
Nuclear Engineering and Design
 

Comparative Study with Two Reduced Test Facilities for Air-cooled RCCS Scaling Law
--Manuscript Draft--

 
Manuscript Number: NED-D-20-00546R2

Article Type: Full Length Article

Section/Category: Thermal Hydraulics

Keywords: high temperature gas-cooled reactor, air-cooled reactor cavity cooling system,
radiation, mixed convection, riser duct, GAMMA+, scaling law

Corresponding Author: Chan Soo Kim, Ph.D.
Korea Atomic Energy Research Institute
Daejeon, KOREA, REPUBLIC OF

First Author: Chan Soo Kim, Ph.D.

Order of Authors: Chan Soo Kim, Ph.D.

Darius Lisowski

Yoon Yeong Bae

Jong Hwan Kim

Sung Nam Lee

Abstract: 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 ¼
scale with 4.0-m cavity height at KAERI, and ANL's ½ 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.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



April 28, 2020 

 

Prof. Yassin Hassan 

Department of Nuclear Engineering 

Texas A&M University 

AIEN M203, 

3133 TAMU 

College Station, TX, 77843-3133, United States 

TEL: +1-979-845-7090 

 

Dear Prof. Y. Hassan 

 

Please find herewith enclosed the subject paper dealing with comparative study with two reduced test 

facilities for air-cooled reactor cavity cooling system scaling law. I realize that this comparative study is 

very useful to extrapolate the real thermo-fluid behavior from the scale-down test results.   

I hope that the subject paper may meet with your favorable consideration. 

 

Warmest regards, 

 

Chan Soo Kim 

 

Principal Researcher 

Versatile System Technology Development Division 

Korea Atomic Energy Research Institute 

111 Daedukdaero 989beon-gil, Yuseong-gu, Daejeon, 34057, South Korea 

TEL: +82-42-868-8748 

 

Cover Letter



Response to Review Comments on 
NED-D-20-00546 

“Comparative Study with Two Reduced Test Facilities for Air-cooled RCCS Scaling Law,” 

C. S. Kim, Y. Y. Bae, D. Lisowski, J. H. Kim, S. N. Lee 

 

Thank you for your detail review. 

 
[Reviewer 1-1] Comments about Page 19 

Response:  

1) I agree. “large” is my error. It may indicate that the heat transfer coefficient at NSTF was smaller 

than that at NACEF, though the mass flow rate of NSTF is larger than that of NACEF. It means 

that the heat transfer region is the mixed convection. 

2) Because the mass flow rate of NSTF has 67.5% larger than that of NACEF, the heat removal rate 

per duct of NSTF is 67.5% higher than that of NACEF at the same temperature difference 

between inlet and outlet. 

Action taken 1): I revised the sentence. (line 9 of page 19) 

 
 

[Reviewer 1-2.] Comments about page 24 

1) Catton(1978)’s characteristic length is the width between the heated plate and the cooled plate.  

2) Hsieh and Wang(1994)’s Nu characteristic length is the width in the nomenclature and the height 

in the text. 

3) According to the following convective heat transfer textbook, some authors selected the width 

(the distance between two plates) as the characteristic length. 

4) I attached the page of the various textbooks after this response. 

Action taken 1): No action 

 

 

[Reviewer 1-3.] Comments about page 26 

Response:  

1) Table 1 is my error. I used Table 2. 

2) Since the ratio of the riser air flow temperature is 1 in Table 2, the buoyancy number ratio can be 

calculated using only heat flux ratio and the flow velocity ratio. The other ratios are equal to 1.0. 

Action taken 1): I revised the sentence. (lines 9, 16 and 20 of page 26) 

 

[Reviewer 1-4.] Minor comments 

Response:  

1) I agree 

Action taken 1): I revised the sentence (line 5 of page 17) and eq. (9). 

Detailed Response to Reviewers



 
L. C. Burnister, Convective Heat Transfer, 2nd edition, John Wiley and Sons, Inc., pp. 428-429, 1992. 

The characteristic length of the correlation is the separation of the planes.  

 

 



 
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) 

 

 



 
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). 



Highlights (as a separate file) 

 Test results from two reduced height air-cooled RCCS test facilities were compared for the 

scaling law. 

 Mixed convection correlation in the riser duct was selected to simulate the test results by 

GAMMA+. 

 Air-cooled RCCS scaling law was improved for conservative extrapolation.  

 

Highlights (for review)



A Paper Submitted for Possible Publication in Nuclear Engineering and Design 
 

 

 

Comparative Study with Two Reduced Test Facilities for 

Air-cooled RCCS Scaling Law 
 

 

Chan Soo Kim1*, Darius Lisowski2, Yoon Yeong Bae1, 

Jong Hwan Kim1, Sung Nam Lee1 

 
1Nuclear Hydrogen Research Team, Korea Atomic Energy Research Institute 

Daedeok-daero 989-111, Yuseong-gu, Daejeon, Korea 

 
2Nuclear Engineering Division, Argonne National Laboratory 

Lemont, IL, United States 

 

 

*Corresponding author 

Phone: +82-42-868-8748, Fax: +82-42-868-8965 

Email: kcs1230@kaeri.re.kr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number of text pages: 31 

Number of tables: 6 

Number of figures: 16 

 

 

 

 

 

March 31, 2021 

 

Title Page

mailto:kcs1230@kaeri.re.kr


1 
 

Abstract 1 

 2 

Korea Atomic Energy Research Institute (KAERI) and Argonne National Laboratory (ANL) conducted steady-3 

state tests at constant heat flux conditions to investigate the scale effect on heat removal behavior of the air-4 

cooled Reactor Cavity Cooling System (RCCS). Two differently scaled-down test facilities were used in this 5 

study, KAERI’s ¼ scale with 4.0-m cavity height, and ANL’s ½ scale with 6.8-m cavity height. Two scaling 6 

laws were proposed to simulate the radiation across the cavity and the buoyancy-driven duct flow in the riser, 7 

respectively. The test matrix for KAERI and ANL test facilities focused on the scaling effect of the heated riser 8 

length with constant heat flux at the PMR200 RCCS design. The test results showed that mixed convection in 9 

the riser duct is an important factor for accurately extrapolating the thermo-fluid behavior in the prototype from 10 

the test results in the scale-down facilities. The system analysis code, GAMMA+, with improved heat transfer 11 

models predicted fairly well the air-cooled RCCS test data from two facilities. GAMMA+ analysis results 12 

showed that the predicted radiation fractions on the heated plate in the scale-down test conditions were larger 13 

than those on the reactor vessel in the prototype. The scaling law for air-cooled RCCS was improved by 14 

considering the mixed convection in the riser duct and the same radiation fraction on the heated plate. The 15 

mixed convection effect was calculated by the height ratio. The same radiation fraction provided a conservative 16 

extrapolation from the scale-down test results.   17 

 18 

Keywords: high temperature gas-cooled reactor, air-cooled reactor cavity cooling system, radiation, mixed 19 

convection, riser duct, GAMMA+, scaling law 20 

  21 
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1. Introduction 1 

 2 

The Reactor Cavity Cooling System (RCCS), a key passive safety feature in a High Temperature Gas-cooled 3 

Reactor (HTGR), maintains the concrete temperature below the design limit during normal operation. In an 4 

accident condition, the RCCS removes the residual heat, which amounts to 0.3~0.6 % of the full reactor power. 5 

The air-cooled RCCS (Thielman et al, 2005) is an open natural-circulation air loop as shown in Figure 1. The 6 

air in the riser ducts absorbs the heat from the vessel and flows into the ambient air by the chimney effect, and 7 

the cold ambient air flows into the riser ducts, again. Heat transfer modes from the vessel to the riser ducts are 8 

the radiation and the natural convection in the cavity. Simulation with computational fluid dynamics codes 9 

indicates that the radiation is more than 80% of the total heat transfer (Niessen and Ball, 2001). Furthermore, 10 

the air-cooled RCCS can be operated without additional electricity or water coolant supply. The criteria for the 11 

RCCS design and performance are determined from the temperature limit of the reactor vessel and concrete 12 

structures in all the conditions of HTGR. Its governing heat transfer mechanisms are the radiation across the 13 

cavity and the buoyancy-driven internal convection in the riser ducts installed around the reactor cavity as 14 

shown in Figure 1.  15 

 16 

 17 

Fig. 1 Heat Removal Behavior in PMR200 Air-cooled Reactor Cavity Cooling System (Not-scaled) 18 
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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 1 

scale test in a laboratory setting, so a reduced-scale test is preferred to verify its performance. KAERI conducted 2 

experiments to verify the RCCS cooling performance to validate the inherent safety features of a VHTR (Very 3 

High Temperature gas-cooled Reactor), using NACEF (Natural Cooling Experimental Facility), with a 4/17-4 

scale height of the PMR200 RCCS (Kim et al., 2015a). Argonne National Laboratory (ANL) and the University 5 

of Wisconsin-Madison similarly performed 1/2 scale (Lisowski et al., 2016a, b) and 1/4 scale (Corradini et al., 6 

2014.) tests for GA-designed MHTGR RCCS, respectively. Especially, the ANL 1/2 scale test facility is called 7 

NSTF (Natural Shutdown heat removal Test Facility).  8 

Key heat transfer modes in the air-cooled RCCS are the radiation across the cavity and the naturally circulated 9 

air flow in the riser duct. The natural circulation flow is dependent on the height scale, while the radiation is 10 

independent of the scale effect. The contradiction between the radiation and the convection on the scale effect 11 

makes it impossible to satisfy the similarity in the radiation and the convection at the same time. Thus, the 12 

scaling criteria have to be developed to choose the most dominant non-dimensional parameters. Bae et al. (2014) 13 

proposed two cases, one with radiation-dominant and the other governed by buoyancy-driven flow. Kim et al. 14 

(2015b) analyzed the scale effect on RCCS heat removal mechanism to check the validity of Bae et al. (2014)’s 15 

scaling analysis using GAMMA+(Lim and No, 2006), a system analysis code for HTGR developed by KAERI. 16 

The mixed convection in the riser duct was a very important factor making the scale effect on the RCCS heat 17 

removal mechanism distorted (or non-linear). By incorporating the non-linearity of the scaling law, Kim et al. 18 

(2016) improved GAMMA+ heat transfer model to more accurately simulate the NACEF test results. 19 

Corradini et al. (2014) investigated the heat removal behavior and performance for a quarter-scale RCCS facility 20 

with air. Their scaling laws were used to preserve key aspects and to maintain similarity of the natural circulation 21 

in the riser ducts. The tests were run under different heat loadings with forced convection and natural circulation 22 

modes. A flow reversal for a period occurred at one of the two exhaust ducts in some tests. NSTF test program 23 

(Lisowski et al., 2016a) completed over 2,250 hours of active test operations and 16 successful test runs. Test 24 

parameters included scaling effect, power shaping, flow path configuration, design basis accident conditions, 25 

weather influences, off-normal scenarios, the blocked riser ducts, and others. In some cases, the downdraft of 26 

cold ambient air through one of the chimneys caused a severe reduction in heat removal capability. Two facilities 27 

were designed to maintain the similarity of the natural circulation in the riser ducts.  28 

In this study, KAERI and ANL separately performed the tests with two reduced-scale test facilities, and made 29 

comparisons to develop a better scaling methodology. Two test conditions were established based on Bae et 30 

al.(2014)’s and Lisowski et al.(2016a)’s scaling analysis methodologies. The post-test analysis using GAMMA+ 31 

was performed to examine the applicability of the improved heat transfer model in GAMMA+ to the RCCS 32 

heat removal mechanism by predicting the results at all the established test conditions. The improved heat 33 

transfer model was expected to make the calculation results agree with the results obtained from KAERI & 34 

ANL test facilities. The scaling law for air-cooled RCCS was improved from the comparison with the test results 35 
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and the numerical results. 1 

 2 

2. Test Facilities 3 

 4 

KAERI designed and constructed the NACEF, a 4/17 scale mockup of the PMR200 RCCS. Figure 2 shows the 5 

test section and chimneys of the NACEF. The height (4m) of the heated plate was reduced to a scale of 4/17 6 

from the prototype, PMR200 RCCS, and the distance between the reactor vessel and the RCCS riser ducts was 7 

kept the same as that of PMR200 RCCS. Figures 3 show plan and front views of the NACEF test section, 8 

respectively.  9 

The heated plate, a mockup of the reactor vessel, was constructed to be 4.05 m in height (serially-flange-10 

connected two plates of 2 m long, 0.65 m wide and 25 mm thick), and two chimneys are 8 m in height. Twenty 11 

ceramic mold heater of 2.6 kW, with total 52 kW, were equipped on the heated plates in two rows. The heated 12 

plates were oxidized and blackened to provide a high emissivity of 0.8 at 350℃(Kim et al, 2013).  13 

Of the 220 riser ducts in PMR200, only 6 riser ducts were installed in the NACEF with the same duct cross 14 

sectional dimensions of 250 mm ×  50 mm with thickness of 5 mm. The duct’s long side was aligned 15 

perpendicular to the heated plate, and each duct was separated by 50 mm from the adjacent ducts. 16 

 17 

 18 

Fig. 2 Pictures of NACEF 19 

 20 

 21 
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(a) Plan View  

 

