

In the reduced scale thermo-fluid test, the most important thing is to check whether the scale-down test condition
satisfies the three types of similarities: geometrical, kinematical and dynamical. Since it is impossible to satisfy
all similarities in the relevant non-dimensional group, it is customary to limit the similarity requirements to
some select group(s) considered to be dominant compared to the others. This section summarizes the scaling
law for the design of NSTF (Lisowski et al, 2016a) and NACEF (Bae et al., 2014). Since each facility has a
different reference design, this comparative study is focused on the scaling law for only the steady state in the

heated cavity.
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In the present study, the scaling law will be based on the assumption that the same structural materials and fluid

are used in the model as the prototype. The following relations are then naturally obtained.

pRz.BR=CpR=kR=pSR=ksR=CpSR=1 (1)

Additionally, the riser air temperature of the reduced scale test is always same as that of the prototype condition.

The following equations are derived.

Ti,R = To,R =T, -T)r =1 2

The non-dimensional continuity, Navier-Stokes, and energy equations of an incompressible Newtonian fluid

flow in the cavity take the following forms:

VB =0 @3)
e e — e Racapit 9, g
vVt ==V Peavity %gcavityg + V2 4)
cavity

1

v V*HZavity = V*ZGZavity (5)

Prcavity

where the non-dimensional variables are denoted by an asterisk. Buoyancy term of Eq. (4) was derived from
the Boussinesq approximation for the temperature dependence of air density. Eqg. (5) was the energy equation
under the assumptions of no volumetric heat generation, negligible gas radiation, and negligible viscous
dissipation. The dimensional variables were divided by constant reference values relevant to the flow and heat
transfer as follows.

% « pLH « 14 + pPygz 2 T - Tcavity
V'=V/Ly,v" = v Peavity = (7 ity (PeavityLn) s Oiaviey = Ty =T (6)

The Rayleigh number and the Prandtl number are identified as non-dimensional parameters in the reactor cavity

convection, which are as follows:

Ra. .., = g:Bcavity(Th — Triser)L?'I (7)
cavity ((ZV)cavity
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Prcavity = (T

cavity

In the cavity convection equation, the heated cavity height is chosen as a characteristic length, because the flow
in the cavity is governed by the vertical gravity. Rayleigh number is the dimensionless number for the cavity
convection. Prandtl number is the same as the reference design.

The heated plate temperature and the riser wall temperature can be obtained from the heat balance in the cavity

as expressed in the following equation.

. . 1 Ap -
dn = 9conv + Qraa = hcavity (Th - Triser) to (_ t+t— 1) (T}? - Tr‘tser) (9)

€n griserArad—riser

where there are two assumptions to simplify the radiation heat transfer equation. One is that there is no radiation
in the vertical direction. The other is that 100% of the radiation heat from the heated plate is transported to the
riser wall surfaces with high emissivity. All the surfaces except the heated plate and the riser duct outer walls
have low emissivity. It was assumed the view factor between the heated plate and the riser wall has no difference
between the prototype and the model due to the same horizontal dimension.

The non-dimensional heat balance equation can be derived as shown in the following equation.

T, — Ty
HN%wwg%jf$Q+R:1 (10)
o 13

The Planck number, the Nusselt number, and the Radiation number are identified as dominant non-dimensional

parameters, which are defined as follows:

kAT
Pl= (11)
wWaq'y
hogpipy W
Nucavity = Cav]l{ty (12)
q"rad
R = n (13)
qdn

It should particularly be noted that the characteristic length is the horizontal distance between the heated plate

and the riser front surfaces. The horizontal distance is chosen as the characteristic length, since the heat transfer
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direction is horizontal. The temperature difference of the Planck number is usually defined as the temperature
difference between hot and cold surfaces, however, in this study it is defined as the temperature rise from the
bottom to the top of the riser wall, since a constant heat flux condition is imposed instead of a constant
temperature. The Nusselt number is the dimensionless number for the cavity convection heat transfer coefficient.
It is a function of the Rayleigh number and the aspect ratio of the cavity. The Planck number and the Radiation
number are dimensionless numbers for the radiation across the cavity. But the similarity in the Radiation number
cannot be confirmed with the information we have in hand so far.

The riser wall temperature is determined by the convective heat transfer in the riser duct. The governing
parameter in the riser duct is the buoyancy-driven air flow in the riser duct. The flow in the riser can be regarded
as a one-dimensional flow in the practical sense. In the air-cooled RCCS, the inlets and the outlets are both open
to the atmospheric pressure. The air flow can be determined by the balance of the buoyancy force, the frictional
pressure drop and the form pressure loss. The following equation is the integral momentum equation in the

naturally circulating air loop through the RCCS risers and chimney.

2
pi8Liot = Po(Liar — L) + j pgdl + Z (ot K (14)

The acceleration pressure drop is neglected in the naturally circulating air loop. The density in the riser duct
varies with the temperature. The constant heat flux condition increases the air flow temperature linearly with
the elevation in the riser ducts. The non-dimensional integral momentum equation can be derived as the

following equation.

gBi(T, = TLy (Lm - O-SLh) _ R (Lm 0. SLh) Z( )(Aair>2 P 15)
u? Ly - A/ 2py

4

The non-dimensional energy equation for the single phase flow in ducts is given as follows:

*

00
= St(6;, — 65 (16)

where there are negligible viscous dissipation and no radiation heat transfer among the riser walls. The
dimensional variables were divided by constant reference values relevant to the flow and heat transfer as follows.

Triser - Ti 9%, — Tair - Ti

U'=1/Ly, 05 = T —T Yar =
0 i o i

A7)

10
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From Eqgs. (15) and (16) for the riser air flow, the following non-dimensional groups are identified.

_ 9bBi(T, — T )Ly

Ri _ (18)
Uuj
LL‘OL‘
H =
. (19)
lk Ariser 2 Pi
F= g+ ) ()
4 fr dy + K A, ) 2pn (20)
4h L
St = air™h (21)
(pucp)air driser

The Richardson number, the height ratio, and the Friction number are the dimensionless number for the natural
circulation air flow. The Stanton number is the dimensionless number for the convection heat transfer in the
riser ducts. The similarity of the convection heat transfer in the riser ducts cannot be maintained at the test
facility design having the scale-down cavity height and the same riser duct cross-section, since the heat transfer
coefficient is generally proportional to the flow velocity raised to the power of 0.8.

As shown in Fig. 1, the heat transfer behaviors in the air-cooled RCCS include the radiation across the cavity,
the natural convection in the cavity, the natural circulation air flow in the riser duct, and the convective heat
transfer in the riser duct. Key phenomena in the air-cooled RCCS are the radiation across the cavity and the
natural circulation air flow in the riser duct. An earlier scaling analysis (Ishii and Kataoka, 1984) for the natural
circulation system was based on the Richardson number without considering radiation. Bae et al. (2014)
proposed two cases simulating the radiation across the cavity and the buoyancy-driven duct flow in the riser,
respectively. In the case of radiation, the Planck number is the dominant dimensionless parameter in the
radiation across the reactor cavity, while the Richardson number in the natural circulation air flow.

The only way to satisfy the similarity in the Planck number,Pl, = 1.0, is the following relation.

Ply=1-= (%) - (qih) 22)

From the energy balance between the energy release from the riser surface and the energy carried away by the

air flow in the riser, the following relation needs to be kept.

11
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q;isethPriser = paircp,airuair (To - Ti)Ariser (23)

From Eq. (22) and Eq. (23), the following relation is obtained.

Q;Liser,RLh,R = Lh,R = Ugirr (24)

where the heat flux on the heated plate is proportional to the heat flux on the riser wall. The ratio of the

temperature difference between the riser wall and the air flow is,
q;iser 1 -0.8
(Triser - Tair)R = Rriser " = uo—s = Lh,R (25)

where the forced convection is assumed and the Dittus-Boelter correlation is used. As the facility is scaled down,
the temperature difference between the riser wall and the air flow is scaled up with the ratio of L,‘l_‘}f.

To maintain the similarity of the natural circulation, the ratios of the dimensionless numbers in Egs. (18), (19),
and (20) should be the same as the reference condition. The similarities in the Friction number and the height
ratio are very easy to satisfy, as they depend on the geometry. In the case of Friction number, the requirement
for the similarity doesn’t need to be satisfied individually at each segment. Since the flow length of the air flow
in the test facility is shorter than that in the reference condition, the additional head loss is added to satisfy the

similarity in the Friction number. The following relation is readily obtained from Ri, = 1.0.

Rip=1= (w) = <L_’;> (26)

Uj Uj

As in the previous case, the heat flux ratio can be obtained from the energy balance of Eq. (23) as follows:

q;iser,R _ <paircp,airuair(To - Ti)Aair) _ <uair> _ (&) _ ngés @7)
LhPriser R Lh R Lh R
The ratio of the temperature difference between the riser wall and the air flow,
_ q"- _ q;iser,R _ 7-09
(Triser B Tair)R B < nser/hriser>1q B ug'igR - Lh‘R (28)

Table 2 summarizes the scaling analysis results in this section. NSTF was designed based on Ri, = 1.0

12
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(Lisowski et al., 2016a). NACEF was designed based on Rip = 1.0 and Pl = 1.0 (Bae et al, 2014). A
caution needs to be given to ensure that the average flow velocity in the riser should be in the same flow regime

as that in the reference condition. Otherwise, the test will result in an erroneous or highly distorted data.

Table 2 Summary of Scaling Law

) _ Ratio in terms of height scale _
Ratio of variables Rationale
Riz = 1.0 Pl, =1.0
Tx 1 1 Enforced
(Tou: — Tir)dr 1 1 Enforced
T, —T;)L
RiR 1 Lle Ri = gﬁ( o _ l) h
, 7%
k(T,—T;)
Pl L3 1 Pl=—"_~
R h.,R anh
Ug L?i,?e Ly g
a'r 1% L
hy L)% L% u2®, turbulent flow
(Triser - Tair)R Lﬁgég Lﬁgég q"R/hR

The reference condition for the test matrix for the comparative study was obtained from the results of analysis,
conducted using a system code GAMMA+, for the low pressure conduction cooling (LPCC) event in PMR 200
(Jun et al, 2008). PMR200 is a demonstration plant of the VHTR developed by KAERI. GAMMA+ (Lim and
No, 2006) is a system code aiming to support the government-sponsored nuclear hydrogen development and
demonstration program in Korea. It has the capability to calculate thermal-fluid transients as well as chemical
reactions in a multi-component mixture system. Since two facilities differ in the height ratio and weather
condition, the test matrix is focused on the scaling effect of the heated riser length with constant heat flux at the
reference condition. Table 3 shows the reference condition of PMR200 RCCS and the test matrix and test results
for the comparison studies between the ANL and KAERI facilities. The test matrix was determined based on
the scaling analysis described in Table 2. Steady-state for test results required a minimum data-recording time
of 2 hours at target power and flow rate. Target power is not the electric power of the heaters but the heat

removal rate through the air flow in the riser ducts.

13
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Table 3 Test Matrix and Result (P: plan, T: Results)

PMR ANL(NSTF) KAERI(NACEF)
200 Rir Plr Rir Plr
Height Ratio 1.0 0.401 0.238
P98 P98 P98 P98
Tout - Tl 98 C‘C
T 943 T97.2 T99 T 100
Mass Flow per P30 P19 P23 P11
) 47 gls
Riser Duct T29.8 T18.9 T225 T11.3
Inlet T 40°C T18 T21 T12 T21
Heat Removal | 4.67 P 2.96 P1.87 P2.28 P1.11
per Riser Duct | kW T 2.84 T185 T 2.24 T1.14
# of Risers 220 12 6

4. GAMMA+ Input Model

Figures 6 show the input model and nodalization for GAMMA+ for simulation of the test results from NACEF
and NSTF. The fluid model for the naturally circulated air flow consists of a flow from the inlet boundary, an
inlet pipe, the inlet chamber, the riser ducts, an outlet chamber, two outlet pipes, and two chimneys connected
to the outlet atmospheric boundaries. In this analysis, a constant mass flow rate condition was used to estimate
the scale effect of the heat transfer behaviors in the cavity and the riser ducts. A two-dimensional fluid model
with the atmospheric pressure was assumed to simulate the cavity convection in the NACEF.

The solid model consists of a heated plate (representing the reactor vessel), riser ducts, side and reflective walls.
To simplify the input model, the riser ducts were modeled as hypothetical three-dimensional circular pipes,
circumferential parts of which correspond to the walls of the rectangular duct exchanging heat by radiation and
convection. Since the circular pipes have the same internal and the external perimeters as the rectangular duct
to maintain the same heat transferred area of the actual duct, the hypothetical circular pipes thickness is thicker
than the actual rectangular duct thickness. The cavity was enclosed by a heated plate, two side walls, top and

bottom walls, and a reflector wall. All the cavity-enclosed walls were modeled as a two-dimensional plate.

14
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Fig. 6 GAMMA+ Input Model

Figures 7 show the input model to be used to calculate view factors for the simulation of the radiation heat
transfer between the heated plate and the other surfaces by SINDA-FLUINT. The riser walls were categorized
into two outer risers and other inner risers, and the side walls of the cavity were divided into the left side wall
and the right side wall. Twelve groups of the surfaces were considered to calculate the view factors as shown
in Fig. 7. It was assumed that there was no height-scale effect on their view factors to simplify the radiation
calculation in the system analysis. Since the enclosed cavity surfaces except the heated plate have the low
emissivity, the most of the radiation heat from the heated plate is absorbed into the riser ducts. Two facilities
have the same heated plate width per duct and the similar distance between the heated plate and the riser walls.
Therefore, the distorted effect on the view factor is negligible to calculate the wall temperatures from the

radiation across the cavity.
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Fig. 7 SINDA FLUINT Input Model

Table 4 shows the heat transfer model of the pipe module adopted in GAMMA+. Table 5 summarizes the heat

transfer correlations to be incorporated into GAMMA+ to simulate the mixed convection in the riser duct. The
convective heat transfer correlations [GAMMA+(Lim, 2014), Jackson et al.(1989), Symolon et al.(2005), Shin

et al.(2017)] with consideration of mixed convection were used for the internal convection in the riser ducts.

Additionally, the effect on the riser convection of developing region (Bhatti and Shah, 1987) was tested in this

present analysis.

Nu(z) /N

Uriser

—0.760
= 1409756 (Z/dh) (29)

Table 4 GAMMA+ Heat Transfer Correlations (Lim, 2014)

Regime Laminar Transition Turbulent
Interpolation between hjam and hy, Modified
Forced Constant Nu
(2300<Re<5000) Dittus & Boelter
Transition
- Aicher {(Grir Prair) 3/ (ReSEPTO2)}Y> 0.05
Criterion
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) Nu® = Nu? — Nu} Nu3 = Nud — Nu3,
Convection (200<Re<400)
Transition
o Aicher > 0.2 & Burmeister {Gr,;,/ReZ;,} >1.0
Criterion
Churchill & Chu (1975)
Free ”
; hgirdy; 0.387 Ra .6 982:eorBair Triser — Tair)
Convection | py, . — _@r7riser _ 4 g5c air Ra... = 2riserPair riser air)
tair = T 17 (0.49z/pr) ©R%ar v, Tair

Table 5 shows the natural convection correlations on a vertical plate (Churchill and Chu, 1975) and an enclosed

rectangular cavity [Hsieh and Wang (1994), Catton(1978)] were used for the natural convection in the cavity.

Table 5 Mixed Convection Correlations for the Riser Duct Flow and Natural Convection Correlations for the

Cavity Convection

Convection Correlations
Jackson 046 ( )
u GTyiim ' Pair (Pair = Prum)diserg
etal., Nu = ”1 + 104W @ Gryym = 2
F air® 'film Hair
1989
0.2
Nu (5.9 X 1075 /Bo,;, )27+ °
- = + (76.08B00;126)°
Mixed | Symolon N {1 T 59X 10/Bog ) 7tj ¢ Oair
convection | etal,
in the riser 2005 @Bo,,.. = Grair & Gr... = péirﬁ(Triser - Tair)dgiserg
. T Reg by e
uc
s , 2581 0.387
Nu _|{_(6x107/B0u) + (21.81B023336)2501
Shin et Nup 1+ (6 X 10 S/BOair)z
al., 2007
_ GToir _ péirﬁ(Triser B Tair)diiserg
@Boair ~— 5.3 p..05’ Grair - 2
Reairprair Hair
Hsieh 2q"n X 0301 (Lh>_0'095
Nu,gpity = = 0.133(Ra....; -n py0.053
Enclosed and cavity kcavity (Th _ Triser) ( cavlty) W c
cavity
convection Wang’ @Ra o pczavitng3.8cavity(Th - Triser) o
1994 cavity — ,u?am‘ty cavity
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5. Results and Discussion

Figures 8 show the comparison between the test results from NACEF and NSTF at Rip = 1.0 and Pl = 1.0
conditions. The comparison for the Pl = 1.0 case indicated that the mixed convection in the riser duct should
be considered for an extrapolation of the heat removal behavior of RCCS from the scale-down test results.
Though the mass flow rate in a riser duct from NSTF is larger than that from NACEF, the wall temperatures on
the riser walls and the heated plates at NSTF was higher than those at NACEF in the same heat flux condition.
It may indicate that the heat transfer coefficient at NSTF was smaller than that at NACEF. In addition, the scale
effect on natural convection in the cavity had to be estimated to extrapolate the heated plate temperature profile
from the scale-down test results. The governing characteristic length for the cavity convection had to be
determined from the comparative study between the test results and the GAMMA+ analysis results.