(b) Cross-sectional View 

Fig. 3 Schematic Diagram of NACEF (Not-scaled) 1 

 2 

The riser ducts were painted black for high temperature service with a high emissivity of ~0.85 to absorb well 3 

the heat from the heated plates (Kim et al, 2013). The reflective walls were plated with chromium to provide a 4 

mirror-like surface with a low emissivity of ~0.15. The side walls were covered with an aluminum foil to 5 

maintain the low emissivity. The reflective walls and the side walls reflect the radiation heat from the heated 6 

plates to the riser walls.  7 

Two thermal mass flow meters were installed in the downstream of two chimneys to measure the flow rate of 8 

buoyancy-driven air. Two differential pressure transmitters were installed to measure the pressure drops across 9 

both ends of the rise duct and across the total air passage, respectively. The temperatures at several positions 10 

were measured by using the K-type thermocouples. Fifty-two thermocouples were installed on the surface of 11 

the heated plates, and 32 on the back reflective walls. Seventy-two thermocouples were installed on the inside 12 

and outside of four surfaces of the third riser duct of Figure 3(b).  13 

The ½ scale test facility designed by and constructed at ANL was similar to the facility at KAERI, except for 14 

the target of the specific boundary conditions of the General Atomics MHTGR reactor. Figure 4 shows the test 15 

section of NSTF. Figure 5 shows the cross-sectional view of NSTF test section. Twelve riser ducts were located 16 

within a 6.8-m insulated enclosure, and heated by 2.5-cm thick plate capable of supplying up to 220 kW of 17 

electric power. The geometry and emissivity of the riser ducts, insulated enclosure and heated plate matched 18 

those of NACEF. Extending from the outlet plenum were two vertical chimney stacks that created an overall 19 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 
 

test facility 26-m in elevation.  1 

 2 

 3 

Fig. 4 Pictures of NSTF 4 

 5 

 6 

Fig. 5 Cross-sectional View of NSTF Test Section 7 

 8 

A suite of nearly 450 data acquisition channels provided measurement of critical thermal hydraulic parameters, 9 
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including fluid and surface temperatures, heat flux, mass flow, differential pressure, etc. Additionally, a 1 

professional grade weather station was included in the data acquisition to monitor and record meteorological 2 

conditions such as wind speed and direction. Lastly, an array of high fidelity distributed temperature sensors 3 

(Lomperski et al., 2016) were included inside the riser duct and outlet plenum gas spaces. These sensors 4 

provided 10-mm resolution and span over 80-m in total length. 5 

Table 1 shows the geometrical dimensions of the RCCS test facilities at ANL and KAERI. Two facilities had a 6 

similar cross-sectional dimension of the riser duct and a similar distance between the heated plate and the riser 7 

duct front walls. Two facilities had the same heated plate width per riser duct but the different ratios between 8 

the heated riser height and total height.  9 

 10 

Table 1 Summary of NSTF and NACEF 11 

 ANL (NSTF) KAERI (NACEF) 

Total Height [m] 26.2 14 

Total Riser Height [m] 7.5 4.5 

Heated length of Riser [m] 6.82 4.05 

Number of Ducts 12 6 

Flow Area of a Riser Duct [mm2] 44.1×244.7 40×240 

Thickness of Riser Duct [mm] 4.41 5.0 

Area of Heated Plate [m2] 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 

 12 

 13 

3. Scaling Law and Test Matrix  14 

 15 

(1) Scaling Law for Air-cooled RCCS 16 

 17 

In the reduced scale thermo-fluid test, the most important thing is to check whether the scale-down test condition 18 

satisfies the three types of similarities: geometrical, kinematical and dynamical. Since it is impossible to satisfy 19 

all similarities in the relevant non-dimensional group, it is customary to limit the similarity requirements to 20 

some select group(s) considered to be dominant compared to the others. This section summarizes the scaling 21 

law for the design of NSTF (Lisowski et al, 2016a) and NACEF (Bae et al., 2014). Since each facility has a 22 

different reference design, this comparative study is focused on the scaling law for only the steady state in the 23 

heated cavity.  24 
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In the present study, the scaling law will be based on the assumption that the same structural materials and fluid 1 

are used in the model as the prototype. The following relations are then naturally obtained. 2 

 3 

 ρ𝑅 = 𝛽𝑅 = 𝑐𝑝𝑅 = 𝑘𝑅 = ρ𝑠𝑅 = 𝑘𝑠𝑅 = 𝑐𝑝𝑠𝑅 = 1 (1) 

 4 

Additionally, the riser air temperature of the reduced scale test is always same as that of the prototype condition. 5 

The following equations are derived. 6 

 7 

 𝑇𝑖,𝑅 = 𝑇𝑜,𝑅 = (𝑇𝑜 − 𝑇𝑖)𝑅 = 1 (2) 

 8 

The non-dimensional continuity, Navier-Stokes, and energy equations of an incompressible Newtonian fluid 9 

flow in the cavity take the following forms: 10 

 11 

 ∇∗ ∙ 𝑣⃗∗ = 0 (3) 

 12 

 𝑣⃗∗ ∙ ∇∗𝑣⃗∗ = −∇∗𝑝𝑐𝑎𝑣𝑖𝑡𝑦
∗ +

𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦

𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦

𝜃𝑐𝑎𝑣𝑖𝑡𝑦

𝑔⃗

𝑔
+ ∇∗2𝑣⃗∗ (4) 

 13 

 𝑣⃗∗ ∙ ∇∗𝜃𝑐𝑎𝑣𝑖𝑡𝑦
∗ =

1

𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦

∇∗2𝜃𝑐𝑎𝑣𝑖𝑡𝑦
∗  (5) 

 14 

where the non-dimensional variables are denoted by an asterisk. Buoyancy term of Eq. (4) was derived from 15 

the Boussinesq approximation for the temperature dependence of air density. Eq. (5) was the energy equation 16 

under the assumptions of no volumetric heat generation, negligible gas radiation, and negligible viscous 17 

dissipation. The dimensional variables were divided by constant reference values relevant to the flow and heat 18 

transfer as follows.  19 

 20 

 ∇∗= ∇ 𝐿𝐻⁄ , 𝑣∗ = 𝑣
𝜌𝐿𝐻

𝜇
, 𝑝𝑐𝑎𝑣𝑖𝑡𝑦

∗ = (
𝑝 + 𝜌𝑔𝑧

𝜌𝜇2
)

𝑐𝑎𝑣𝑖𝑡𝑦

(𝜌𝑐𝑎𝑣𝑖𝑡𝑦𝐿𝐻)
2

, 𝜃𝑐𝑎𝑣𝑖𝑡𝑦
∗ =

𝑇 − 𝑇𝑐𝑎𝑣𝑖𝑡𝑦

𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟

 (6) 

 21 

The Rayleigh number and the Prandtl number are identified as non-dimensional parameters in the reactor cavity 22 

convection, which are as follows: 23 

 24 

 𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =  
𝑔𝛽𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)𝐿𝐻

3

(𝛼𝜈)𝑐𝑎𝑣𝑖𝑡𝑦

 (7) 
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 1 

 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦 =  (
𝜇𝑐𝑝

𝑘
)

𝑐𝑎𝑣𝑖𝑡𝑦
 (8) 

 2 

In the cavity convection equation, the heated cavity height is chosen as a characteristic length, because the flow 3 

in the cavity is governed by the vertical gravity. Rayleigh number is the dimensionless number for the cavity 4 

convection. Prandtl number is the same as the reference design. 5 

The heated plate temperature and the riser wall temperature can be obtained from the heat balance in the cavity 6 

as expressed in the following equation.  7 

 8 

𝑞ℎ
" = 𝑞𝑐𝑜𝑛𝑣

" + 𝑞𝑟𝑎𝑑
" = ℎ𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟) + 𝜎 (

1

𝜀ℎ

+
𝐴ℎ

𝜀𝑟𝑖𝑠𝑒𝑟𝐴𝑟𝑎𝑑−𝑟𝑖𝑠𝑒𝑟

− 1)
−1

(𝑇ℎ
4 − 𝑇𝑟𝑖𝑠𝑒𝑟

4 ) (9) 

 9 

where there are two assumptions to simplify the radiation heat transfer equation. One is that there is no radiation 10 

in the vertical direction. The other is that 100% of the radiation heat from the heated plate is transported to the 11 

riser wall surfaces with high emissivity. All the surfaces except the heated plate and the riser duct outer walls 12 

have low emissivity. It was assumed the view factor between the heated plate and the riser wall has no difference 13 

between the prototype and the model due to the same horizontal dimension. 14 

The non-dimensional heat balance equation can be derived as shown in the following equation. 15 

 16 

 𝑃𝑙 𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦

(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)

𝑇𝑜 − 𝑇𝑖

+ 𝑅 = 1 (10) 

 17 

The Planck number, the Nusselt number, and the Radiation number are identified as dominant non-dimensional 18 

parameters, which are defined as follows: 19 

 20 

 Pl =
𝑘∆𝑇

𝑊𝑞"ℎ

 (11) 

 21 

 𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
ℎ𝑐𝑎𝑣𝑖𝑡𝑦𝑊

𝑘
 (12) 

 22 

 𝑅 =
𝑞"𝑟𝑎𝑑

𝑞"ℎ

 (13) 

It should particularly be noted that the characteristic length is the horizontal distance between the heated plate 23 

and the riser front surfaces. The horizontal distance is chosen as the characteristic length, since the heat transfer 24 
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direction is horizontal. The temperature difference of the Planck number is usually defined as the temperature 1 

difference between hot and cold surfaces, however, in this study it is defined as the temperature rise from the 2 

bottom to the top of the riser wall, since a constant heat flux condition is imposed instead of a constant 3 

temperature. The Nusselt number is the dimensionless number for the cavity convection heat transfer coefficient. 4 

It is a function of the Rayleigh number and the aspect ratio of the cavity. The Planck number and the Radiation 5 

number are dimensionless numbers for the radiation across the cavity. But the similarity in the Radiation number 6 

cannot be confirmed with the information we have in hand so far.  7 

The riser wall temperature is determined by the convective heat transfer in the riser duct. The governing 8 

parameter in the riser duct is the buoyancy-driven air flow in the riser duct. The flow in the riser can be regarded 9 

as a one-dimensional flow in the practical sense. In the air-cooled RCCS, the inlets and the outlets are both open 10 

to the atmospheric pressure. The air flow can be determined by the balance of the buoyancy force, the frictional 11 

pressure drop and the form pressure loss. The following equation is the integral momentum equation in the 12 

naturally circulating air loop through the RCCS risers and chimney. 13 

 14 

 𝜌𝑖𝑔𝐿𝑡𝑜𝑡 = 𝜌𝑜𝑔(𝐿𝑡𝑜𝑡 − 𝐿ℎ) + ∫ 𝜌𝑔𝑑𝑙
𝐿ℎ

0

+ ∑ (𝑓𝑘

𝑙𝑘

𝑑𝑘

+ 𝐾𝑘)
𝑢𝑘

2

2𝜌𝑘
𝑘

 (14) 

 15 

The acceleration pressure drop is neglected in the naturally circulating air loop. The density in the riser duct 16 

varies with the temperature. The constant heat flux condition increases the air flow temperature linearly with 17 

the elevation in the riser ducts. The non-dimensional integral momentum equation can be derived as the 18 

following equation.  19 

 20 

 
𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2 (

𝐿𝑡𝑜𝑡 − 0.5𝐿ℎ

𝐿ℎ

) = 𝑅𝑖 (
𝐿𝑡𝑜𝑡 − 0.5𝐿ℎ

𝐿ℎ

) = ∑ (𝑓𝑘

𝑙𝑘

𝑑𝑘

+ 𝐾𝑘) (
𝐴𝑎𝑖𝑟

𝐴𝑘

)
2 𝜌𝑖

2𝜌𝑘
𝑘

 (15) 

 21 

The non-dimensional energy equation for the single phase flow in ducts is given as follows: 22 

 23 

 
𝜕𝜃𝑎𝑖𝑟

∗

𝜕𝑙∗
= 𝑆𝑡(𝜃𝑤

∗ − 𝜃𝑎𝑖𝑟
∗ ) (16) 

 24 

where there are negligible viscous dissipation and no radiation heat transfer among the riser walls. The 25 

dimensional variables were divided by constant reference values relevant to the flow and heat transfer as follows. 26 

 𝑙∗ = 𝑙 𝐿ℎ⁄ , 𝜃𝑤
∗ =

𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑖

𝑇𝑜 − 𝑇𝑖

, 𝜃𝑎𝑖𝑟
∗ =

𝑇𝑎𝑖𝑟 − 𝑇𝑖

𝑇𝑜 − 𝑇𝑖

 (17) 

 27 
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From Eqs. (15) and (16) for the riser air flow, the following non-dimensional groups are identified. 1 

 2 

 Ri =
𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2  (18) 

 3 

 𝐻 =
𝐿𝑡𝑜𝑡

𝐿ℎ

 (19) 

 4 

 𝐹 = ∑ (𝑓𝑘

𝑙𝑘

𝑑𝑘

+ 𝐾𝑘) (
𝐴𝑟𝑖𝑠𝑒𝑟

𝐴𝑘

)
2 𝜌𝑖

2𝜌𝑘
𝑘

 (20) 

 5 

 𝑆𝑡 =
4ℎ𝑎𝑖𝑟𝐿ℎ

(𝜌𝑢𝑐𝑝)
𝑎𝑖𝑟

𝑑𝑟𝑖𝑠𝑒𝑟

 (21) 

 6 

The Richardson number, the height ratio, and the Friction number are the dimensionless number for the natural 7 

circulation air flow. The Stanton number is the dimensionless number for the convection heat transfer in the 8 

riser ducts. The similarity of the convection heat transfer in the riser ducts cannot be maintained at the test 9 

facility design having the scale-down cavity height and the same riser duct cross-section, since the heat transfer 10 

coefficient is generally proportional to the flow velocity raised to the power of 0.8.  11 

As shown in Fig. 1, the heat transfer behaviors in the air-cooled RCCS include the radiation across the cavity, 12 

the natural convection in the cavity, the natural circulation air flow in the riser duct, and the convective heat 13 

transfer in the riser duct. Key phenomena in the air-cooled RCCS are the radiation across the cavity and the 14 

natural circulation air flow in the riser duct. An earlier scaling analysis (Ishii and Kataoka, 1984) for the natural 15 

circulation system was based on the Richardson number without considering radiation. Bae et al. (2014) 16 

proposed two cases simulating the radiation across the cavity and the buoyancy-driven duct flow in the riser, 17 

respectively. In the case of radiation, the Planck number is the dominant dimensionless parameter in the 18 

radiation across the reactor cavity, while the Richardson number in the natural circulation air flow.  19 