According to Table 2, the riser wall temperature profile at Rir = 1.0 is slightly higher than that at Pl = 1.0.
The temperature difference ratio between Rip = 1.0 and Plp = 1.0 is proportional to Lz%*. In the case of
the NSTF test results, the temperature difference between the riser wall and air flow at Rip = 1.0 is 9.5%
larger than that at Pl = 1.0. In the case of the NACEF test results the temperature difference between the riser
wall and air flow at Rip = 1.0 is 15% larger than that at Pl = 1.0. The tendency of the test results from
NACEF and NSTF is different from Table 2, which means that the heat transfer region in the riser duct is not
the fully turbulent heat transfer. Figure 9 shows the convection flow regime map (Metais and Eckert, 1964) at
the NACEF and NSTF test conditions. The flow regime map was developed, based on the various heat transfer
studies at the circular channels. Rip = 1.0 case for the NSTF is expected to be mainly a forced convection
with some potential of mixed convection, while all the other test cases are in the region of significant mixed
convection impact. To extrapolate the temperature profile at the reference condition, the mixed convection in

the riser duct must be considered in the air-cooled RCCS scaling law. The hydraulic diameter of the riser duct
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was 0.0689m. The aspect ratio of the riser duct is enough large to assume the fully developed region at the

quarter bottom of the NACEF riser duct.
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The post-test analysis using GAMMA+ was conducted to simulate KAERI and ANL test results. Since the

constant mass flow rate conditions were used in this analysis, there is no difference between the analytical
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Fig. 8 Comparison with Test Results from NACEF and NSTF
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results and test results of the air flow velocity, inlet temperature, and outlet temperature.

Kim et al.(2016)’s GAMMA+ analysis of the NACEF test results showed significant temperature gradients on
the heated plate, which were resulted from the heat loss through the flanges at the top, bottom and middle of
the NACEF test section. Although the power input to all the heaters was evenly maintained, the heat loss through
the flanges distorted the heat flux profiles form the heated plate. The governing heat transfer mechanism on the
heated plate is radiation between the heated plate and the riser wall. Therefore, it was assumed that the heat flux
distribution on the heated plate was calculated from the measured temperature profiles on the heated plate and

the front surface of the riser wall with the following equation;

q"(l)/ _ he(Ty, — Trp) + €0 (Ty — Tgy)
q"avg B

30
Lt [P lho (T — Tag) + 0Tt — Tl (30)

(| P —— | S B B & G S 5 89§ S S S G SR S G B 8 G G N R
® NACEF-Ri =1 Forced convection, -
| ® NACEF-PI =1 turbulent flow 1
105 } A NSTF-RiR=1
| NSTF-PI =1 =
[ m PROTOTYPE A |
- —. -
104 l l hApd b G
| | Transition, laminar-turbulent flasi A T u
| o “\\\d" |
Re - W wtb"‘\e Free convection, | _|
F Fy A turbulent flow
103 == - 2 -
— L -
= 4 -l
102 i~ oy . - ~
- PR ol = Free convection, laminar flow ~ -
= I’ .\(\‘D‘ + T | \\ -
,q’q 05,\"« + / Aiding flow Opposing flow \
I w A OBrown UHF oMetais UWT wmBrown UHF ~
10 } @Eckert UWT LPetuchav UWT eMetais UWT
I AKemeny UHF JSchede UHF aWatzinger UWT -
- v Watzinger UWT, Hanratty UHF-UWT -
= X Hallman (transition, laminar-turbulent) UHF 13
Coand 1 o +Martinelli (mixed convection) UWT e
10 102 103 104 10° 108 107 108 10°

GrPrD/L
Fig. 9 Convection Flow Regime Map (Metais and Eckert, 1964) with NACEF and NSTF Test Conditions

The cavity convection heat transfer coefficient was obtained from Hsieh and Wang (1994) correlation, which
was developed from the experimental results for buoyancy-induced natural convection in the Rayleigh number
of 8.7x10%~2.0x10° inside a rectangular enclosure between two vertical heated and cooled walls. This

correlation had the good predictability within £10% of the experimental data. Heo and Chung (2010) also
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recommended Hsieh and Wang(1994)’s correlation for the very high Ra range over 10%°.,

The heat flux profile and the enclosed cavity convection obtained from the above equations were adopted in the
GAMMA+ calculation in the cases of Rip = 1.0 and Pl = 1.0 from NACEF & NSTF. Figure 10 shows the
heat flux profiles on the heated plate calculated from the measured temperature profiles in the cases of Rip =
1.0 and Pl = 1.0 from NACEF and NSTF. The heat flux profiles calculated from Eq. (30) were adopted in
GAMMA+ calculation in the cases of NACEF. In the case of NSTF, the heat flux profile is the bounding value
between 95%-~102.0% of the average heat flux. Therefore, the uniform heat flux conditions on the heated plate

could be used to simulate NSTF test results.
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7.0 NACEF(Ri_R=1.0)
----- NSTF(PI_R=1.0)
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; .
X,
5 4.0
|18
® 30
()]
T
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0.0
0 0.2 0.4 0.6 0.8 1

Normalized Height
Fig. 10 Heat Flux Distributions at NACEF Test Conditions

Figures 11 show the riser temperature profiles obtained using the various mixed convection correlations in
Tables 4 & 5. In the case of NSTF, GAMMA+ correlation in Table 4 has the good predictability to simulate all
of the test results from NSTF. In the case of NACEF, and Symolon et al. (2005)’s correlation in Table 5 was
found to work best in predicting all the test results from NACEF, respectively. Shin et al. (2017)’s correlation
shows the good predictability for NSTF and NACEF test results except for the Pl = 1.0 case at NACEF.

Figures 12 show influence of the various mixed convection correlations in Tables 4 and 5 on the heated plate
temperature profiles. The magnitude of the difference among the predicted heated plate temperatures from
various correlations is close to that of the difference among the predicted riser wall temperatures from various

mixed convection correlations. In other words, the increase in the predicted riser temperatures almost directly
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1 corresponds to the difference among the predicted heated plate temperatures for the same cavity convection
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Fig. 12 Simulated Heated Plate Temperature Profiles with Various Mixed Convection Correlations

Figures 13 show influence of the various cavity correlations in table 5 on the heated plate temperature profiles.
The selection of cavity convection correlation has small or negligible effects on the calculated heated plate and
temperatures at the same mixed convection correlation for the riser duct, indicating the dominance of radiation
over convection in the cavity. Symolon et al.’s correlation (2005) and the GAMMA+ correlation (Lim, 2014)
were used to simulate the test results from NACEF and NSTF, respectively. From the comparison with the test
results and numerical results for NSTF, it was found that the characteristic length for the cavity is the heated
cavity height. Figures 14 show the riser wall temperature profiles obtained using the various cavity convection
correlations at the same mixed convection correlation as Figures 13. Cavity convection has small effect on the
riser wall temperature profiles at all the test conditions. Since the horizontal distance between the heated plate
and the riser ducts is always larger than the thermal boundary layer thickness, the characteristic length should
be the heated cavity height. But the natural convection heat transfer coefficient in the turbulent flow regime has
almost no geometrical size effect as shown in Table 5.
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Fig. 14 Simulated Riser Wall Temperature Profiles with Various Cavity Convection Correlations

1

Shin et al.’s correlation (2017) was selected as the reference correlation because it was developed from the test

results at the same rectangular duct as NACEF’s rise ducts. In the prediction of the heated plate temperature,

Shin et al.’s correlation (2017) over- or under-predicts the heated plate temperature profiles of NACEF and
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NSTF within £10%, respectively. The differences between the test results and the numerical results are
reasonable, considering the simplified GAMMA+ model to simulate the test facilities, the non-uniform flow
distribution in the riser ducts, the uncertainty (7%) of Shin et al.’s correlation (2017) and the uncertainty (8%)
of the heat removal rate at NACEF test condition.

All the results indicate that the mixed convection in the riser duct is very important and should be considered
in the extrapolation of the thermo-fluid behavior from the scale-down test results. Since the heat transfer
coefficient of the riser duct is the function of the air flow velocity in the riser duct and temperature difference
between the duct wall and the air flow as shown in Table 4 and 5, the heat transfer coefficients ratio cannot be
expressed by the length ratio shown in Table 2. Shin et al. (2018) added the mixed convection correlation using
the buoyancy number based on the heat flux from their rectangular duct test results (Shin et al, 2017) as the

following equation.

4.742

|( (9232 x 1075 /B0, )"
1+ (9.232 x 10-5/Bo, )"

0.2109 (31)

+ (0.4756(104Boq)0.3326)4-.742

The buoyancy number Bog and the Grashof number Gryq are given as the follows

4

_ GTQ G _ gﬁairq riserdriser
4= Rez pros’ Tair =

Bo
air® 'air kairvgir (32)

The buoyancy number based on the heat flux should be used to determine the scale effect on the mixed
convection. Using the relations in Table 2, the ratio of the buoyancy number between model and prototype

becomes

-3

" d* U o do
(Boq)R _ <g.8aqu riser rzser) ( air nser) (Prair)Eo's _ q"RuES (33)
R

2
kairvair air R

Since the ratio of the riser air flow temperature is 1 in Table 2, the ratio of the buoyancy number can be expressed
by the length ratio from the test conditions. The ratios for Ri = 1.0 and Pl = 1.0 are proportional to [3?

and I33, respectively. Figure 15 shows the predicted the mixed convection effect of the calculated (Boq)R
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overlapped with Shin et al. (2018)’s correlation. The calculated Bog can be easily used to estimate the scale

effect on the mixed convection in the riser duct.
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Fig. 15 Mixed Convection Effect of the Calculated BOGI Based on the Heat Flux-based Correlation

Figure 16 shows the radiation fraction on the heated plate from the GAMMA+ simulation results. These
numerical results show that the radiation across the cavity is the governing mechanism in the cavity to determine
the heated plate temperature. The higher heated plate temperature results in the larger radiation fraction on the
heated plate. The radiation fraction on the reactor vessel in the real scale is smaller than that on the heated plate
in the scale-down test facilities, because the riser wall temperature in the real scale is lower than that in the
scale-down test conditions.