The only way to satisfy the similarity in the Planck number,𝑃𝑙𝑅 = 1.0, is the following relation. 20 

 21 

 𝑃𝑙𝑅 = 1 = (
𝑘∆𝑇

𝑊𝑞"ℎ

)
𝑅

= (
1

𝑞"ℎ

)
𝑅

 (22) 

 22 

From the energy balance between the energy release from the riser surface and the energy carried away by the 23 

air flow in the riser, the following relation needs to be kept. 24 

 25 
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 𝑞𝑟𝑖𝑠𝑒𝑟
" 𝐿ℎ𝑃𝑟𝑖𝑠𝑒𝑟 = 𝜌𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟𝑢𝑎𝑖𝑟(𝑇𝑜 − 𝑇𝑖)𝐴𝑟𝑖𝑠𝑒𝑟 (23) 

 1 

From Eq. (22) and Eq. (23), the following relation is obtained.  2 

 3 

 𝑞𝑟𝑖𝑠𝑒𝑟,𝑅
" 𝐿ℎ,𝑅 = 𝐿ℎ,𝑅 = 𝑢𝑎𝑖𝑟,𝑅 (24) 

 4 

where the heat flux on the heated plate is proportional to the heat flux on the riser wall. The ratio of the 5 

temperature difference between the riser wall and the air flow is, 6 

 7 

 (𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 = (
𝑞𝑟𝑖𝑠𝑒𝑟

"

ℎ𝑟𝑖𝑠𝑒𝑟
⁄ )

𝑅
=

1

𝑢𝑎𝑖𝑟,𝑅
0.8 = 𝐿ℎ,𝑅

−0.8 (25) 

 8 

where the forced convection is assumed and the Dittus-Boelter correlation is used. As the facility is scaled down, 9 

the temperature difference between the riser wall and the air flow is scaled up with the ratio of 𝐿ℎ,𝑅
−0.8.  10 

To maintain the similarity of the natural circulation, the ratios of the dimensionless numbers in Eqs. (18), (19), 11 

and (20) should be the same as the reference condition. The similarities in the Friction number and the height 12 

ratio are very easy to satisfy, as they depend on the geometry. In the case of Friction number, the requirement 13 

for the similarity doesn’t need to be satisfied individually at each segment. Since the flow length of the air flow 14 

in the test facility is shorter than that in the reference condition, the additional head loss is added to satisfy the 15 

similarity in the Friction number. The following relation is readily obtained from 𝑅𝑖𝑅 = 1.0. 16 

 17 

 𝑅𝑖𝑅 = 1 = (
𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2 )

𝑅

= (
𝐿ℎ

𝑢𝑖
2)

𝑅

 (26) 

 18 

As in the previous case, the heat flux ratio can be obtained from the energy balance of Eq. (23) as follows: 19 

 20 

 𝑞𝑟𝑖𝑠𝑒𝑟,𝑅
" = (

𝜌𝑎𝑖𝑟𝐶𝑝,𝑎𝑖𝑟𝑢𝑎𝑖𝑟(𝑇𝑜 − 𝑇𝑖)𝐴𝑎𝑖𝑟

𝐿ℎ𝑃𝑟𝑖𝑠𝑒𝑟

)
𝑅

= (
𝑢𝑎𝑖𝑟

𝐿ℎ

)
𝑅

= (
𝑢𝑖

𝐿ℎ

)
𝑅

= 𝐿ℎ,𝑅
−0.5 (27) 

 21 

The ratio of the temperature difference between the riser wall and the air flow, 22 

 23 

 (𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 = (
𝑞𝑟𝑖𝑠𝑒𝑟

"

ℎ𝑟𝑖𝑠𝑒𝑟
⁄ )

𝑅
=

𝑞𝑟𝑖𝑠𝑒𝑟,𝑅
"

𝑢𝑎𝑖𝑟,𝑅
0.8 = 𝐿ℎ,𝑅

−0.9 (28) 

 24 

Table 2 summarizes the scaling analysis results in this section. NSTF was designed based on 𝑅𝑖𝑅 = 1.0 25 
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(Lisowski et al., 2016a). NACEF was designed based on 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 (Bae et al, 2014). A 1 

caution needs to be given to ensure that the average flow velocity in the riser should be in the same flow regime 2 

as that in the reference condition. Otherwise, the test will result in an erroneous or highly distorted data. 3 

 4 

Table 2 Summary of Scaling Law 5 

Ratio of variables 
Ratio in terms of height scale 

Rationale 

𝑅𝑖𝑅 = 1.0 𝑃𝑙𝑅 = 1.0 

𝑇𝑅 1 1 Enforced 

(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝑅 1 1 Enforced 

𝑅𝑖𝑅 1 𝐿ℎ,𝑅
−1  Ri =

𝑔𝛽(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2  

𝑃𝑙𝑅  𝐿ℎ,𝑅
0.5  1 Pl =

𝑘(𝑇𝑜 − 𝑇𝑖)

𝑊𝑞"ℎ

 

𝑢𝑅 𝐿ℎ,𝑅
0.5  𝐿ℎ,𝑅  

𝑞"𝑅 𝐿ℎ,𝑅
−0.5 1  

Rh  𝐿ℎ,𝑅
0.4  𝐿ℎ,𝑅

0.8  𝑢𝑅
0.8, turbulent flow 

(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 𝐿ℎ,𝑅
−0.9  𝐿ℎ,𝑅

−0.8  𝑞"𝑅 ℎ𝑅⁄  

 6 

The reference condition for the test matrix for the comparative study was obtained from the results of analysis, 7 

conducted using a system code GAMMA+, for the low pressure conduction cooling (LPCC) event in PMR 200 8 

(Jun et al, 2008). PMR200 is a demonstration plant of the VHTR developed by KAERI. GAMMA+ (Lim and 9 

No, 2006) is a system code aiming to support the government-sponsored nuclear hydrogen development and 10 

demonstration program in Korea. It has the capability to calculate thermal-fluid transients as well as chemical 11 

reactions in a multi-component mixture system. Since two facilities differ in the height ratio and weather 12 

condition, the test matrix is focused on the scaling effect of the heated riser length with constant heat flux at the 13 

reference condition. Table 3 shows the reference condition of PMR200 RCCS and the test matrix and test results 14 

for the comparison studies between the ANL and KAERI facilities. The test matrix was determined based on 15 

the scaling analysis described in Table 2. Steady-state for test results required a minimum data-recording time 16 

of 2 hours at target power and flow rate. Target power is not the electric power of the heaters but the heat 17 

removal rate through the air flow in the riser ducts. 18 

 19 
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Table 3 Test Matrix and Result (P: plan, T: Results) 1 

 

PMR 

200 

ANL(NSTF) KAERI(NACEF) 

RiR PlR RiR PlR 

Height Ratio 1.0 0.401 0.238 

𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛  98℃ 

P 98 P 98 P 98 P 98 

T 94.3 T 97.2 T 99 T 100 

Mass Flow per 

Riser Duct 
47 g/s 

P 30 P 19 P 23 P 11 

T 29.8 T 18.9 T 22.5 T 11.3 

Inlet T 40℃ T 18 T 21 T 12 T 21 

Heat Removal 

per Riser Duct 

4.67 

kW 

P 2.96 P 1.87 P 2.28 P 1.11 

T 2.84 T 1.85 T 2.24 T 1.14 

# of Risers 220 12 6 

 2 

4. GAMMA+ Input Model 3 

 4 

Figures 6 show the input model and nodalization for GAMMA+ for simulation of the test results from NACEF 5 

and NSTF. The fluid model for the naturally circulated air flow consists of a flow from the inlet boundary, an 6 

inlet pipe, the inlet chamber, the riser ducts, an outlet chamber, two outlet pipes, and two chimneys connected 7 

to the outlet atmospheric boundaries. In this analysis, a constant mass flow rate condition was used to estimate 8 

the scale effect of the heat transfer behaviors in the cavity and the riser ducts. A two-dimensional fluid model 9 

with the atmospheric pressure was assumed to simulate the cavity convection in the NACEF. 10 

The solid model consists of a heated plate (representing the reactor vessel), riser ducts, side and reflective walls. 11 

To simplify the input model, the riser ducts were modeled as hypothetical three-dimensional circular pipes, 12 

circumferential parts of which correspond to the walls of the rectangular duct exchanging heat by radiation and 13 

convection. Since the circular pipes have the same internal and the external perimeters as the rectangular duct 14 

to maintain the same heat transferred area of the actual duct, the hypothetical circular pipes thickness is thicker 15 

than the actual rectangular duct thickness. The cavity was enclosed by a heated plate, two side walls, top and 16 

bottom walls, and a reflector wall. All the cavity-enclosed walls were modeled as a two-dimensional plate. 17 
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 1 

(a) NACEF 2 

 3 

(b) NSTF 4 
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 1 

(c) Input Model for Riser Duct 2 

Fig. 6 GAMMA+ Input Model 3 

 4 

Figures 7 show the input model to be used to calculate view factors for the simulation of the radiation heat 5 

transfer between the heated plate and the other surfaces by SINDA-FLUINT. The riser walls were categorized 6 

into two outer risers and other inner risers, and the side walls of the cavity were divided into the left side wall 7 

and the right side wall. Twelve groups of the surfaces were considered to calculate the view factors as shown 8 

in Fig. 7. It was assumed that there was no height-scale effect on their view factors to simplify the radiation 9 

calculation in the system analysis. Since the enclosed cavity surfaces except the heated plate have the low 10 

emissivity, the most of the radiation heat from the heated plate is absorbed into the riser ducts. Two facilities 11 

have the same heated plate width per duct and the similar distance between the heated plate and the riser walls. 12 

Therefore, the distorted effect on the view factor is negligible to calculate the wall temperatures from the 13 

radiation across the cavity.  14 

 15 

 16 

(a) NACEF 17 
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 1 

(b) NSTF 2 

Fig. 7 SINDA FLUINT Input Model 3 

 4 

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

transfer correlations to be incorporated into GAMMA+ to simulate the mixed convection in the riser duct. The 6 

convective heat transfer correlations [GAMMA+(Lim, 2014), Jackson et al.(1989), Symolon et al.(2005), Shin 7 

et al.(2017)] with consideration of mixed convection were used for the internal convection in the riser ducts. 8 

Additionally, the effect on the riser convection of developing region (Bhatti and Shah, 1987) was tested in this 9 

present analysis.  10 

 11 

 
𝑁𝑢(𝑧)

𝑁𝑢𝑟𝑖𝑠𝑒𝑟
⁄ = 1 + 0.9756 (𝑧

𝑑ℎ
⁄ )

−0.760

 (29) 

 12 

Table 4 GAMMA+ Heat Transfer Correlations (Lim, 2014) 13 

Regime Laminar Transition Turbulent 

Forced Constant Nu 

Interpolation between hlam and htur 

(2300<Re<5000) 

Modified 

Dittus & Boelter 

Transition 

Criterion 
Aicher {(𝐺𝑟𝑎𝑖𝑟𝑃𝑟𝑎𝑖𝑟)1 3⁄ (𝑅𝑒𝑎𝑖𝑟

0.8𝑃𝑟𝑎𝑖𝑟
0.8)⁄ }> 0.05 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
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Mixed 

Convection 
𝑁𝑢3 = 𝑁𝑢𝐹

3 − 𝑁𝑢𝑁
3  

Interpolation between hlam and htur 

(200<Re<400) 

𝑁𝑢3 = 𝑁𝑢𝐹
3 − 𝑁𝑢𝑁

3  

Transition 

Criterion 
Aicher > 0.2 & Burmeister {𝐺𝑟𝑎𝑖𝑟 𝑅𝑒𝑎𝑖𝑟

2⁄ } >1.0 

Free 

Convection 

Churchill & Chu (1975)  

𝑁𝑢𝑎𝑖𝑟 =
ℎ𝑎𝑖𝑟𝑑𝑟𝑖𝑠𝑒𝑟

𝑘𝑎𝑖𝑟

= 0.825 +
0.387 𝑅𝑎

𝑎𝑖𝑟

1
6⁄

1 + (0.492 𝑃𝑟⁄ )
@𝑅𝑎𝑎𝑖𝑟 =

𝑔𝑑𝑟𝑖𝑠𝑒𝑟
3 𝛽𝑎𝑖𝑟(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)

𝜈𝑎𝑖𝑟
2 𝑃𝑟𝑎𝑖𝑟  

 1 

Table 5 shows the natural convection correlations on a vertical plate (Churchill and Chu, 1975) and an enclosed 2 

rectangular cavity [Hsieh and Wang (1994), Catton(1978)] were used for the natural convection in the cavity.  3 

 4 

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

Cavity Convection 6 

Convection Correlations 

Mixed 

convection 

in the riser 

duct 

Jackson 

et al., 

1989 

𝑁𝑢

𝑁𝑢𝐹

= [|1 ± 104
𝐺𝑟𝑓𝑖𝑙𝑚

𝑅𝑒𝑎𝑖𝑟
2.7𝑃𝑟𝑓𝑖𝑙𝑚

0.5 |]

0.46

@ 𝐺𝑟𝑓𝑖𝑙𝑚 =
𝜌𝑎𝑖𝑟(𝜌𝑎𝑖𝑟 − 𝜌𝑓𝑖𝑙𝑚)𝑑𝑟𝑖𝑠𝑒𝑟

3 𝑔

𝜇𝑎𝑖𝑟
2   

Symolon 

et al., 

2005 

𝑁𝑢

𝑁𝑢𝐹

= [{
(5.9 × 10−6 𝐵𝑜𝑎𝑖𝑟⁄ )2.174

1 + (5.9 × 10−6 𝐵𝑜𝑎𝑖𝑟⁄ )2.174
}

5

+ (76.08𝐵𝑜𝑎𝑖𝑟
0.426)5]

0.2

 

@𝐵𝑜𝑎𝑖𝑟 =
𝐺𝑟𝑎𝑖𝑟

𝑅𝑒𝑎𝑖𝑟
3 𝑃𝑟𝑎𝑖𝑟

0.5  & 𝐺𝑟𝑎𝑖𝑟 =
𝜌𝑎𝑖𝑟

2 𝛽(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑑𝑟𝑖𝑠𝑒𝑟
3 𝑔

𝜇𝑎𝑖𝑟
2  

Shin et 

al., 2007 

𝑁𝑢

𝑁𝑢𝐹

= [{
(6 × 10−5 𝐵𝑜𝑎𝑖𝑟⁄ )2

1 + (6 × 10−5 𝐵𝑜𝑎𝑖𝑟⁄ )2
}

2.581

+ (21.81𝐵𝑜𝑎𝑖𝑟
0.3336)2.581]

0.387

 

@𝐵𝑜𝑎𝑖𝑟 =
𝐺𝑟𝑎𝑖𝑟

𝑅𝑒𝑎𝑖𝑟
3 𝑃𝑟𝑎𝑖𝑟

0.5 , 𝐺𝑟𝑎𝑖𝑟 =
𝜌𝑎𝑖𝑟

2 𝛽(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑑𝑟𝑖𝑠𝑒𝑟
3 𝑔

𝜇𝑎𝑖𝑟
2  

Enclosed 

cavity 

convection 

Hsieh 

and 

Wang, 

1994 

𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
2𝑞"ℎ𝑋

𝑘𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)
= 0.133(𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦)

0.301
(

𝐿ℎ

𝑊
)

−0.095

𝑃𝑟𝑐
0.053 

@𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =
𝜌𝑐𝑎𝑣𝑖𝑡𝑦

2 𝑔𝑋3𝛽𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)

𝜇𝑐𝑎𝑣𝑖𝑡𝑦
2 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
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Catton, 

1978 

𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
2𝑞"ℎ𝑋

𝑘𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)
= 0.22 (

𝑃𝑟𝑐

𝑃𝑟𝑐 + 0.2
𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦)

0.28

(
𝐿ℎ

𝑊
)

−0.25

 

@𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =
𝜌𝑐𝑎𝑣𝑖𝑡𝑦

2 𝑔𝑋3𝛽𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)

𝜇𝑐𝑎𝑣𝑖𝑡𝑦
2 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦  

Vertical 

Plate 

Churchill 

& Chu, 

1975 

𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
ℎ𝑐𝑎𝑣𝑖𝑡𝑦𝐿ℎ

𝑘𝑐𝑎𝑣𝑖𝑡𝑦

= (0.825 +
0.387 𝑅𝑎

𝑐𝑎𝑣𝑖𝑡𝑦

1
6⁄

1 + (0.492 𝑃𝑟⁄ )
)

2

 

@𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =
𝑔𝐿ℎ

3 𝛽𝑐𝑎𝑣𝑖𝑡𝑦|𝑇𝑐𝑎𝑣𝑖𝑡𝑦 − 𝑇𝑟𝑖𝑠𝑒𝑟 𝑜𝑟 ℎ |

𝜈𝑐𝑎𝑣𝑖𝑡𝑦
2 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦 

 1 

5. Results and Discussion  2 

 3 

Figures 8 show the comparison between the test results from NACEF and NSTF at 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 4 

conditions. The comparison for the 𝑃𝑙𝑅 = 1.0 case indicated that the mixed convection in the riser duct should 5 

be considered for an extrapolation of the heat removal behavior of RCCS from the scale-down test results. 6 

Though the mass flow rate in a riser duct from NSTF is larger than that from NACEF, the wall temperatures on 7 

the riser walls and the heated plates at NSTF was higher than those at NACEF in the same heat flux condition. 8 

It may indicate that the heat transfer coefficient at NSTF was smaller than that at NACEF. In addition, the scale 9 

effect on natural convection in the cavity had to be estimated to extrapolate the heated plate temperature profile 10 

from the scale-down test results. The governing characteristic length for the cavity convection had to be 11 

determined from the comparative study between the test results and the GAMMA+ analysis results. 12 

According to Table 2, the riser wall temperature profile at 𝑅𝑖𝑅 = 1.0 is slightly higher than that at 𝑃𝑙𝑅 = 1.0. 13 

The temperature difference ratio between 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 is proportional to 𝐿𝑅
−0.1. In the case of 14 

the NSTF test results, the temperature difference between the riser wall and air flow at 𝑅𝑖𝑅 = 1.0 is 9.5% 15 

larger than that at 𝑃𝑙𝑅 = 1.0. In the case of the NACEF test results the temperature difference between the riser 16 

wall and air flow at 𝑅𝑖𝑅 = 1.0 is 15% larger than that at 𝑃𝑙𝑅 = 1.0. The tendency of the test results from 17 

NACEF and NSTF is different from Table 2, which means that the heat transfer region in the riser duct is not 18 

the fully turbulent heat transfer. Figure 9 shows the convection flow regime map (Metais and Eckert, 1964) at 19 

the NACEF and NSTF test conditions. The flow regime map was developed, based on the various heat transfer 20 

studies at the circular channels. 𝑅𝑖𝑅 = 1.0 case for the NSTF is expected to be mainly a forced convection 21 

with some potential of mixed convection, while all the other test cases are in the region of significant mixed 22 

convection impact. To extrapolate the temperature profile at the reference condition, the mixed convection in 23 

the riser duct must be considered in the air-cooled RCCS scaling law. The hydraulic diameter of the riser duct 24 
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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 1 

quarter bottom of the NACEF riser duct. 2 

 3 

 4 

(a) Riser Front Wall Temperature 5 

 6 

(b) Heated plate Temperature 7 

Fig. 8 Comparison with Test Results from NACEF and NSTF 8 

 9 

The post-test analysis using GAMMA+ was conducted to simulate KAERI and ANL test results. Since the 10 

constant mass flow rate conditions were used in this analysis, there is no difference between the analytical 11 
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results and test results of the air flow velocity, inlet temperature, and outlet temperature.  1 

Kim et al.(2016)’s GAMMA+ analysis of the NACEF test results showed significant temperature gradients on 2 

the heated plate, which were resulted from the heat loss through the flanges at the top, bottom and middle of 3 

the NACEF test section. Although the power input to all the heaters was evenly maintained, the heat loss through 4 

the flanges distorted the heat flux profiles form the heated plate. The governing heat transfer mechanism on the 5 

heated plate is radiation between the heated plate and the riser wall. Therefore, it was assumed that the heat flux 6 

distribution on the heated plate was calculated from the measured temperature profiles on the heated plate and 7 

the front surface of the riser wall with the following equation; 8 

 9 

 
𝑞"(𝑙)

𝑞"𝑎𝑣𝑔
⁄ =

ℎ𝑐(𝑇ℎ − 𝑇𝑅𝐹) + 𝜀𝜎(𝑇ℎ
4 − 𝑇𝑅𝐹

4 )

𝐿ℎ
−1 ∫ [ℎ𝑐(𝑇ℎ − 𝑇𝑅𝐹) + 𝜀𝜎(𝑇ℎ

4 − 𝑇𝑅𝐹
4 )]𝑑𝑙

𝐿ℎ

0

 (30) 

 10 

 11 

Fig. 9 Convection Flow Regime Map (Metais and Eckert, 1964) with NACEF and NSTF Test Conditions 12 

 13 

The cavity convection heat transfer coefficient was obtained from Hsieh and Wang (1994) correlation, which 14 

was developed from the experimental results for buoyancy-induced natural convection in the Rayleigh number 15 

of 8.7×102~2.0×109 inside a rectangular enclosure between two vertical heated and cooled walls. This 16 

correlation had the good predictability within ±10% of the experimental data. Heo and Chung (2010) also 17 
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recommended Hsieh and Wang(1994)’s correlation for the very high Ra range over 1010.  1 

The heat flux profile and the enclosed cavity convection obtained from the above equations were adopted in the 2 

GAMMA+ calculation in the cases of 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 from NACEF & NSTF. Figure 10 shows the 3 

heat flux profiles on the heated plate calculated from the measured temperature profiles in the cases of  𝑅𝑖𝑅 =4 

1.0 and 𝑃𝑙𝑅 = 1.0  from NACEF and NSTF. The heat flux profiles calculated from Eq. (30) were adopted in 5 

GAMMA+ calculation in the cases of NACEF. In the case of NSTF, the heat flux profile is the bounding value 6 

between 95%~102.0% of the average heat flux. Therefore, the uniform heat flux conditions on the heated plate 7 

could be used to simulate NSTF test results. 8 

 9 

 10 
Fig. 10 Heat Flux Distributions at NACEF Test Conditions 11 

 12 

Figures 11 show the riser temperature profiles obtained using the various mixed convection correlations in 13 

Tables 4 & 5. In the case of NSTF, GAMMA+ correlation in Table 4 has the good predictability to simulate all 14 

of the test results from NSTF. In the case of NACEF, and Symolon et al. (2005)’s correlation in Table 5 was 15 

found to work best in predicting all the test results from NACEF, respectively. Shin et al. (2017)’s correlation 16 

shows the good predictability for NSTF and NACEF test results except for the 𝑃𝑙𝑅 = 1.0 case at NACEF.  17 

Figures 12 show influence of the various mixed convection correlations in Tables 4 and 5 on the heated plate 18 

temperature profiles. The magnitude of the difference among the predicted heated plate temperatures from 19 

various correlations is close to that of the difference among the predicted riser wall temperatures from various 20 

mixed convection correlations. In other words, the increase in the predicted riser temperatures almost directly 21 
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corresponds to the difference among the predicted heated plate temperatures for the same cavity convection 1 

correlation. 2 

 3 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 

 

(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 11 Simulated Riser Wall Temperature Profiles with Various Mixed Convection Correlations 4 

 5 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 
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(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 12 Simulated Heated Plate Temperature Profiles with Various Mixed Convection Correlations 1 

 2 

Figures 13 show influence of the various cavity correlations in table 5 on the heated plate temperature profiles. 3 

The selection of cavity convection correlation has small or negligible effects on the calculated heated plate and 4 

temperatures at the same mixed convection correlation for the riser duct, indicating the dominance of radiation 5 

over convection in the cavity. Symolon et al.’s correlation (2005) and the GAMMA+ correlation (Lim, 2014) 6 

were used to simulate the test results from NACEF and NSTF, respectively. From the comparison with the test 7 

results and numerical results for NSTF, it was found that the characteristic length for the cavity is the heated 8 

cavity height. Figures 14 show the riser wall temperature profiles obtained using the various cavity convection 9 

correlations at the same mixed convection correlation as Figures 13. Cavity convection has small effect on the 10 

riser wall temperature profiles at all the test conditions. Since the horizontal distance between the heated plate 11 

and the riser ducts is always larger than the thermal boundary layer thickness, the characteristic length should 12 

be the heated cavity height. But the natural convection heat transfer coefficient in the turbulent flow regime has 13 

almost no geometrical size effect as shown in Table 5.  14 

 15 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 
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(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 13 Simulated Heated Pate Temperature Profiles with Various Cavity Convection Correlations 1 

 2 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 

 

(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 14 Simulated Riser Wall Temperature Profiles with Various Cavity Convection Correlations 3 

 4 

Shin et al.’s correlation (2017) was selected as the reference correlation because it was developed from the test 5 

results at the same rectangular duct as NACEF’s rise ducts. In the prediction of the heated plate temperature, 6 

Shin et al.’s correlation (2017) over- or under-predicts the heated plate temperature profiles of NACEF and 7 
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NSTF within ±10%, respectively. The differences between the test results and the numerical results are 1 

reasonable, considering the simplified GAMMA+ model to simulate the test facilities, the non-uniform flow 2 

distribution in the riser ducts, the uncertainty (7%) of Shin et al.’s correlation (2017) and the uncertainty (8%) 3 

of the heat removal rate at NACEF test condition. 4 

All the results indicate that the mixed convection in the riser duct is very important and should be considered 5 

in the extrapolation of the thermo-fluid behavior from the scale-down test results. Since the heat transfer 6 

coefficient of the riser duct is the function of the air flow velocity in the riser duct and temperature difference 7 

between the duct wall and the air flow as shown in Table 4 and 5, the heat transfer coefficients ratio cannot be 8 

expressed by the length ratio shown in Table 2. Shin et al. (2018) added the mixed convection correlation using 9 

the buoyancy number based on the heat flux from their rectangular duct test results (Shin et al, 2017) as the 10 

following equation.  11 

 12 

 

𝑁𝑢𝑎𝑖𝑟

𝑁𝑢𝐹

= 𝑓(𝐵𝑜𝑞) = [{
(9.232 × 10−5 𝐵𝑜𝑞⁄ )

4.033

1 + (9.232 × 10−5 𝐵𝑜𝑞⁄ )
4.033}

4.742

+ (0.4756(104𝐵𝑜𝑞)
0.3326

)
4.742

]

0.2109

 

 

(31) 

The buoyancy number Boq and the Grashof number Grq are given as the follows 13 

 14 

 

𝐵𝑜𝑞 =
𝐺𝑟𝑞

𝑅𝑒𝑎𝑖𝑟
3 𝑃𝑟𝑎𝑖𝑟

0.5 , 𝐺𝑟𝑎𝑖𝑟 =
𝑔𝛽𝑎𝑖𝑟𝑞"𝑟𝑖𝑠𝑒𝑟𝑑𝑟𝑖𝑠𝑒𝑟

4

𝑘𝑎𝑖𝑟𝜈𝑎𝑖𝑟
2  

 

(32) 

The buoyancy number based on the heat flux should be used to determine the scale effect on the mixed 15 

convection. Using the relations in Table 2, the ratio of the buoyancy number between model and prototype 16 

becomes 17 

 18 

 (𝐵𝑜𝑞)
𝑅

= (
𝑔𝛽𝑎𝑖𝑟𝑞"𝑟𝑖𝑠𝑒𝑟𝑑𝑟𝑖𝑠𝑒𝑟

4

𝑘𝑎𝑖𝑟𝜈𝑎𝑖𝑟
2 )