Therefore, the assumption that the radiation fraction on the heated plate in the scale-down test is the same as
that in the prototype is conservative enough to extrapolate the heated plate temperature. From Eq. 9, the heated

temperature difference can be extrapolated as the following equation.
(T — Trpdr = Rrq"nr = q'r (34)
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Fig. 16 Simulated Radiation Fraction on the Heated plate at the NACEF and NSTF Test Conditions

Table 6 summarizes the improved scaling laws for air-cooled RCCS with considering the mixed convection
effect in the riser duct and extrapolating the reactor vessel temperature. The function of the buoyancy number

is shown in Eq. 31. The reason why the ratio of the mixed convection is not necessary is that the heat transfer

regime in the prototype is always the pure forced convection (f(Boq) = 1.0) as shown in Figure 15.

Table 6 Improved Scaling Methodology for air-cooled RCCS

Ratio of Ratio in terms of height scale )
_ - Rationale
variables Ri, =1.0 Pl =1.0
Tx 1 1 Enforced
(Tout — Tindr 1 1 Enforced
(T — T;)L
RiR 1 Lle Ri = gﬁl( 0 > L) h
u;
k(T, —T;
Plg LS 1 Pl = M
' waq'y
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6. Conclusion

The test matrix for the comparative study was focused on the scale effect of the heated riser height. Comparison
with the test results and the post-test analysis results showed that the mixed convection in the riser duct and the
radiation similarity were very important to estimate scale effect.

The mixed convection, the heat flux distribution, the enclosed cavity convection, and the developing region in
the riser flow were introduced to simulate NSTF and NACEF test results. The calculation results showed that
GAMMA+ was satisfactory and predicted the temperature profiles was in a good agreement with the
experimental data. The difference between the calculated and measured temperature profiles were reasonable,
considering the uncertainty of the heat removal rate by the air flow, non-uniform flow distribution in the riser
duct, and the simplified GAMMA+ input model including the two dimensional radiation and the overpredicted
thermal conduction in the riser walls.

In the case of the reference condition, the heat transfer regime is always the forced turbulent convection, but
the scale-down test results show that the heat transfer regime of the riser duct air flow lies in the mixed
convection rather than the natural convection or the forced convection. A modified scaling law is derived
considering this effect. It is recommended that the buoyancy number based on heat flux should be used to
consider the mixed convection effect for the air-cooled RCCS scaling law. No difference in the radiation
fractions between the prototype and the scale-down test results is the conservative assumption to extrapolate
the prototype vessel temperature from the scale-down test results. The improved scaling law can be applied to
the case that the test facility should have only the scale-down height. The radiation condition in the cavity and
the riser duct design should also be the same as the prototype. In the future, the mixed convection correlation
of the riser duct needs to be developed with considering the developing region. It will give us the more accurate

extrapolation of the wall temperature profiles from the scale-down test results.

Nomenclature
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32
33

Ri

Pﬂ

X%Q:

N

area
buoyancy number of riser air flow

specific heat

hydraulic diameter

film (summation average of bulk and surface temperature)
gravity

height ratio

heat transfer coefficient

Grashof number for riser air flow

thermal conductivity

height

local length of the naturally circulating air flow
Nusselt number

heated perimeter

pressure

Plank number

Prandtl number

heat flux

Radiation number (radiation fraction)

Rayleigh number in the cavity convection
Reynolds number

Richardson number of riser air flow

temperature

riser air flow velocity

air flow velocity in the cavity

distance between the heated plate and the riser duct
characteristic length for cavity convection

local height

Greek Letters

B

&

0

thermal expansion coefficient

emissivity

temperature difference between the local temperature and the reference temperature
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U viscosity

v kinetic viscosity

p density

o Boltzmann constant
Subscript

air riser air flow

avg average

cavity cavity

conv convection

F forced convection

h heated plate

i inlet of riser air flow

k component

m scale-down model

N free convection (natural convection)
0 outlet of riser air flow

q heat flux based dimensionless number
R ratio of model and prototype
rad radiation

RF front surface of riser duct
riser riser wall

S structure

Tot total
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Korea Atomic Energy Research Institute (KAERI) and Argonne National Laboratory (ANL) conducted steady-
state tests at constant heat flux conditions to investigate the scale effect on heat removal behavior of the air-
cooled Reactor Cavity Cooling System (RCCS). Two differently scaled-down test facilities were used in this
study, KAERI’s ¥ scale with 4.0-m cavity height, and ANL’s ¥ scale with 6.8-m cavity height. Two scaling
laws were proposed to simulate the radiation across the cavity and the buoyancy-driven duct flow in the riser,

respectively. The test matrix for KAERI and ANL test facilities focused on the scaling effect of the heated riser
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length with constant heat flux at the PMR200 RCCS design. The test results showed that mixed convection in
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the riser duct is an important factor for accurately extrapolating the thermo-fluid behavior in the prototype from
the test results in the scale-down facilities. The system analysis code, GAMMA+, with improved heat transfer
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models predicted fairly well the air-cooled RCCS test data from two facilities. GAMMA+ analysis results

showed that the predicted radiation fractions on the heated plate in the scale-down test conditions were larger
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than those on the reactor vessel in the prototype. The scaling law for air-cooled RCCS was improved by
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considering the mixed convection in the riser duct and the same radiation fraction on the heated plate. The
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mixed convection effect was calculated by the height ratio. The same radiation fraction provided a conservative
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extrapolation from the scale-down test results.
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1. Introduction

The Reactor Cavity Cooling System (RCCS), a key passive safety feature in a High Temperature Gas-cooled
Reactor (HTGR), maintains the concrete temperature below the design limit during normal operation. In an
accident condition, the RCCS removes the residual heat, which amounts to 0.3~0.6 % of the full reactor power.
The air-cooled RCCS (Thielman et al, 2005) is an open natural-circulation air loop as shown in Figure 1. The
air in the riser ducts absorbs the heat from the vessel and flows into the ambient air by the chimney effect, and
the cold ambient air flows into the riser ducts, again. Heat transfer modes from the vessel to the riser ducts are
the radiation and the natural convection in the cavity. Simulation with computational fluid dynamics codes
indicates that the radiation is more than 80% of the total heat transfer (Niessen and Ball, 2001). Furthermore,
the air-cooled RCCS can be operated without additional electricity or water coolant supply. The criteria for the
RCCS design and performance are determined from the temperature limit of the reactor vessel and concrete
structures in all the conditions of HTGR. Its governing heat transfer mechanisms are the radiation across the
cavity and the buoyancy-driven internal convection in the riser ducts installed around the reactor cavity as

shown in Figure 1.
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Fig. 1 Heat Removal Behavior in PMR200 Air-cooled Reactor Cavity Cooling System (Not-scaled)
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As shown in Fig. 1, the RCCS prototype, which has nearly a 55-m total height, is largely infeasible to study full
scale test in a laboratory setting, so a reduced-scale test is preferred to verify its performance. KAERI conducted
experiments to verify the RCCS cooling performance to validate the inherent safety features of a VHTR (Very
High Temperature gas-cooled Reactor), using NACEF (Natural Cooling Experimental Facility), with a 4/17-
scale height of the PMR200 RCCS (Kim et al., 2015a). Argonne National Laboratory (ANL) and the University
of Wisconsin-Madison similarly performed 1/2 scale (Lisowski et al., 2016a, b) and 1/4 scale (Corradini et al.,
2014.) tests for GA-designed MHTGR RCCS, respectively. Especially, the ANL 1/2 scale test facility is called
NSTF (Natural Shutdown heat removal Test Facility).

Key heat transfer modes in the air-cooled RCCS are the radiation across the cavity and the naturally circulated
air flow in the riser duct. The natural circulation flow is dependent on the height scale, while the radiation is
independent of the scale effect. The contradiction between the radiation and the convection on the scale effect
makes it impossible to satisfy the similarity in the radiation and the convection at the same time. Thus, the
scaling criteria have to be developed to choose the most dominant non-dimensional parameters. Bae et al. (2014)
proposed two cases, one with radiation-dominant and the other governed by buoyancy-driven flow. Kim et al.
(2015b) analyzed the scale effect on RCCS heat removal mechanism to check the validity of Bae et al. (2014)’s
scaling analysis using GAMMA+(Lim and No, 2006), a system analysis code for HTGR developed by KAERI.
The mixed convection in the riser duct was a very important factor making the scale effect on the RCCS heat
removal mechanism distorted (or non-linear). By incorporating the non-linearity of the scaling law, Kim et al.
(2016) improved GAMMA+ heat transfer model to more accurately simulate the NACEF test results.
Corradini et al. (2014) investigated the heat removal behavior and performance for a quarter-scale RCCS facility
with air. Their scaling laws were used to preserve key aspects and to maintain similarity of the natural circulation
in the riser ducts. The tests were run under different heat loadings with forced convection and natural circulation
modes. A flow reversal for a period occurred at one of the two exhaust ducts in some tests. NSTF test program
(Lisowski et al., 2016a) completed over 2,250 hours of active test operations and 16 successful test runs. Test
parameters included scaling effect, power shaping, flow path configuration, design basis accident conditions,
weather influences, off-normal scenarios, the blocked riser ducts, and others. In some cases, the downdraft of
cold ambient air through one of the chimneys caused a severe reduction in heat removal capability. Two facilities
were designed to maintain the similarity of the natural circulation in the riser ducts.