𝑅

(
𝑢𝑎𝑖𝑟𝑑𝑟𝑖𝑠𝑒𝑟

𝜈𝑎𝑖𝑟

)
𝑅

−3

(𝑃𝑟𝑎𝑖𝑟)𝑅
−0.5 = 𝑞"𝑅𝑢𝑅

−3 (33) 

 19 

Since the ratio of the riser air flow temperature is 1 in Table 2, the ratio of the buoyancy number can be expressed 20 

by the length ratio from the test conditions. The ratios for 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 are proportional to 𝑙𝑅
−2 21 

and 𝑙𝑅
−3, respectively. Figure 15 shows the predicted the mixed convection effect of the calculated (𝐵𝑜𝑞)

𝑅
 22 
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overlapped with Shin et al. (2018)’s correlation. The calculated Boq can be easily used to estimate the scale 1 

effect on the mixed convection in the riser duct.  2 

 3 

 4 

Fig. 15 Mixed Convection Effect of the Calculated qBo Based on the Heat Flux-based Correlation 5 

 6 

Figure 16 shows the radiation fraction on the heated plate from the GAMMA+ simulation results. These 7 

numerical results show that the radiation across the cavity is the governing mechanism in the cavity to determine 8 

the heated plate temperature. The higher heated plate temperature results in the larger radiation fraction on the 9 

heated plate. The radiation fraction on the reactor vessel in the real scale is smaller than that on the heated plate 10 

in the scale-down test facilities, because the riser wall temperature in the real scale is lower than that in the 11 

scale-down test conditions. 12 

Therefore, the assumption that the radiation fraction on the heated plate in the scale-down test is the same as 13 

that in the prototype is conservative enough to extrapolate the heated plate temperature. From Eq. 9, the heated 14 

temperature difference can be extrapolated as the following equation. 15 

 16 

 (𝑇ℎ
4 − 𝑇𝑅𝐹

4 )𝑅 = 𝑅𝑅𝑞"ℎ,𝑅 = 𝑞"𝑅 (34) 
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 1 

 2 

Fig. 16 Simulated Radiation Fraction on the Heated plate at the NACEF and NSTF Test Conditions 3 

 4 

Table 6 summarizes the improved scaling laws for air-cooled RCCS with considering the mixed convection 5 

effect in the riser duct and extrapolating the reactor vessel temperature. The function of the buoyancy number 6 

is shown in Eq. 31. The reason why the ratio of the mixed convection is not necessary is that the heat transfer 7 

regime in the prototype is always the pure forced convection (𝑓(𝐵𝑜𝑞) = 1.0) as shown in Figure 15. 8 

 9 

Table 6 Improved Scaling Methodology for air-cooled RCCS 10 

Ratio of 

variables 

Ratio in terms of height scale 
Rationale 

0.1RRi  0.1RPl  

𝑇𝑅 1 1 Enforced 

(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝑅 1 1 Enforced 

𝑅𝑖𝑅 1 𝐿ℎ,𝑅
−1  𝑅𝑖 =

𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2  

𝑃𝑙𝑅  𝐿ℎ,𝑅
−0.5 1 𝑃𝑙 =

𝑘(𝑇𝑜 − 𝑇𝑖)

𝑊𝑞"ℎ
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𝑢𝑅 𝐿ℎ,𝑅
0.5  𝐿ℎ,𝑅  

𝑞"𝑅 𝐿ℎ,𝑅
−0.5 1  

(𝐵𝑜𝑞)
𝑅 𝐿ℎ,𝑅

−2

 
𝐿ℎ,𝑅

−3

 
 

Rh  𝐿ℎ,𝑅
0.4 𝑓(𝐵𝑜𝑞,𝑚) 𝐿ℎ,𝑅

0.8 𝑓(𝐵𝑜𝑞,𝑚) mixed convection
 

(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 𝐿ℎ,𝑅
−0.9 𝑓(𝐵𝑜𝑞,𝑚)

−1
 𝐿ℎ,𝑅

−0.8 𝑓(𝐵𝑜𝑞,𝑚)
−1

 𝑞"𝑅 ℎ𝑅⁄  

(𝑇ℎ
4 − 𝑇𝑟𝑖𝑠𝑒𝑟

4 )𝑅 
𝐿ℎ,𝑅

−0.5 1 
Radiation dominant 

𝑞"𝑟𝑎𝑑 ∝ 𝑞"𝑅
 

 1 

6. Conclusion 2 

 3 

The test matrix for the comparative study was focused on the scale effect of the heated riser height. Comparison 4 

with the test results and the post-test analysis results showed that the mixed convection in the riser duct and the 5 

radiation similarity were very important to estimate scale effect.  6 

The mixed convection, the heat flux distribution, the enclosed cavity convection, and the developing region in 7 

the riser flow were introduced to simulate NSTF and NACEF test results. The calculation results showed that 8 

GAMMA+ was satisfactory and predicted the temperature profiles was in a good agreement with the 9 

experimental data. The difference between the calculated and measured temperature profiles were reasonable, 10 

considering the uncertainty of the heat removal rate by the air flow, non-uniform flow distribution in the riser 11 

duct, and the simplified GAMMA+ input model including the two dimensional radiation and the overpredicted 12 

thermal conduction in the riser walls. 13 

In the case of the reference condition, the heat transfer regime is always the forced turbulent convection, but 14 

the scale-down test results show that the heat transfer regime of the riser duct air flow lies in the mixed 15 

convection rather than the natural convection or the forced convection. A modified scaling law is derived 16 

considering this effect. It is recommended that the buoyancy number based on heat flux should be used to 17 

consider the mixed convection effect for the air-cooled RCCS scaling law. No difference in the radiation 18 

fractions between the prototype and the scale-down test results is the conservative assumption to extrapolate 19 

the prototype vessel temperature from the scale-down test results. The improved scaling law can be applied to 20 

the case that the test facility should have only the scale-down height. The radiation condition in the cavity and 21 

the riser duct design should also be the same as the prototype. In the future, the mixed convection correlation 22 

of the riser duct needs to be developed with considering the developing region. It will give us the more accurate 23 

extrapolation of the wall temperature profiles from the scale-down test results. 24 

 25 

Nomenclature 26 

 27 
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𝐴 area  1 

𝐵𝑜 buoyancy number of riser air flow 2 

𝑐𝑝 specific heat 3 

𝑑 hydraulic diameter  4 

𝑓𝑖𝑙𝑚 film (summation average of bulk and surface temperature) 5 

𝑔 gravity 6 

H height ratio 7 

h heat transfer coefficient 8 

𝐺𝑟 Grashof number for riser air flow 9 

𝑘 thermal conductivity 10 

L height 11 

𝑙 local length of the naturally circulating air flow 12 

𝑁𝑢 Nusselt number 13 

𝑃 heated perimeter 14 

𝑝 pressure 15 

𝑃𝑙 Plank number 16 

𝑃𝑟 Prandtl number 17 

𝑞" heat flux 18 

𝑅 Radiation number (radiation fraction) 19 

𝑅𝑎 Rayleigh number in the cavity convection 20 

𝑅𝑒 Reynolds number  21 

𝑅𝑖 Richardson number of riser air flow 22 

𝑇 temperature 23 

𝑢 riser air flow velocity 24 

𝑣 air flow velocity in the cavity 25 

𝑊 distance between the heated plate and the riser duct 26 

𝑋 characteristic length for cavity convection 27 

𝑧 local height  28 

 29 

Greek Letters 30 

𝛽 thermal expansion coefficient  31 

𝜀 emissivity 32 

𝜃 temperature difference between the local temperature and the reference temperature 33 
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𝜇 viscosity 1 

𝜈 kinetic viscosity 2 

𝜌 density 3 

𝜎 Boltzmann constant 4 

 5 

Subscript 6 

𝑎𝑖𝑟 riser air flow 7 

𝑎𝑣𝑔 average 8 

𝑐𝑎𝑣𝑖𝑡𝑦 cavity  9 

𝑐𝑜𝑛𝑣 convection  10 

𝐹 forced convection  11 

ℎ heated plate  12 

𝑖 inlet of riser air flow 13 

𝑘 component 14 

𝑚 scale-down model 15 

𝑁 free convection (natural convection) 16 

𝑜 outlet of riser air flow 17 

𝑞 heat flux based dimensionless number 18 

𝑅 ratio of model and prototype 19 

𝑟𝑎𝑑 radiation 20 

𝑅𝐹 front surface of riser duct 21 

𝑟𝑖𝑠𝑒𝑟 riser wall 22 

s structure 23 

𝑇𝑜𝑡 total 24 
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Abstract 1 

 2 

Korea Atomic Energy Research Institute (KAERI) and Argonne National Laboratory (ANL) conducted steady-3 

state tests at constant heat flux conditions to investigate the scale effect on heat removal behavior of the air-4 

cooled Reactor Cavity Cooling System (RCCS). Two differently scaled-down test facilities were used in this 5 

study, KAERI’s ¼ scale with 4.0-m cavity height, and ANL’s ½ scale with 6.8-m cavity height. Two scaling 6 

laws were proposed to simulate the radiation across the cavity and the buoyancy-driven duct flow in the riser, 7 

respectively. The test matrix for KAERI and ANL test facilities focused on the scaling effect of the heated riser 8 

length with constant heat flux at the PMR200 RCCS design. The test results showed that mixed convection in 9 

the riser duct is an important factor for accurately extrapolating the thermo-fluid behavior in the prototype from 10 

the test results in the scale-down facilities. The system analysis code, GAMMA+, with improved heat transfer 11 

models predicted fairly well the air-cooled RCCS test data from two facilities. GAMMA+ analysis results 12 

showed that the predicted radiation fractions on the heated plate in the scale-down test conditions were larger 13 

than those on the reactor vessel in the prototype. The scaling law for air-cooled RCCS was improved by 14 

considering the mixed convection in the riser duct and the same radiation fraction on the heated plate. The 15 

mixed convection effect was calculated by the height ratio. The same radiation fraction provided a conservative 16 

extrapolation from the scale-down test results.   17 

 18 

Keywords: high temperature gas-cooled reactor, air-cooled reactor cavity cooling system, radiation, mixed 19 

convection, riser duct, GAMMA+, scaling law 20 
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1. Introduction 1 

 2 

The Reactor Cavity Cooling System (RCCS), a key passive safety feature in a High Temperature Gas-cooled 3 

Reactor (HTGR), maintains the concrete temperature below the design limit during normal operation. In an 4 

accident condition, the RCCS removes the residual heat, which amounts to 0.3~0.6 % of the full reactor power. 5 

The air-cooled RCCS (Thielman et al, 2005) is an open natural-circulation air loop as shown in Figure 1. The 6 

air in the riser ducts absorbs the heat from the vessel and flows into the ambient air by the chimney effect, and 7 

the cold ambient air flows into the riser ducts, again. Heat transfer modes from the vessel to the riser ducts are 8 

the radiation and the natural convection in the cavity. Simulation with computational fluid dynamics codes 9 

indicates that the radiation is more than 80% of the total heat transfer (Niessen and Ball, 2001). Furthermore, 10 

the air-cooled RCCS can be operated without additional electricity or water coolant supply. The criteria for the 11 

RCCS design and performance are determined from the temperature limit of the reactor vessel and concrete 12 

structures in all the conditions of HTGR. Its governing heat transfer mechanisms are the radiation across the 13 

cavity and the buoyancy-driven internal convection in the riser ducts installed around the reactor cavity as 14 

shown in Figure 1.  15 

 16 

 17 

Fig. 1 Heat Removal Behavior in PMR200 Air-cooled Reactor Cavity Cooling System (Not-scaled) 18 
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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 1 

scale test in a laboratory setting, so a reduced-scale test is preferred to verify its performance. KAERI conducted 2 

experiments to verify the RCCS cooling performance to validate the inherent safety features of a VHTR (Very 3 

High Temperature gas-cooled Reactor), using NACEF (Natural Cooling Experimental Facility), with a 4/17-4 

scale height of the PMR200 RCCS (Kim et al., 2015a). Argonne National Laboratory (ANL) and the University 5 

of Wisconsin-Madison similarly performed 1/2 scale (Lisowski et al., 2016a, b) and 1/4 scale (Corradini et al., 6 

2014.) tests for GA-designed MHTGR RCCS, respectively. Especially, the ANL 1/2 scale test facility is called 7 

NSTF (Natural Shutdown heat removal Test Facility).  8 

Key heat transfer modes in the air-cooled RCCS are the radiation across the cavity and the naturally circulated 9 

air flow in the riser duct. The natural circulation flow is dependent on the height scale, while the radiation is 10 

independent of the scale effect. The contradiction between the radiation and the convection on the scale effect 11 

makes it impossible to satisfy the similarity in the radiation and the convection at the same time. Thus, the 12 

scaling criteria have to be developed to choose the most dominant non-dimensional parameters. Bae et al. (2014) 13 

proposed two cases, one with radiation-dominant and the other governed by buoyancy-driven flow. Kim et al. 14 

(2015b) analyzed the scale effect on RCCS heat removal mechanism to check the validity of Bae et al. (2014)’s 15 

scaling analysis using GAMMA+(Lim and No, 2006), a system analysis code for HTGR developed by KAERI. 16 

The mixed convection in the riser duct was a very important factor making the scale effect on the RCCS heat 17 

removal mechanism distorted (or non-linear). By incorporating the non-linearity of the scaling law, Kim et al. 18 

(2016) improved GAMMA+ heat transfer model to more accurately simulate the NACEF test results. 19 

Corradini et al. (2014) investigated the heat removal behavior and performance for a quarter-scale RCCS facility 20 

with air. Their scaling laws were used to preserve key aspects and to maintain similarity of the natural circulation 21 

in the riser ducts. The tests were run under different heat loadings with forced convection and natural circulation 22 

modes. A flow reversal for a period occurred at one of the two exhaust ducts in some tests. NSTF test program 23 

(Lisowski et al., 2016a) completed over 2,250 hours of active test operations and 16 successful test runs. Test 24 

parameters included scaling effect, power shaping, flow path configuration, design basis accident conditions, 25 

weather influences, off-normal scenarios, the blocked riser ducts, and others. In some cases, the downdraft of 26 

cold ambient air through one of the chimneys caused a severe reduction in heat removal capability. Two facilities 27 

were designed to maintain the similarity of the natural circulation in the riser ducts.  28 

In this study, KAERI and ANL separately performed the tests with two reduced-scale test facilities, and made 29 

comparisons to develop a better scaling methodology. Two test conditions were established based on Bae et 30 

al.(2014)’s and Lisowski et al.(2016a)’s scaling analysis methodologies. The post-test analysis using GAMMA+ 31 

was performed to examine the applicability of the improved heat transfer model in GAMMA+ to the RCCS 32 

heat removal mechanism by predicting the results at all the established test conditions. The improved heat 33 

transfer model was expected to make the calculation results agree with the results obtained from KAERI & 34 

ANL test facilities. The scaling law for air-cooled RCCS was improved from the comparison with the test results 35 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 
 

and the numerical results. 1 

 2 

2. Test Facilities 3 

 4 

KAERI designed and constructed the NACEF, a 4/17 scale mockup of the PMR200 RCCS. Figure 2 shows the 5 

test section and chimneys of the NACEF. The height (4m) of the heated plate was reduced to a scale of 4/17 6 

from the prototype, PMR200 RCCS, and the distance between the reactor vessel and the RCCS riser ducts was 7 

kept the same as that of PMR200 RCCS. Figures 3 show plan and front views of the NACEF test section, 8 

respectively.  9 

The heated plate, a mockup of the reactor vessel, was constructed to be 4.05 m in height (serially-flange-10 

connected two plates of 2 m long, 0.65 m wide and 25 mm thick), and two chimneys are 8 m in height. Twenty 11 

ceramic mold heater of 2.6 kW, with total 52 kW, were equipped on the heated plates in two rows. The heated 12 

plates were oxidized and blackened to provide a high emissivity of 0.8 at 350℃(Kim et al, 2013).  13 

Of the 220 riser ducts in PMR200, only 6 riser ducts were installed in the NACEF with the same duct cross 14 

sectional dimensions of 250 mm ×  50 mm with thickness of 5 mm. The duct’s long side was aligned 15 

perpendicular to the heated plate, and each duct was separated by 50 mm from the adjacent ducts. 16 

 17 

 18 

Fig. 2 Pictures of NACEF 19 

 20 

 21 
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(a) Plan View  

 

(b) Cross-sectional View 

Fig. 3 Schematic Diagram of NACEF (Not-scaled) 1 

 2 

The riser ducts were painted black for high temperature service with a high emissivity of ~0.85 to absorb well 3 

the heat from the heated plates (Kim et al, 2013). The reflective walls were plated with chromium to provide a 4 

mirror-like surface with a low emissivity of ~0.15. The side walls were covered with an aluminum foil to 5 

maintain the low emissivity. The reflective walls and the side walls reflect the radiation heat from the heated 6 

plates to the riser walls.  7 

Two thermal mass flow meters were installed in the downstream of two chimneys to measure the flow rate of 8 

buoyancy-driven air. Two differential pressure transmitters were installed to measure the pressure drops across 9 

both ends of the rise duct and across the total air passage, respectively. The temperatures at several positions 10 

were measured by using the K-type thermocouples. Fifty-two thermocouples were installed on the surface of 11 

the heated plates, and 32 on the back reflective walls. Seventy-two thermocouples were installed on the inside 12 

and outside of four surfaces of the third riser duct of Figure 3(b).  13 

The ½ scale test facility designed by and constructed at ANL was similar to the facility at KAERI, except for 14 

the target of the specific boundary conditions of the General Atomics MHTGR reactor. Figure 4 shows the test 15 

section of NSTF. Figure 5 shows the cross-sectional view of NSTF test section. Twelve riser ducts were located 16 

within a 6.8-m insulated enclosure, and heated by 2.5-cm thick plate capable of supplying up to 220 kW of 17 

electric power. The geometry and emissivity of the riser ducts, insulated enclosure and heated plate matched 18 

those of NACEF. Extending from the outlet plenum were two vertical chimney stacks that created an overall 19 
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test facility 26-m in elevation.  1 

 2 

 3 

Fig. 4 Pictures of NSTF 4 

 5 

 6 

Fig. 5 Cross-sectional View of NSTF Test Section 7 

 8 

A suite of nearly 450 data acquisition channels provided measurement of critical thermal hydraulic parameters, 9 
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including fluid and surface temperatures, heat flux, mass flow, differential pressure, etc. Additionally, a 1 

professional grade weather station was included in the data acquisition to monitor and record meteorological 2 

conditions such as wind speed and direction. Lastly, an array of high fidelity distributed temperature sensors 3 

(Lomperski et al., 2016) were included inside the riser duct and outlet plenum gas spaces. These sensors 4 

provided 10-mm resolution and span over 80-m in total length. 5 

Table 1 shows the geometrical dimensions of the RCCS test facilities at ANL and KAERI. Two facilities had a 6 

similar cross-sectional dimension of the riser duct and a similar distance between the heated plate and the riser 7 

duct front walls. Two facilities had the same heated plate width per riser duct but the different ratios between 8 

the heated riser height and total height.  9 

 10 

Table 1 Summary of NSTF and NACEF 11 

 ANL (NSTF) KAERI (NACEF) 

Total Height [m] 26.2 14 

Total Riser Height [m] 7.5 4.5 

Heated length of Riser [m] 6.82 4.05 

Number of Ducts 12 6 

Flow Area of a Riser Duct [mm2] 44.1×244.7 40×240 

Thickness of Riser Duct [mm] 4.41 5.0 

Area of Heated Plate [m2] 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 

 12 

 13 

3. Scaling Law and Test Matrix  14 

 15 

(1) Scaling Law for Air-cooled RCCS 16 

 17 

In the reduced scale thermo-fluid test, the most important thing is to check whether the scale-down test condition 18 

satisfies the three types of similarities: geometrical, kinematical and dynamical. Since it is impossible to satisfy 19 

all similarities in the relevant non-dimensional group, it is customary to limit the similarity requirements to 20 

some select group(s) considered to be dominant compared to the others. This section summarizes the scaling 21 

law for the design of NSTF (Lisowski et al, 2016a) and NACEF (Bae et al., 2014). Since each facility has a 22 

different reference design, this comparative study is focused on the scaling law for only the steady state in the 23 

heated cavity.  24 
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In the present study, the scaling law will be based on the assumption that the same structural materials and fluid 1 

are used in the model as the prototype. The following relations are then naturally obtained. 2 

 3 

 ρ𝑅 = 𝛽𝑅 = 𝑐𝑝𝑅 = 𝑘𝑅 = ρ𝑠𝑅 = 𝑘𝑠𝑅 = 𝑐𝑝𝑠𝑅 = 1 (1) 

 4 

Additionally, the riser air temperature of the reduced scale test is always same as that of the prototype condition. 5 

The following equations are derived. 6 

 7 

 𝑇𝑖,𝑅 = 𝑇𝑜,𝑅 = (𝑇𝑜 − 𝑇𝑖)𝑅 = 1 (2) 

 8 

The non-dimensional continuity, Navier-Stokes, and energy equations of an incompressible Newtonian fluid 9 

flow in the cavity take the following forms: 10 

 11 

 ∇∗ ∙ 𝑣⃗∗ = 0 (3) 

 12 

 𝑣⃗∗ ∙ ∇∗𝑣⃗∗ = −∇∗𝑝𝑐𝑎𝑣𝑖𝑡𝑦
∗ +

𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦

𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦

𝜃𝑐𝑎𝑣𝑖𝑡𝑦

𝑔⃗

𝑔
+ ∇∗2𝑣⃗∗ (4) 

 13 

 𝑣⃗∗ ∙ ∇∗𝜃𝑐𝑎𝑣𝑖𝑡𝑦
∗ =

1

𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦

∇∗2𝜃𝑐𝑎𝑣𝑖𝑡𝑦
∗  (5) 

 14 

where the non-dimensional variables are denoted by an asterisk. Buoyancy term of Eq. (4) was derived from 15 

the Boussinesq approximation for the temperature dependence of air density. Eq. (5) was the energy equation 16 

under the assumptions of no volumetric heat generation, negligible gas radiation, and negligible viscous 17 

dissipation. The dimensional variables were divided by constant reference values relevant to the flow and heat 18 

transfer as follows.  19 

 20 

 ∇∗= ∇ 𝐿𝐻⁄ , 𝑣∗ = 𝑣
𝜌𝐿𝐻

𝜇
, 𝑝𝑐𝑎𝑣𝑖𝑡𝑦

∗ = (
𝑝 + 𝜌𝑔𝑧

𝜌𝜇2
)

𝑐𝑎𝑣𝑖𝑡𝑦

(𝜌𝑐𝑎𝑣𝑖𝑡𝑦𝐿𝐻)
2

, 𝜃𝑐𝑎𝑣𝑖𝑡𝑦
∗ =

𝑇 − 𝑇𝑐𝑎𝑣𝑖𝑡𝑦

𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟

 (6) 

 21 

The Rayleigh number and the Prandtl number are identified as non-dimensional parameters in the reactor cavity 22 

convection, which are as follows: 23 

 24 

 𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =  
𝑔𝛽𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)𝐿𝐻

3

(𝛼𝜈)𝑐𝑎𝑣𝑖𝑡𝑦

 (7) 
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 1 

 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦 =  (
𝜇𝑐𝑝

𝑘
)

𝑐𝑎𝑣𝑖𝑡𝑦
 (8) 

 2 

In the cavity convection equation, the heated cavity height is chosen as a characteristic length, because the flow 3 

in the cavity is governed by the vertical gravity. Rayleigh number is the dimensionless number for the cavity 4 

convection. Prandtl number is the same as the reference design. 5 

The heated plate temperature and the riser wall temperature can be obtained from the heat balance in the cavity 6 

as expressed in the following equation.  7 

 8 

𝑞ℎ
" = 𝑞𝑐𝑜𝑛𝑣

" + 𝑞𝑟𝑎𝑑
" = ℎ𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟) + 𝜎 (

1

𝜀ℎ

+
𝐴ℎ

𝜀𝑟𝑖𝑠𝑒𝑟𝐴𝑟𝑎𝑑−𝑟𝑖𝑠𝑒𝑟

− 1)
−1

(𝑇ℎ
4 − 𝑇𝑟𝑖𝑠𝑒𝑟

4 ) (9) 

 9 

where there are two assumptions to simplify the radiation heat transfer equation. One is that there is no radiation 10 

in the vertical direction. The other is that 100% of the radiation heat from the heated plate is transported to the 11 

riser wall surfaces with high emissivity. All the surfaces except the heated plate and the riser duct outer walls 12 

have low emissivity. It was assumed the view factor between the heated plate and the riser wall has no difference 13 

between the prototype and the model due to the same horizontal dimension. 14 

The non-dimensional heat balance equation can be derived as shown in the following equation. 15 

 16 

 𝑃𝑙 𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦

(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)

𝑇𝑜 − 𝑇𝑖

+ 𝑅 = 1 (10) 

 17 

The Planck number, the Nusselt number, and the Radiation number are identified as dominant non-dimensional 18 

parameters, which are defined as follows: 19 

 20 

 Pl =
𝑘∆𝑇

𝑊𝑞"ℎ

 (11) 

 21 

 𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
ℎ𝑐𝑎𝑣𝑖𝑡𝑦𝑊

𝑘
 (12) 

 22 

 𝑅 =
𝑞"𝑟𝑎𝑑

𝑞"ℎ

 (13) 

It should particularly be noted that the characteristic length is the horizontal distance between the heated plate 23 

and the riser front surfaces. The horizontal distance is chosen as the characteristic length, since the heat transfer 24 
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direction is horizontal. The temperature difference of the Planck number is usually defined as the temperature 1 

difference between hot and cold surfaces, however, in this study it is defined as the temperature rise from the 2 

bottom to the top of the riser wall, since a constant heat flux condition is imposed instead of a constant 3 

temperature. The Nusselt number is the dimensionless number for the cavity convection heat transfer coefficient. 4 

It is a function of the Rayleigh number and the aspect ratio of the cavity. The Planck number and the Radiation 5 

number are dimensionless numbers for the radiation across the cavity. But the similarity in the Radiation number 6 

cannot be confirmed with the information we have in hand so far.  7 

The riser wall temperature is determined by the convective heat transfer in the riser duct. The governing 8 

parameter in the riser duct is the buoyancy-driven air flow in the riser duct. The flow in the riser can be regarded 9 

as a one-dimensional flow in the practical sense. In the air-cooled RCCS, the inlets and the outlets are both open 10 

to the atmospheric pressure. The air flow can be determined by the balance of the buoyancy force, the frictional 11 

pressure drop and the form pressure loss. The following equation is the integral momentum equation in the 12 

naturally circulating air loop through the RCCS risers and chimney. 13 

 14 

 𝜌𝑖𝑔𝐿𝑡𝑜𝑡 = 𝜌𝑜𝑔(𝐿𝑡𝑜𝑡 − 𝐿ℎ) + ∫ 𝜌𝑔𝑑𝑙
𝐿ℎ

0

+ ∑ (𝑓𝑘

𝑙𝑘

𝑑𝑘

+ 𝐾𝑘)
𝑢𝑘

2

2𝜌𝑘
𝑘

 (14) 

 15 

The acceleration pressure drop is neglected in the naturally circulating air loop. The density in the riser duct 16 

varies with the temperature. The constant heat flux condition increases the air flow temperature linearly with 17 

the elevation in the riser ducts. The non-dimensional integral momentum equation can be derived as the 18 

following equation.  19 

 20 

 
𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2 (

𝐿𝑡𝑜𝑡 − 0.5𝐿ℎ

𝐿ℎ

) = 𝑅𝑖 (
𝐿𝑡𝑜𝑡 − 0.5𝐿ℎ

𝐿ℎ

) = ∑ (𝑓𝑘

𝑙𝑘

𝑑𝑘

+ 𝐾𝑘) (
𝐴𝑎𝑖𝑟

𝐴𝑘

)
2 𝜌𝑖

2𝜌𝑘
𝑘

 (15) 