In this study, KAERI and ANL separately performed the tests with two reduced-scale test facilities, and made
comparisons to develop a better scaling methodology. Two test conditions were established based on Bae et
al.(2014)’s and Lisowski et al.(2016a)’s scaling analysis methodologies. The post-test analysis using GAMMA+
was performed to examine the applicability of the improved heat transfer model in GAMMA+ to the RCCS
heat removal mechanism by predicting the results at all the established test conditions. The improved heat
transfer model was expected to make the calculation results agree with the results obtained from KAERI &

ANL test facilities. The scaling law for air-cooled RCCS was improved from the comparison with the test results
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and the numerical results.

2. Test Facilities

KAERI designed and constructed the NACEF, a 4/17 scale mockup of the PMR200 RCCS. Figure 2 shows the
test section and chimneys of the NACEF. The height (4m) of the heated plate was reduced to a scale of 4/17
from the prototype, PMR200 RCCS, and the distance between the reactor vessel and the RCCS riser ducts was
kept the same as that of PMR200 RCCS. Figures 3 show plan and front views of the NACEF test section,
respectively.

The heated plate, a mockup of the reactor vessel, was constructed to be 4.05 m in height (serially-flange-
connected two plates of 2 m long, 0.65 m wide and 25 mm thick), and two chimneys are 8 m in height. Twenty
ceramic mold heater of 2.6 kW, with total 52 kW, were equipped on the heated plates in two rows. The heated
plates were oxidized and blackened to provide a high emissivity of 0.8 at 350 ‘C (Kim et al, 2013).

Of the 220 riser ducts in PMR200, only 6 riser ducts were installed in the NACEF with the same duct cross
sectional dimensions of 250 mm x 50 mm with thickness of 5 mm. The duct’s long side was aligned

perpendicular to the heated plate, and each duct was separated by 50 mm from the adjacent ducts.

Fig. 2 Pictures of NACEF
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Fig. 3 Schematic Diagram of NACEF (Not-scaled)

The riser ducts were painted black for high temperature service with a high emissivity of ~0.85 to absorb well
the heat from the heated plates (Kim et al, 2013). The reflective walls were plated with chromium to provide a
mirror-like surface with a low emissivity of ~0.15. The side walls were covered with an aluminum foil to
maintain the low emissivity. The reflective walls and the side walls reflect the radiation heat from the heated
plates to the riser walls.

Two thermal mass flow meters were installed in the downstream of two chimneys to measure the flow rate of
buoyancy-driven air. Two differential pressure transmitters were installed to measure the pressure drops across
both ends of the rise duct and across the total air passage, respectively. The temperatures at several positions
were measured by using the K-type thermocouples. Fifty-two thermocouples were installed on the surface of
the heated plates, and 32 on the back reflective walls. Seventy-two thermocouples were installed on the inside
and outside of four surfaces of the third riser duct of Figure 3(b).

The ¥ scale test facility designed by and constructed at ANL was similar to the facility at KAERI, except for
the target of the specific boundary conditions of the General Atomics MHTGR reactor. Figure 4 shows the test
section of NSTF. Figure 5 shows the cross-sectional view of NSTF test section. Twelve riser ducts were located
within a 6.8-m insulated enclosure, and heated by 2.5-cm thick plate capable of supplying up to 220 kW of
electric power. The geometry and emissivity of the riser ducts, insulated enclosure and heated plate matched

those of NACEF. Extending from the outlet plenum were two vertical chimney stacks that created an overall
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including fluid and surface temperatures, heat flux, mass flow, differential pressure, etc. Additionally, a
professional grade weather station was included in the data acquisition to monitor and record meteorological
conditions such as wind speed and direction. Lastly, an array of high fidelity distributed temperature sensors
(Lomperski et al., 2016) were included inside the riser duct and outlet plenum gas spaces. These sensors
provided 10-mm resolution and span over 80-m in total length.

Table 1 shows the geometrical dimensions of the RCCS test facilities at ANL and KAERI. Two facilities had a
similar cross-sectional dimension of the riser duct and a similar distance between the heated plate and the riser
duct front walls. Two facilities had the same heated plate width per riser duct but the different ratios between

the heated riser height and total height.

Table 1 Summary of NSTF and NACEF

ANL (NSTF) KAERI (NACEF)
Total Height [m] 26.2 14
Total Riser Height [m] 7.5 45
Heated length of Riser [m] 6.82 4.05
Number of Ducts 12 6
Flow Area of a Riser Duct [mm?] 44.1x244.7 40%240
Thickness of Riser Duct [mm] 441 5.0
Area of Heated Plate [m?] 8.820 2.600
Total Width of Heated Plate [m] 1.29 0.64
Width of Heated Plate per duct [m] 0.108 0.107

3. Scaling Law and Test Matrix

(1) Scaling Law for Air-cooled RCCS

In the reduced scale thermo-fluid test, the most important thing is to check whether the scale-down test condition
satisfies the three types of similarities: geometrical, kinematical and dynamical. Since it is impossible to satisfy
all similarities in the relevant non-dimensional group, it is customary to limit the similarity requirements to
some select group(s) considered to be dominant compared to the others. This section summarizes the scaling
law for the design of NSTF (Lisowski et al, 2016a) and NACEF (Bae et al., 2014). Since each facility has a
different reference design, this comparative study is focused on the scaling law for only the steady state in the

heated cavity.
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In the present study, the scaling law will be based on the assumption that the same structural materials and fluid

are used in the model as the prototype. The following relations are then naturally obtained.

pRz.BR=CpR=kR=pSR=ksR=CpSR=1 (1)

Additionally, the riser air temperature of the reduced scale test is always same as that of the prototype condition.

The following equations are derived.

Ti,R = To,R =T, -T)r =1 2

The non-dimensional continuity, Navier-Stokes, and energy equations of an incompressible Newtonian fluid

flow in the cavity take the following forms:

VB =0 @3)
e e — e Racapit 9, g
vVt ==V Peavity %gcavityg + V2 4)
cavity

1

v V*HZavity = V*ZGZavity (5)

Prcavity

where the non-dimensional variables are denoted by an asterisk. Buoyancy term of Eq. (4) was derived from
the Boussinesq approximation for the temperature dependence of air density. Eqg. (5) was the energy equation
under the assumptions of no volumetric heat generation, negligible gas radiation, and negligible viscous
dissipation. The dimensional variables were divided by constant reference values relevant to the flow and heat
transfer as follows.

% « pLH « 14 + pPygz 2 T - Tcavity
V'=V/Ly,v" = v Peavity = (7 ity (PeavityLn) s Oiaviey = Ty =T (6)

The Rayleigh number and the Prandtl number are identified as non-dimensional parameters in the reactor cavity

convection, which are as follows:

Ra. .., = g:Bcavity(Th — Triser)L?'I (7)
cavity ((ZV)cavity
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In the cavity convection equation, the heated cavity height is chosen as a characteristic length, because the flow
in the cavity is governed by the vertical gravity. Rayleigh number is the dimensionless number for the cavity
convection. Prandtl number is the same as the reference design.

The heated plate temperature and the riser wall temperature can be obtained from the heat balance in the cavity

as expressed in the following equation.

. . 1 Ap -
dn = 9conv + Qraa = hcavity (Th - Triser) to (_ t+t— 1) (T}? - Tr‘tser) (9)

€n griserArad—riser

where there are two assumptions to simplify the radiation heat transfer equation. One is that there is no radiation
in the vertical direction. The other is that 100% of the radiation heat from the heated plate is transported to the
riser wall surfaces with high emissivity. All the surfaces except the heated plate and the riser duct outer walls
have low emissivity. It was assumed the view factor between the heated plate and the riser wall has no difference
between the prototype and the model due to the same horizontal dimension.

The non-dimensional heat balance equation can be derived as shown in the following equation.

T, — Ty
HN%wwg%jf$Q+R:1 (10)
o 13

The Planck number, the Nusselt number, and the Radiation number are identified as dominant non-dimensional

parameters, which are defined as follows:

kAT
Pl= (11)
wWaq'y
hogpipy W
Nucavity = Cav]l{ty (12)
q"rad
R = n (13)
qdn

It should particularly be noted that the characteristic length is the horizontal distance between the heated plate

and the riser front surfaces. The horizontal distance is chosen as the characteristic length, since the heat transfer
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direction is horizontal. The temperature difference of the Planck number is usually defined as the temperature
difference between hot and cold surfaces, however, in this study it is defined as the temperature rise from the
bottom to the top of the riser wall, since a constant heat flux condition is imposed instead of a constant
temperature. The Nusselt number is the dimensionless number for the cavity convection heat transfer coefficient.
It is a function of the Rayleigh number and the aspect ratio of the cavity. The Planck number and the Radiation
number are dimensionless numbers for the radiation across the cavity. But the similarity in the Radiation number
cannot be confirmed with the information we have in hand so far.

The riser wall temperature is determined by the convective heat transfer in the riser duct. The governing
parameter in the riser duct is the buoyancy-driven air flow in the riser duct. The flow in the riser can be regarded
as a one-dimensional flow in the practical sense. In the air-cooled RCCS, the inlets and the outlets are both open
to the atmospheric pressure. The air flow can be determined by the balance of the buoyancy force, the frictional
pressure drop and the form pressure loss. The following equation is the integral momentum equation in the

naturally circulating air loop through the RCCS risers and chimney.

2
pi8Liot = Po(Liar — L) + j pgdl + Z (ot K (14)

The acceleration pressure drop is neglected in the naturally circulating air loop. The density in the riser duct
varies with the temperature. The constant heat flux condition increases the air flow temperature linearly with
the elevation in the riser ducts. The non-dimensional integral momentum equation can be derived as the

following equation.

gBi(T, = TLy (Lm - O-SLh) _ R (Lm 0. SLh) Z( )(Aair>2 P 15)
u? Ly - A/ 2py

4

The non-dimensional energy equation for the single phase flow in ducts is given as follows:

*

00
= St(6;, — 65 (16)

where there are negligible viscous dissipation and no radiation heat transfer among the riser walls. The
dimensional variables were divided by constant reference values relevant to the flow and heat transfer as follows.

Triser - Ti 9%, — Tair - Ti

U'=1/Ly, 05 = T —T Yar =
0 i o i

A7)

10
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From Eqgs. (15) and (16) for the riser air flow, the following non-dimensional groups are identified.

_ 9bBi(T, — T )Ly

Ri _ (18)
Uuj
LL‘OL‘
H =
. (19)
lk Ariser 2 Pi
F= g+ ) ()
4 fr dy + K A, ) 2pn (20)
4h L
St = air™h (21)
(pucp)air driser

The Richardson number, the height ratio, and the Friction number are the dimensionless number for the natural
circulation air flow. The Stanton number is the dimensionless number for the convection heat transfer in the
riser ducts. The similarity of the convection heat transfer in the riser ducts cannot be maintained at the test
facility design having the scale-down cavity height and the same riser duct cross-section, since the heat transfer
coefficient is generally proportional to the flow velocity raised to the power of 0.8.

As shown in Fig. 1, the heat transfer behaviors in the air-cooled RCCS include the radiation across the cavity,
the natural convection in the cavity, the natural circulation air flow in the riser duct, and the convective heat
transfer in the riser duct. Key phenomena in the air-cooled RCCS are the radiation across the cavity and the
natural circulation air flow in the riser duct. An earlier scaling analysis (Ishii and Kataoka, 1984) for the natural
circulation system was based on the Richardson number without considering radiation. Bae et al. (2014)
proposed two cases simulating the radiation across the cavity and the buoyancy-driven duct flow in the riser,
respectively. In the case of radiation, the Planck number is the dominant dimensionless parameter in the
radiation across the reactor cavity, while the Richardson number in the natural circulation air flow.

The only way to satisfy the similarity in the Planck number,Pl, = 1.0, is the following relation.

Ply=1-= (%) - (qih) 22)

From the energy balance between the energy release from the riser surface and the energy carried away by the

air flow in the riser, the following relation needs to be kept.

11
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q;isethPriser = paircp,airuair (To - Ti)Ariser (23)

From Eq. (22) and Eq. (23), the following relation is obtained.

Q;Liser,RLh,R = Lh,R = Ugirr (24)

where the heat flux on the heated plate is proportional to the heat flux on the riser wall. The ratio of the

temperature difference between the riser wall and the air flow is,
q;iser 1 -0.8
(Triser - Tair)R = Rriser " = uo—s = Lh,R (25)

where the forced convection is assumed and the Dittus-Boelter correlation is used. As the facility is scaled down,
the temperature difference between the riser wall and the air flow is scaled up with the ratio of L,‘l_‘}f.

To maintain the similarity of the natural circulation, the ratios of the dimensionless numbers in Egs. (18), (19),
and (20) should be the same as the reference condition. The similarities in the Friction number and the height
ratio are very easy to satisfy, as they depend on the geometry. In the case of Friction number, the requirement
for the similarity doesn’t need to be satisfied individually at each segment. Since the flow length of the air flow
in the test facility is shorter than that in the reference condition, the additional head loss is added to satisfy the

similarity in the Friction number. The following relation is readily obtained from Ri, = 1.0.

Rip=1= (w) = <L_’;> (26)

Uj Uj

As in the previous case, the heat flux ratio can be obtained from the energy balance of Eq. (23) as follows:

q;iser,R _ <paircp,airuair(To - Ti)Aair) _ <uair> _ (&) _ ngés @7)
LhPriser R Lh R Lh R
The ratio of the temperature difference between the riser wall and the air flow,
_ q"- _ q;iser,R _ 7-09
(Triser B Tair)R B < nser/hriser>1q B ug'igR - Lh‘R (28)

Table 2 summarizes the scaling analysis results in this section. NSTF was designed based on Ri, = 1.0

12
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(Lisowski et al., 2016a). NACEF was designed based on Rip = 1.0 and Pl = 1.0 (Bae et al, 2014). A
caution needs to be given to ensure that the average flow velocity in the riser should be in the same flow regime

as that in the reference condition. Otherwise, the test will result in an erroneous or highly distorted data.

Table 2 Summary of Scaling Law

) _ Ratio in terms of height scale _
Ratio of variables Rationale
Riz = 1.0 Pl, =1.0
Tx 1 1 Enforced
(Tou: — Tir)dr 1 1 Enforced
T, —T;)L
RiR 1 Lle Ri = gﬁ( o _ l) h
, 7%
k(T,—T;)
Pl L3 1 Pl=—"_~
R h.,R anh
Ug L?i,?e Ly g
a'r 1% L
hy L)% L% u2®, turbulent flow
(Triser - Tair)R Lﬁgég Lﬁgég q"R/hR

The reference condition for the test matrix for the comparative study was obtained from the results of analysis,
conducted using a system code GAMMA+, for the low pressure conduction cooling (LPCC) event in PMR 200
(Jun et al, 2008). PMR200 is a demonstration plant of the VHTR developed by KAERI. GAMMA+ (Lim and
No, 2006) is a system code aiming to support the government-sponsored nuclear hydrogen development and
demonstration program in Korea. It has the capability to calculate thermal-fluid transients as well as chemical
reactions in a multi-component mixture system. Since two facilities differ in the height ratio and weather
condition, the test matrix is focused on the scaling effect of the heated riser length with constant heat flux at the
reference condition. Table 3 shows the reference condition of PMR200 RCCS and the test matrix and test results
for the comparison studies between the ANL and KAERI facilities. The test matrix was determined based on
the scaling analysis described in Table 2. Steady-state for test results required a minimum data-recording time
of 2 hours at target power and flow rate. Target power is not the electric power of the heaters but the heat

removal rate through the air flow in the riser ducts.
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Table 3 Test Matrix and Result (P: plan, T: Results)

PMR ANL(NSTF) KAERI(NACEF)
200 Rir Plr Rir Plr
Height Ratio 1.0 0.401 0.238
P98 P98 P98 P98
Tout - Tl 98 C‘C
T 943 T97.2 T99 T 100
Mass Flow per P30 P19 P23 P11
) 47 gls
Riser Duct T29.8 T18.9 T225 T11.3
Inlet T 40°C T18 T21 T12 T21
Heat Removal | 4.67 P 2.96 P1.87 P2.28 P1.11
per Riser Duct | kW T 2.84 T185 T 2.24 T1.14
# of Risers 220 12 6

4. GAMMA+ Input Model

Figures 6 show the input model and nodalization for GAMMA+ for simulation of the test results from NACEF
and NSTF. The fluid model for the naturally circulated air flow consists of a flow from the inlet boundary, an
inlet pipe, the inlet chamber, the riser ducts, an outlet chamber, two outlet pipes, and two chimneys connected
to the outlet atmospheric boundaries. In this analysis, a constant mass flow rate condition was used to estimate
the scale effect of the heat transfer behaviors in the cavity and the riser ducts. A two-dimensional fluid model
with the atmospheric pressure was assumed to simulate the cavity convection in the NACEF.