 21 

The non-dimensional energy equation for the single phase flow in ducts is given as follows: 22 

 23 

 
𝜕𝜃𝑎𝑖𝑟

∗

𝜕𝑙∗
= 𝑆𝑡(𝜃𝑤

∗ − 𝜃𝑎𝑖𝑟
∗ ) (16) 

 24 

where there are negligible viscous dissipation and no radiation heat transfer among the riser walls. The 25 

dimensional variables were divided by constant reference values relevant to the flow and heat transfer as follows. 26 

 𝑙∗ = 𝑙 𝐿ℎ⁄ , 𝜃𝑤
∗ =

𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑖

𝑇𝑜 − 𝑇𝑖

, 𝜃𝑎𝑖𝑟
∗ =

𝑇𝑎𝑖𝑟 − 𝑇𝑖

𝑇𝑜 − 𝑇𝑖

 (17) 

 27 
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From Eqs. (15) and (16) for the riser air flow, the following non-dimensional groups are identified. 1 

 2 

 Ri =
𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2  (18) 

 3 

 𝐻 =
𝐿𝑡𝑜𝑡

𝐿ℎ

 (19) 

 4 

 𝐹 = ∑ (𝑓𝑘

𝑙𝑘

𝑑𝑘

+ 𝐾𝑘) (
𝐴𝑟𝑖𝑠𝑒𝑟

𝐴𝑘

)
2 𝜌𝑖

2𝜌𝑘
𝑘

 (20) 

 5 

 𝑆𝑡 =
4ℎ𝑎𝑖𝑟𝐿ℎ

(𝜌𝑢𝑐𝑝)
𝑎𝑖𝑟

𝑑𝑟𝑖𝑠𝑒𝑟

 (21) 

 6 

The Richardson number, the height ratio, and the Friction number are the dimensionless number for the natural 7 

circulation air flow. The Stanton number is the dimensionless number for the convection heat transfer in the 8 

riser ducts. The similarity of the convection heat transfer in the riser ducts cannot be maintained at the test 9 

facility design having the scale-down cavity height and the same riser duct cross-section, since the heat transfer 10 

coefficient is generally proportional to the flow velocity raised to the power of 0.8.  11 

As shown in Fig. 1, the heat transfer behaviors in the air-cooled RCCS include the radiation across the cavity, 12 

the natural convection in the cavity, the natural circulation air flow in the riser duct, and the convective heat 13 

transfer in the riser duct. Key phenomena in the air-cooled RCCS are the radiation across the cavity and the 14 

natural circulation air flow in the riser duct. An earlier scaling analysis (Ishii and Kataoka, 1984) for the natural 15 

circulation system was based on the Richardson number without considering radiation. Bae et al. (2014) 16 

proposed two cases simulating the radiation across the cavity and the buoyancy-driven duct flow in the riser, 17 

respectively. In the case of radiation, the Planck number is the dominant dimensionless parameter in the 18 

radiation across the reactor cavity, while the Richardson number in the natural circulation air flow.  19 

The only way to satisfy the similarity in the Planck number,𝑃𝑙𝑅 = 1.0, is the following relation. 20 

 21 

 𝑃𝑙𝑅 = 1 = (
𝑘∆𝑇

𝑊𝑞"ℎ

)
𝑅

= (
1

𝑞"ℎ

)
𝑅

 (22) 

 22 

From the energy balance between the energy release from the riser surface and the energy carried away by the 23 

air flow in the riser, the following relation needs to be kept. 24 

 25 
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 𝑞𝑟𝑖𝑠𝑒𝑟
" 𝐿ℎ𝑃𝑟𝑖𝑠𝑒𝑟 = 𝜌𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟𝑢𝑎𝑖𝑟(𝑇𝑜 − 𝑇𝑖)𝐴𝑟𝑖𝑠𝑒𝑟 (23) 

 1 

From Eq. (22) and Eq. (23), the following relation is obtained.  2 

 3 

 𝑞𝑟𝑖𝑠𝑒𝑟,𝑅
" 𝐿ℎ,𝑅 = 𝐿ℎ,𝑅 = 𝑢𝑎𝑖𝑟,𝑅 (24) 

 4 

where the heat flux on the heated plate is proportional to the heat flux on the riser wall. The ratio of the 5 

temperature difference between the riser wall and the air flow is, 6 

 7 

 (𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 = (
𝑞𝑟𝑖𝑠𝑒𝑟

"

ℎ𝑟𝑖𝑠𝑒𝑟
⁄ )

𝑅
=

1

𝑢𝑎𝑖𝑟,𝑅
0.8 = 𝐿ℎ,𝑅

−0.8 (25) 

 8 

where the forced convection is assumed and the Dittus-Boelter correlation is used. As the facility is scaled down, 9 

the temperature difference between the riser wall and the air flow is scaled up with the ratio of 𝐿ℎ,𝑅
−0.8.  10 

To maintain the similarity of the natural circulation, the ratios of the dimensionless numbers in Eqs. (18), (19), 11 

and (20) should be the same as the reference condition. The similarities in the Friction number and the height 12 

ratio are very easy to satisfy, as they depend on the geometry. In the case of Friction number, the requirement 13 

for the similarity doesn’t need to be satisfied individually at each segment. Since the flow length of the air flow 14 

in the test facility is shorter than that in the reference condition, the additional head loss is added to satisfy the 15 

similarity in the Friction number. The following relation is readily obtained from 𝑅𝑖𝑅 = 1.0. 16 

 17 

 𝑅𝑖𝑅 = 1 = (
𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2 )

𝑅

= (
𝐿ℎ

𝑢𝑖
2)

𝑅

 (26) 

 18 

As in the previous case, the heat flux ratio can be obtained from the energy balance of Eq. (23) as follows: 19 

 20 

 𝑞𝑟𝑖𝑠𝑒𝑟,𝑅
" = (

𝜌𝑎𝑖𝑟𝐶𝑝,𝑎𝑖𝑟𝑢𝑎𝑖𝑟(𝑇𝑜 − 𝑇𝑖)𝐴𝑎𝑖𝑟

𝐿ℎ𝑃𝑟𝑖𝑠𝑒𝑟

)
𝑅

= (
𝑢𝑎𝑖𝑟

𝐿ℎ

)
𝑅

= (
𝑢𝑖

𝐿ℎ

)
𝑅

= 𝐿ℎ,𝑅
−0.5 (27) 

 21 

The ratio of the temperature difference between the riser wall and the air flow, 22 

 23 

 (𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 = (
𝑞𝑟𝑖𝑠𝑒𝑟

"

ℎ𝑟𝑖𝑠𝑒𝑟
⁄ )

𝑅
=

𝑞𝑟𝑖𝑠𝑒𝑟,𝑅
"

𝑢𝑎𝑖𝑟,𝑅
0.8 = 𝐿ℎ,𝑅

−0.9 (28) 

 24 

Table 2 summarizes the scaling analysis results in this section. NSTF was designed based on 𝑅𝑖𝑅 = 1.0 25 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13 
 

(Lisowski et al., 2016a). NACEF was designed based on 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 (Bae et al, 2014). A 1 

caution needs to be given to ensure that the average flow velocity in the riser should be in the same flow regime 2 

as that in the reference condition. Otherwise, the test will result in an erroneous or highly distorted data. 3 

 4 

Table 2 Summary of Scaling Law 5 

Ratio of variables 
Ratio in terms of height scale 

Rationale 

𝑅𝑖𝑅 = 1.0 𝑃𝑙𝑅 = 1.0 

𝑇𝑅 1 1 Enforced 

(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝑅 1 1 Enforced 

𝑅𝑖𝑅 1 𝐿ℎ,𝑅
−1  Ri =

𝑔𝛽(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2  

𝑃𝑙𝑅  𝐿ℎ,𝑅
0.5  1 Pl =

𝑘(𝑇𝑜 − 𝑇𝑖)

𝑊𝑞"ℎ

 

𝑢𝑅 𝐿ℎ,𝑅
0.5  𝐿ℎ,𝑅  

𝑞"𝑅 𝐿ℎ,𝑅
−0.5 1  

Rh  𝐿ℎ,𝑅
0.4  𝐿ℎ,𝑅

0.8  𝑢𝑅
0.8, turbulent flow 

(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 𝐿ℎ,𝑅
−0.9  𝐿ℎ,𝑅

−0.8  𝑞"𝑅 ℎ𝑅⁄  

 6 

The reference condition for the test matrix for the comparative study was obtained from the results of analysis, 7 

conducted using a system code GAMMA+, for the low pressure conduction cooling (LPCC) event in PMR 200 8 

(Jun et al, 2008). PMR200 is a demonstration plant of the VHTR developed by KAERI. GAMMA+ (Lim and 9 

No, 2006) is a system code aiming to support the government-sponsored nuclear hydrogen development and 10 

demonstration program in Korea. It has the capability to calculate thermal-fluid transients as well as chemical 11 

reactions in a multi-component mixture system. Since two facilities differ in the height ratio and weather 12 

condition, the test matrix is focused on the scaling effect of the heated riser length with constant heat flux at the 13 

reference condition. Table 3 shows the reference condition of PMR200 RCCS and the test matrix and test results 14 

for the comparison studies between the ANL and KAERI facilities. The test matrix was determined based on 15 

the scaling analysis described in Table 2. Steady-state for test results required a minimum data-recording time 16 

of 2 hours at target power and flow rate. Target power is not the electric power of the heaters but the heat 17 

removal rate through the air flow in the riser ducts. 18 

 19 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



14 
 

Table 3 Test Matrix and Result (P: plan, T: Results) 1 

 

PMR 

200 

ANL(NSTF) KAERI(NACEF) 

RiR PlR RiR PlR 

Height Ratio 1.0 0.401 0.238 

𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛  98℃ 

P 98 P 98 P 98 P 98 

T 94.3 T 97.2 T 99 T 100 

Mass Flow per 

Riser Duct 
47 g/s 

P 30 P 19 P 23 P 11 

T 29.8 T 18.9 T 22.5 T 11.3 

Inlet T 40℃ T 18 T 21 T 12 T 21 

Heat Removal 

per Riser Duct 

4.67 

kW 

P 2.96 P 1.87 P 2.28 P 1.11 

T 2.84 T 1.85 T 2.24 T 1.14 

# of Risers 220 12 6 

 2 

4. GAMMA+ Input Model 3 

 4 

Figures 6 show the input model and nodalization for GAMMA+ for simulation of the test results from NACEF 5 

and NSTF. The fluid model for the naturally circulated air flow consists of a flow from the inlet boundary, an 6 

inlet pipe, the inlet chamber, the riser ducts, an outlet chamber, two outlet pipes, and two chimneys connected 7 

to the outlet atmospheric boundaries. In this analysis, a constant mass flow rate condition was used to estimate 8 

the scale effect of the heat transfer behaviors in the cavity and the riser ducts. A two-dimensional fluid model 9 

with the atmospheric pressure was assumed to simulate the cavity convection in the NACEF. 10 

The solid model consists of a heated plate (representing the reactor vessel), riser ducts, side and reflective walls. 11 

To simplify the input model, the riser ducts were modeled as hypothetical three-dimensional circular pipes, 12 

circumferential parts of which correspond to the walls of the rectangular duct exchanging heat by radiation and 13 

convection. Since the circular pipes have the same internal and the external perimeters as the rectangular duct 14 

to maintain the same heat transferred area of the actual duct, the hypothetical circular pipes thickness is thicker 15 

than the actual rectangular duct thickness. The cavity was enclosed by a heated plate, two side walls, top and 16 

bottom walls, and a reflector wall. All the cavity-enclosed walls were modeled as a two-dimensional plate. 17 
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 1 

(a) NACEF 2 

 3 

(b) NSTF 4 
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 1 

(c) Input Model for Riser Duct 2 

Fig. 6 GAMMA+ Input Model 3 

 4 

Figures 7 show the input model to be used to calculate view factors for the simulation of the radiation heat 5 

transfer between the heated plate and the other surfaces by SINDA-FLUINT. The riser walls were categorized 6 

into two outer risers and other inner risers, and the side walls of the cavity were divided into the left side wall 7 

and the right side wall. Twelve groups of the surfaces were considered to calculate the view factors as shown 8 

in Fig. 7. It was assumed that there was no height-scale effect on their view factors to simplify the radiation 9 

calculation in the system analysis. Since the enclosed cavity surfaces except the heated plate have the low 10 

emissivity, the most of the radiation heat from the heated plate is absorbed into the riser ducts. Two facilities 11 

have the same heated plate width per duct and the similar distance between the heated plate and the riser walls. 12 

Therefore, the distorted effect on the view factor is negligible to calculate the wall temperatures from the 13 

radiation across the cavity.  14 

 15 

 16 

(a) NACEF 17 
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 1 

(b) NSTF 2 

Fig. 7 SINDA FLUINT Input Model 3 

 4 

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

transfer correlations to be incorporated into GAMMA+ to simulate the mixed convection in the riser duct. The 6 

convective heat transfer correlations [GAMMA+(Lim, 2014), Jackson et al.(1989), Symolon et al.(2005), Shin 7 

et al.(2017)] with consideration of mixed convection were used for the internal convection in the riser ducts. 8 

Additionally, the effect on the riser convection of developing region (Bhatti and Shah, 1987) was tested in this 9 

present analysis.  10 

 11 

 
𝑁𝑢(𝑧)

𝑁𝑢𝑟𝑖𝑠𝑒𝑟
⁄ = 1 + 0.9756 (𝑧

𝑑ℎ
⁄ )

−0.760

 (29) 

 12 

Table 4 GAMMA+ Heat Transfer Correlations (Lim, 2014) 13 

Regime Laminar Transition Turbulent 

Forced Constant Nu 

Interpolation between hlam and htur 

(2300<Re<5000) 