The solid model consists of a heated plate (representing the reactor vessel), riser ducts, side and reflective walls.
To simplify the input model, the riser ducts were modeled as hypothetical three-dimensional circular pipes,
circumferential parts of which correspond to the walls of the rectangular duct exchanging heat by radiation and
convection. Since the circular pipes have the same internal and the external perimeters as the rectangular duct
to maintain the same heat transferred area of the actual duct, the hypothetical circular pipes thickness is thicker
than the actual rectangular duct thickness. The cavity was enclosed by a heated plate, two side walls, top and

bottom walls, and a reflector wall. All the cavity-enclosed walls were modeled as a two-dimensional plate.
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Figures 7 show the input model to be used to calculate view factors for the simulation of the radiation heat
transfer between the heated plate and the other surfaces by SINDA-FLUINT. The riser walls were categorized
into two outer risers and other inner risers, and the side walls of the cavity were divided into the left side wall
and the right side wall. Twelve groups of the surfaces were considered to calculate the view factors as shown
in Fig. 7. It was assumed that there was no height-scale effect on their view factors to simplify the radiation
calculation in the system analysis. Since the enclosed cavity surfaces except the heated plate have the low
emissivity, the most of the radiation heat from the heated plate is absorbed into the riser ducts. Two facilities
have the same heated plate width per duct and the similar distance between the heated plate and the riser walls.
Therefore, the distorted effect on the view factor is negligible to calculate the wall temperatures from the

radiation across the cavity.

m—-4>»r o Om-4>»mXI

=~

TVYM 39]5 1431
T
TIVM 34IS 1431

|
|

o %4 3 3 3 e =
= =4 =3 =
g (f ] ® 2 o | 9
- x| |2 = o Tx -
%) 2 @ @ @ ® %)
g & = = = g §
5 s s 5
Py b I
e ~

+a

re»3S ®»O-ANmMrrmm>D

(a) NACEF

16



O©CoO~NOOOTA~AWNPE

O© 0 3 O O B~ wWw N

—
= O

12
13

m-4X>»r o Om-A>»mI

TIvm 3915 1437
L9
=
TIVM 3AIS 143

o = 5 = 5 5 = = = 5 = o
= =4 3 = = 5 S = = = - = =4 o
o @ o ) @ D ® o D @ ® @ @ A
2 1 1§ X ] f L K X L 2 L ] JRE 2
= = 2 Pl 2 P = = ) Pl = sl = =
w w w w w
%] kS o o o ® ® o by o o o o %]
@ 4 < 2 ] 4 L4 4 < 4 L 1]
o o
m . . m
5 S (3
=% We
—~

} 4

O0O-0N0mMmrmTm>o

= =D

(b) NSTF
Fig. 7 SINDA FLUINT Input Model

Table 4 shows the heat transfer model of the pipe module adopted in GAMMA+. Table 5 summarizes the heat
transfer correlations to be incorporated into GAMMA+ to simulate the mixed convection in the riser duct. The
convective heat transfer correlations [GAMMA+(Lim, 2014), Jackson et al.(1989), Symolon et al.(2005), Shin
et al.(2017)] with consideration of mixed convection were used for the internal convection in the riser ducts.
Additionally, the effect on the riser convection of developing region (Bhatti and Shah, 1987) was tested in this

present analysis.

Nu@,  —1+409756 (Z/dh)_°'76° (29)

Uriser

Table 4 GAMMA+ Heat Transfer Correlations (Lim, 2014)

Regime Laminar Transition Turbulent
Interpolation between hjam and hy, Modified
Forced Constant Nu
(2300<Re<5000) Dittus & Boelter
Transition
- Aicher {(Grir Prair) 3/ (ReSEPTO2)}Y> 0.05
Criterion
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Mixed Interpolation between hjam and hy,
) Nu® = Nu? — Nu} Nu3 = Nud — Nu3,
Convection (200<Re<400)
Transition
o Aicher > 0.2 & Burmeister {Gr,;,/ReZ;,} >1.0
Criterion
Churchill & Chu (1975)
Free ”
; hgirdy; 0.387 Ra .6 982:eorBair Triser — Tair)
Convection | py, . — _@r7riser _ 4 g5c air Ra... = 2riserPair riser air)
tair = T 17 (0.49z/pr) ©R%ar v, Tair

Table 5 shows the natural convection correlations on a vertical plate (Churchill and Chu, 1975) and an enclosed

rectangular cavity [Hsieh and Wang (1994), Catton(1978)] were used for the natural convection in the cavity.

Table 5 Mixed Convection Correlations for the Riser Duct Flow and Natural Convection Correlations for the

Cavity Convection

Convection Correlations
Jackson 046 ( )
u GTyiim ' Pair (Pair = Prum)diserg
etal., Nu = ”1 + 104W @ Gryym = 2
F air® 'film Hair
1989
0.2
Nu (5.9 X 1075 /Bo,;, )27+ °
- = + (76.08B00;126)°
Mixed | Symolon N {1 T 59X 10/Bog ) 7tj ¢ Oair
convection | etal,
in the riser 2005 @Bo,,.. = Grair & Gr... = péirﬁ(Triser - Tair)dgiserg
. T Reg by e
uc
s , 2581 0.387
Nu _|{_(6x107/B0u) + (21.81B023336)2501
Shin et Nup 1+ (6 X 10 S/BOair)z
al., 2007
_ GToir _ péirﬁ(Triser B Tair)diiserg
@Boair ~— 5.3 p..05’ Grair - 2
Reairprair Hair
Hsieh 2q"n X 0301 (Lh>_0'095
Nu,gpity = = 0.133(Ra....; -n py0.053
Enclosed and cavity kcavity (Th _ Triser) ( cavlty) W c
cavity
convection Wang’ @Ra o pczavitng3.8cavity(Th - Triser) o
1994 cavity — ,u?am‘ty cavity
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5. Results and Discussion

Figures 8 show the comparison between the test results from NACEF and NSTF at Rip = 1.0 and Pl = 1.0
conditions. The comparison for the Pl = 1.0 case indicated that the mixed convection in the riser duct should
be considered for an extrapolation of the heat removal behavior of RCCS from the scale-down test results.
Though the mass flow rate in a riser duct from NSTF is larger than that from NACEF, the wall temperatures on
the riser walls and the heated plates at NSTF was higher than those at NACEF in the same heat flux condition.
It may indicate that the heat transfer coefficient at NSTF was smaller than that at NACEF. In addition, the scale
effect on natural convection in the cavity had to be estimated to extrapolate the heated plate temperature profile
from the scale-down test results. The governing characteristic length for the cavity convection had to be
determined from the comparative study between the test results and the GAMMA+ analysis results.

According to Table 2, the riser wall temperature profile at Rir = 1.0 is slightly higher than that at Pl = 1.0.
The temperature difference ratio between Rip = 1.0 and Plp = 1.0 is proportional to Lz%*. In the case of
the NSTF test results, the temperature difference between the riser wall and air flow at Rip = 1.0 is 9.5%
larger than that at Pl = 1.0. In the case of the NACEF test results the temperature difference between the riser
wall and air flow at Rip = 1.0 is 15% larger than that at Pl = 1.0. The tendency of the test results from
NACEF and NSTF is different from Table 2, which means that the heat transfer region in the riser duct is not
the fully turbulent heat transfer. Figure 9 shows the convection flow regime map (Metais and Eckert, 1964) at
the NACEF and NSTF test conditions. The flow regime map was developed, based on the various heat transfer
studies at the circular channels. Rip = 1.0 case for the NSTF is expected to be mainly a forced convection
with some potential of mixed convection, while all the other test cases are in the region of significant mixed
convection impact. To extrapolate the temperature profile at the reference condition, the mixed convection in

the riser duct must be considered in the air-cooled RCCS scaling law. The hydraulic diameter of the riser duct
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was 0.0689m. The aspect ratio of the riser duct is enough large to assume the fully developed region at the

quarter bottom of the NACEF riser duct.
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The post-test analysis using GAMMA+ was conducted to simulate KAERI and ANL test results. Since the

constant mass flow rate conditions were used in this analysis, there is no difference between the analytical
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Fig. 8 Comparison with Test Results from NACEF and NSTF
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results and test results of the air flow velocity, inlet temperature, and outlet temperature.

Kim et al.(2016)’s GAMMA+ analysis of the NACEF test results showed significant temperature gradients on
the heated plate, which were resulted from the heat loss through the flanges at the top, bottom and middle of
the NACEF test section. Although the power input to all the heaters was evenly maintained, the heat loss through
the flanges distorted the heat flux profiles form the heated plate. The governing heat transfer mechanism on the
heated plate is radiation between the heated plate and the riser wall. Therefore, it was assumed that the heat flux
distribution on the heated plate was calculated from the measured temperature profiles on the heated plate and

the front surface of the riser wall with the following equation;

q"(l)/ _ he(Ty, — Trp) + €0 (Ty — Tgy)
q"avg B

30
Lt [P lho (T — Tag) + 0Tt — Tl (30)

(| P —— | S B B & G S 5 89§ S S S G SR S G B 8 G G N R
® NACEF-Ri =1 Forced convection, -
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Fig. 9 Convection Flow Regime Map (Metais and Eckert, 1964) with NACEF and NSTF Test Conditions

The cavity convection heat transfer coefficient was obtained from Hsieh and Wang (1994) correlation, which
was developed from the experimental results for buoyancy-induced natural convection in the Rayleigh number
of 8.7x10%~2.0x10° inside a rectangular enclosure between two vertical heated and cooled walls. This

correlation had the good predictability within £10% of the experimental data. Heo and Chung (2010) also
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recommended Hsieh and Wang(1994)’s correlation for the very high Ra range over 10%°.,

The heat flux profile and the enclosed cavity convection obtained from the above equations were adopted in the
GAMMA+ calculation in the cases of Rip = 1.0 and Pl = 1.0 from NACEF & NSTF. Figure 10 shows the
heat flux profiles on the heated plate calculated from the measured temperature profiles in the cases of Rip =
1.0 and Pl = 1.0 from NACEF and NSTF. The heat flux profiles calculated from Eq. (30) were adopted in
GAMMA+ calculation in the cases of NACEF. In the case of NSTF, the heat flux profile is the bounding value
between 95%-~102.0% of the average heat flux. Therefore, the uniform heat flux conditions on the heated plate

could be used to simulate NSTF test results.
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Fig. 10 Heat Flux Distributions at NACEF Test Conditions

Figures 11 show the riser temperature profiles obtained using the various mixed convection correlations in
Tables 4 & 5. In the case of NSTF, GAMMA+ correlation in Table 4 has the good predictability to simulate all
of the test results from NSTF. In the case of NACEF, and Symolon et al. (2005)’s correlation in Table 5 was
found to work best in predicting all the test results from NACEF, respectively. Shin et al. (2017)’s correlation
shows the good predictability for NSTF and NACEF test results except for the Pl = 1.0 case at NACEF.

Figures 12 show influence of the various mixed convection correlations in Tables 4 and 5 on the heated plate
temperature profiles. The magnitude of the difference among the predicted heated plate temperatures from
various correlations is close to that of the difference among the predicted riser wall temperatures from various

mixed convection correlations. In other words, the increase in the predicted riser temperatures almost directly
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1 corresponds to the difference among the predicted heated plate temperatures for the same cavity convection

2 correlation.
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Fig. 12 Simulated Heated Plate Temperature Profiles with Various Mixed Convection Correlations

Figures 13 show influence of the various cavity correlations in table 5 on the heated plate temperature profiles.
The selection of cavity convection correlation has small or negligible effects on the calculated heated plate and
temperatures at the same mixed convection correlation for the riser duct, indicating the dominance of radiation
over convection in the cavity. Symolon et al.’s correlation (2005) and the GAMMA+ correlation (Lim, 2014)
were used to simulate the test results from NACEF and NSTF, respectively. From the comparison with the test
results and numerical results for NSTF, it was found that the characteristic length for the cavity is the heated
cavity height. Figures 14 show the riser wall temperature profiles obtained using the various cavity convection
correlations at the same mixed convection correlation as Figures 13. Cavity convection has small effect on the
riser wall temperature profiles at all the test conditions. Since the horizontal distance between the heated plate
and the riser ducts is always larger than the thermal boundary layer thickness, the characteristic length should
be the heated cavity height. But the natural convection heat transfer coefficient in the turbulent flow regime has
almost no geometrical size effect as shown in Table 5.
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Fig. 14 Simulated Riser Wall Temperature Profiles with Various Cavity Convection Correlations

1

Shin et al.’s correlation (2017) was selected as the reference correlation because it was developed from the test

results at the same rectangular duct as NACEF’s rise ducts. In the prediction of the heated plate temperature,

Shin et al.’s correlation (2017) over- or under-predicts the heated plate temperature profiles of NACEF and
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NSTF within £10%, respectively. The differences between the test results and the numerical results are
reasonable, considering the simplified GAMMA+ model to simulate the test facilities, the non-uniform flow
distribution in the riser ducts, the uncertainty (7%) of Shin et al.’s correlation (2017) and the uncertainty (8%)
of the heat removal rate at NACEF test condition.

All the results indicate that the mixed convection in the riser duct is very important and should be considered
in the extrapolation of the thermo-fluid behavior from the scale-down test results. Since the heat transfer
coefficient of the riser duct is the function of the air flow velocity in the riser duct and temperature difference
between the duct wall and the air flow as shown in Table 4 and 5, the heat transfer coefficients ratio cannot be
expressed by the length ratio shown in Table 2. Shin et al. (2018) added the mixed convection correlation using
the buoyancy number based on the heat flux from their rectangular duct test results (Shin et al, 2017) as the

following equation.

4.742

|( (9232 x 1075 /B0, )"
1+ (9.232 x 10-5/Bo, )"

0.2109 (31)

+ (0.4756(104Boq)0.3326)4-.742

The buoyancy number Bog and the Grashof number Gryq are given as the follows

4

_ GTQ G _ gﬁairq riserdriser
4= Rez pros’ Tair =

Bo
air® 'air kairvgir (32)

The buoyancy number based on the heat flux should be used to determine the scale effect on the mixed
convection. Using the relations in Table 2, the ratio of the buoyancy number between model and prototype

becomes

-3

" d* U o do
(Boq)R _ <g.8aqu riser rzser) ( air nser) (Prair)Eo's _ q"RuES (33)
R

2
kairvair air R

Since the ratio of the riser air flow temperature is 1 in Table 2, the ratio of the buoyancy number can be expressed
by the length ratio from the test conditions. The ratios for Ri = 1.0 and Pl = 1.0 are proportional to [3?

and I33, respectively. Figure 15 shows the predicted the mixed convection effect of the calculated (Boq)R
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overlapped with Shin et al. (2018)’s correlation. The calculated Bog can be easily used to estimate the scale

effect on the mixed convection in the riser duct.

1.6

1.4

1.2

1

=1
Z
Sos .
é«s —Shin et al.(2018)

o6 = NSTF (Ri_R=1.0)
» NACEF (Ri_R=1.0)
04  +NSTF (P_R=1.0)
« NACEF (PI_R=1.0)
0.2 ® Prototype(PMR200)

0
1.00E-06 1.00E-05 1.00E-04 1.00E-03

Boq

Fig. 15 Mixed Convection Effect of the Calculated BOGI Based on the Heat Flux-based Correlation

Figure 16 shows the radiation fraction on the heated plate from the GAMMA+ simulation results. These
numerical results show that the radiation across the cavity is the governing mechanism in the cavity to determine
the heated plate temperature. The higher heated plate temperature results in the larger radiation fraction on the
heated plate. The radiation fraction on the reactor vessel in the real scale is smaller than that on the heated plate
in the scale-down test facilities, because the riser wall temperature in the real scale is lower than that in the
scale-down test conditions.

Therefore, the assumption that the radiation fraction on the heated plate in the scale-down test is the same as
that in the prototype is conservative enough to extrapolate the heated plate temperature. From Eq. 9, the heated

temperature difference can be extrapolated as the following equation.
(T — Trpdr = Rrq"nr = q'r (34)
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Fig. 16 Simulated Radiation Fraction on the Heated plate at the NACEF and NSTF Test Conditions

Table 6 summarizes the improved scaling laws for air-cooled RCCS with considering the mixed convection
effect in the riser duct and extrapolating the reactor vessel temperature. The function of the buoyancy number

is shown in Eq. 31. The reason why the ratio of the mixed convection is not necessary is that the heat transfer

regime in the prototype is always the pure forced convection (f(Boq) = 1.0) as shown in Figure 15.

Table 6 Improved Scaling Methodology for air-cooled RCCS

Ratio of Ratio in terms of height scale )
_ - Rationale
variables Ri, =1.0 Pl =1.0
Tx 1 1 Enforced
(Tout — Tindr 1 1 Enforced
(T — T;)L
RiR 1 Lle Ri = gﬁl( 0 > L) h
u;
k(T, —T;
Plg LS 1 Pl = M
' waq'y
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6. Conclusion

The test matrix for the comparative study was focused on the scale effect of the heated riser height. Comparison
with the test results and the post-test analysis results showed that the mixed convection in the riser duct and the
radiation similarity were very important to estimate scale effect.

The mixed convection, the heat flux distribution, the enclosed cavity convection, and the developing region in
the riser flow were introduced to simulate NSTF and NACEF test results. The calculation results showed that
GAMMA+ was satisfactory and predicted the temperature profiles was in a good agreement with the
experimental data. The difference between the calculated and measured temperature profiles were reasonable,
considering the uncertainty of the heat removal rate by the air flow, non-uniform flow distribution in the riser
duct, and the simplified GAMMA+ input model including the two dimensional radiation and the overpredicted
thermal conduction in the riser walls.

In the case of the reference condition, the heat transfer regime is always the forced turbulent convection, but
the scale-down test results show that the heat transfer regime of the riser duct air flow lies in the mixed
convection rather than the natural convection or the forced convection. A modified scaling law is derived
considering this effect. It is recommended that the buoyancy number based on heat flux should be used to
consider the mixed convection effect for the air-cooled RCCS scaling law. No difference in the radiation
fractions between the prototype and the scale-down test results is the conservative assumption to extrapolate
the prototype vessel temperature from the scale-down test results. The improved scaling law can be applied to
the case that the test facility should have only the scale-down height. The radiation condition in the cavity and
the riser duct design should also be the same as the prototype. In the future, the mixed convection correlation
of the riser duct needs to be developed with considering the developing region. It will give us the more accurate

extrapolation of the wall temperature profiles from the scale-down test results.

Nomenclature
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32
33

Ri

Pﬂ

X%Q:

N

area
buoyancy number of riser air flow

specific heat

hydraulic diameter

film (summation average of bulk and surface temperature)
gravity

height ratio

heat transfer coefficient

Grashof number for riser air flow

thermal conductivity

height

local length of the naturally circulating air flow
Nusselt number

heated perimeter

pressure

Plank number

Prandtl number

heat flux

Radiation number (radiation fraction)

Rayleigh number in the cavity convection
Reynolds number

Richardson number of riser air flow

temperature

riser air flow velocity

air flow velocity in the cavity

distance between the heated plate and the riser duct
characteristic length for cavity convection

local height

Greek Letters

B

&

0

thermal expansion coefficient

emissivity

temperature difference between the local temperature and the reference temperature
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U viscosity

v kinetic viscosity

p density

o Boltzmann constant
Subscript

air riser air flow

avg average

cavity cavity

conv convection

F forced convection

h heated plate

i inlet of riser air flow

k component

m scale-down model

N free convection (natural convection)
0 outlet of riser air flow

q heat flux based dimensionless number
R ratio of model and prototype
rad radiation

RF front surface of riser duct
riser riser wall

S structure

Tot total
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