Modified 

Dittus & Boelter 

Transition 

Criterion 
Aicher {(𝐺𝑟𝑎𝑖𝑟𝑃𝑟𝑎𝑖𝑟)1 3⁄ (𝑅𝑒𝑎𝑖𝑟

0.8𝑃𝑟𝑎𝑖𝑟
0.8)⁄ }> 0.05 
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Mixed 

Convection 
𝑁𝑢3 = 𝑁𝑢𝐹

3 − 𝑁𝑢𝑁
3  

Interpolation between hlam and htur 

(200<Re<400) 

𝑁𝑢3 = 𝑁𝑢𝐹
3 − 𝑁𝑢𝑁

3  

Transition 

Criterion 
Aicher > 0.2 & Burmeister {𝐺𝑟𝑎𝑖𝑟 𝑅𝑒𝑎𝑖𝑟

2⁄ } >1.0 

Free 

Convection 

Churchill & Chu (1975)  

𝑁𝑢𝑎𝑖𝑟 =
ℎ𝑎𝑖𝑟𝑑𝑟𝑖𝑠𝑒𝑟

𝑘𝑎𝑖𝑟

= 0.825 +
0.387 𝑅𝑎

𝑎𝑖𝑟

1
6⁄

1 + (0.492 𝑃𝑟⁄ )
@𝑅𝑎𝑎𝑖𝑟 =

𝑔𝑑𝑟𝑖𝑠𝑒𝑟
3 𝛽𝑎𝑖𝑟(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)

𝜈𝑎𝑖𝑟
2 𝑃𝑟𝑎𝑖𝑟  

 1 

Table 5 shows the natural convection correlations on a vertical plate (Churchill and Chu, 1975) and an enclosed 2 

rectangular cavity [Hsieh and Wang (1994), Catton(1978)] were used for the natural convection in the cavity.  3 

 4 

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

Cavity Convection 6 

Convection Correlations 

Mixed 

convection 

in the riser 

duct 

Jackson 

et al., 

1989 

𝑁𝑢

𝑁𝑢𝐹

= [|1 ± 104
𝐺𝑟𝑓𝑖𝑙𝑚

𝑅𝑒𝑎𝑖𝑟
2.7𝑃𝑟𝑓𝑖𝑙𝑚

0.5 |]

0.46

@ 𝐺𝑟𝑓𝑖𝑙𝑚 =
𝜌𝑎𝑖𝑟(𝜌𝑎𝑖𝑟 − 𝜌𝑓𝑖𝑙𝑚)𝑑𝑟𝑖𝑠𝑒𝑟

3 𝑔

𝜇𝑎𝑖𝑟
2   

Symolon 

et al., 

2005 

𝑁𝑢

𝑁𝑢𝐹

= [{
(5.9 × 10−6 𝐵𝑜𝑎𝑖𝑟⁄ )2.174

1 + (5.9 × 10−6 𝐵𝑜𝑎𝑖𝑟⁄ )2.174
}

5

+ (76.08𝐵𝑜𝑎𝑖𝑟
0.426)5]

0.2

 

@𝐵𝑜𝑎𝑖𝑟 =
𝐺𝑟𝑎𝑖𝑟

𝑅𝑒𝑎𝑖𝑟
3 𝑃𝑟𝑎𝑖𝑟

0.5  & 𝐺𝑟𝑎𝑖𝑟 =
𝜌𝑎𝑖𝑟

2 𝛽(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑑𝑟𝑖𝑠𝑒𝑟
3 𝑔

𝜇𝑎𝑖𝑟
2  

Shin et 

al., 2007 

𝑁𝑢

𝑁𝑢𝐹

= [{
(6 × 10−5 𝐵𝑜𝑎𝑖𝑟⁄ )2

1 + (6 × 10−5 𝐵𝑜𝑎𝑖𝑟⁄ )2
}

2.581

+ (21.81𝐵𝑜𝑎𝑖𝑟
0.3336)2.581]

0.387

 

@𝐵𝑜𝑎𝑖𝑟 =
𝐺𝑟𝑎𝑖𝑟

𝑅𝑒𝑎𝑖𝑟
3 𝑃𝑟𝑎𝑖𝑟

0.5 , 𝐺𝑟𝑎𝑖𝑟 =
𝜌𝑎𝑖𝑟

2 𝛽(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑑𝑟𝑖𝑠𝑒𝑟
3 𝑔

𝜇𝑎𝑖𝑟
2  

Enclosed 

cavity 

convection 

Hsieh 

and 

Wang, 

1994 

𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
2𝑞"ℎ𝑋

𝑘𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)
= 0.133(𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦)

0.301
(

𝐿ℎ

𝑊
)

−0.095

𝑃𝑟𝑐
0.053 

@𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =
𝜌𝑐𝑎𝑣𝑖𝑡𝑦

2 𝑔𝑋3𝛽𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)

𝜇𝑐𝑎𝑣𝑖𝑡𝑦
2 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦  
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Catton, 

1978 

𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
2𝑞"ℎ𝑋

𝑘𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)
= 0.22 (

𝑃𝑟𝑐

𝑃𝑟𝑐 + 0.2
𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦)

0.28

(
𝐿ℎ

𝑊
)

−0.25

 

@𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =
𝜌𝑐𝑎𝑣𝑖𝑡𝑦

2 𝑔𝑋3𝛽𝑐𝑎𝑣𝑖𝑡𝑦(𝑇ℎ − 𝑇𝑟𝑖𝑠𝑒𝑟)

𝜇𝑐𝑎𝑣𝑖𝑡𝑦
2 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦  

Vertical 

Plate 

Churchill 

& Chu, 

1975 

𝑁𝑢𝑐𝑎𝑣𝑖𝑡𝑦 =
ℎ𝑐𝑎𝑣𝑖𝑡𝑦𝐿ℎ

𝑘𝑐𝑎𝑣𝑖𝑡𝑦

= (0.825 +
0.387 𝑅𝑎

𝑐𝑎𝑣𝑖𝑡𝑦

1
6⁄

1 + (0.492 𝑃𝑟⁄ )
)

2

 

@𝑅𝑎𝑐𝑎𝑣𝑖𝑡𝑦 =
𝑔𝐿ℎ

3 𝛽𝑐𝑎𝑣𝑖𝑡𝑦|𝑇𝑐𝑎𝑣𝑖𝑡𝑦 − 𝑇𝑟𝑖𝑠𝑒𝑟 𝑜𝑟 ℎ |

𝜈𝑐𝑎𝑣𝑖𝑡𝑦
2 𝑃𝑟𝑐𝑎𝑣𝑖𝑡𝑦 

 1 

5. Results and Discussion  2 

 3 

Figures 8 show the comparison between the test results from NACEF and NSTF at 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 4 

conditions. The comparison for the 𝑃𝑙𝑅 = 1.0 case indicated that the mixed convection in the riser duct should 5 

be considered for an extrapolation of the heat removal behavior of RCCS from the scale-down test results. 6 

Though the mass flow rate in a riser duct from NSTF is larger than that from NACEF, the wall temperatures on 7 

the riser walls and the heated plates at NSTF was higher than those at NACEF in the same heat flux condition. 8 

It may indicate that the heat transfer coefficient at NSTF was smaller than that at NACEF. In addition, the scale 9 

effect on natural convection in the cavity had to be estimated to extrapolate the heated plate temperature profile 10 

from the scale-down test results. The governing characteristic length for the cavity convection had to be 11 

determined from the comparative study between the test results and the GAMMA+ analysis results. 12 

According to Table 2, the riser wall temperature profile at 𝑅𝑖𝑅 = 1.0 is slightly higher than that at 𝑃𝑙𝑅 = 1.0. 13 

The temperature difference ratio between 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 is proportional to 𝐿𝑅
−0.1. In the case of 14 

the NSTF test results, the temperature difference between the riser wall and air flow at 𝑅𝑖𝑅 = 1.0 is 9.5% 15 

larger than that at 𝑃𝑙𝑅 = 1.0. In the case of the NACEF test results the temperature difference between the riser 16 

wall and air flow at 𝑅𝑖𝑅 = 1.0 is 15% larger than that at 𝑃𝑙𝑅 = 1.0. The tendency of the test results from 17 

NACEF and NSTF is different from Table 2, which means that the heat transfer region in the riser duct is not 18 

the fully turbulent heat transfer. Figure 9 shows the convection flow regime map (Metais and Eckert, 1964) at 19 

the NACEF and NSTF test conditions. The flow regime map was developed, based on the various heat transfer 20 

studies at the circular channels. 𝑅𝑖𝑅 = 1.0 case for the NSTF is expected to be mainly a forced convection 21 

with some potential of mixed convection, while all the other test cases are in the region of significant mixed 22 

convection impact. To extrapolate the temperature profile at the reference condition, the mixed convection in 23 

the riser duct must be considered in the air-cooled RCCS scaling law. The hydraulic diameter of the riser duct 24 
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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 1 

quarter bottom of the NACEF riser duct. 2 

 3 

 4 

(a) Riser Front Wall Temperature 5 

 6 

(b) Heated plate Temperature 7 

Fig. 8 Comparison with Test Results from NACEF and NSTF 8 

 9 

The post-test analysis using GAMMA+ was conducted to simulate KAERI and ANL test results. Since the 10 

constant mass flow rate conditions were used in this analysis, there is no difference between the analytical 11 
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results and test results of the air flow velocity, inlet temperature, and outlet temperature.  1 

Kim et al.(2016)’s GAMMA+ analysis of the NACEF test results showed significant temperature gradients on 2 

the heated plate, which were resulted from the heat loss through the flanges at the top, bottom and middle of 3 

the NACEF test section. Although the power input to all the heaters was evenly maintained, the heat loss through 4 

the flanges distorted the heat flux profiles form the heated plate. The governing heat transfer mechanism on the 5 

heated plate is radiation between the heated plate and the riser wall. Therefore, it was assumed that the heat flux 6 

distribution on the heated plate was calculated from the measured temperature profiles on the heated plate and 7 

the front surface of the riser wall with the following equation; 8 

 9 

 
𝑞"(𝑙)

𝑞"𝑎𝑣𝑔
⁄ =

ℎ𝑐(𝑇ℎ − 𝑇𝑅𝐹) + 𝜀𝜎(𝑇ℎ
4 − 𝑇𝑅𝐹

4 )

𝐿ℎ
−1 ∫ [ℎ𝑐(𝑇ℎ − 𝑇𝑅𝐹) + 𝜀𝜎(𝑇ℎ

4 − 𝑇𝑅𝐹
4 )]𝑑𝑙

𝐿ℎ

0

 (30) 

 10 

 11 

Fig. 9 Convection Flow Regime Map (Metais and Eckert, 1964) with NACEF and NSTF Test Conditions 12 

 13 

The cavity convection heat transfer coefficient was obtained from Hsieh and Wang (1994) correlation, which 14 

was developed from the experimental results for buoyancy-induced natural convection in the Rayleigh number 15 

of 8.7×102~2.0×109 inside a rectangular enclosure between two vertical heated and cooled walls. This 16 

correlation had the good predictability within ±10% of the experimental data. Heo and Chung (2010) also 17 
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recommended Hsieh and Wang(1994)’s correlation for the very high Ra range over 1010.  1 

The heat flux profile and the enclosed cavity convection obtained from the above equations were adopted in the 2 

GAMMA+ calculation in the cases of 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 from NACEF & NSTF. Figure 10 shows the 3 

heat flux profiles on the heated plate calculated from the measured temperature profiles in the cases of  𝑅𝑖𝑅 =4 

1.0 and 𝑃𝑙𝑅 = 1.0  from NACEF and NSTF. The heat flux profiles calculated from Eq. (30) were adopted in 5 

GAMMA+ calculation in the cases of NACEF. In the case of NSTF, the heat flux profile is the bounding value 6 

between 95%~102.0% of the average heat flux. Therefore, the uniform heat flux conditions on the heated plate 7 

could be used to simulate NSTF test results. 8 

 9 

 10 
Fig. 10 Heat Flux Distributions at NACEF Test Conditions 11 

 12 

Figures 11 show the riser temperature profiles obtained using the various mixed convection correlations in 13 

Tables 4 & 5. In the case of NSTF, GAMMA+ correlation in Table 4 has the good predictability to simulate all 14 

of the test results from NSTF. In the case of NACEF, and Symolon et al. (2005)’s correlation in Table 5 was 15 

found to work best in predicting all the test results from NACEF, respectively. Shin et al. (2017)’s correlation 16 

shows the good predictability for NSTF and NACEF test results except for the 𝑃𝑙𝑅 = 1.0 case at NACEF.  17 

Figures 12 show influence of the various mixed convection correlations in Tables 4 and 5 on the heated plate 18 

temperature profiles. The magnitude of the difference among the predicted heated plate temperatures from 19 

various correlations is close to that of the difference among the predicted riser wall temperatures from various 20 

mixed convection correlations. In other words, the increase in the predicted riser temperatures almost directly 21 
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corresponds to the difference among the predicted heated plate temperatures for the same cavity convection 1 

correlation. 2 

 3 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 

 

(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 11 Simulated Riser Wall Temperature Profiles with Various Mixed Convection Correlations 4 

 5 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 
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(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 12 Simulated Heated Plate Temperature Profiles with Various Mixed Convection Correlations 1 

 2 

Figures 13 show influence of the various cavity correlations in table 5 on the heated plate temperature profiles. 3 

The selection of cavity convection correlation has small or negligible effects on the calculated heated plate and 4 

temperatures at the same mixed convection correlation for the riser duct, indicating the dominance of radiation 5 

over convection in the cavity. Symolon et al.’s correlation (2005) and the GAMMA+ correlation (Lim, 2014) 6 

were used to simulate the test results from NACEF and NSTF, respectively. From the comparison with the test 7 

results and numerical results for NSTF, it was found that the characteristic length for the cavity is the heated 8 

cavity height. Figures 14 show the riser wall temperature profiles obtained using the various cavity convection 9 

correlations at the same mixed convection correlation as Figures 13. Cavity convection has small effect on the 10 

riser wall temperature profiles at all the test conditions. Since the horizontal distance between the heated plate 11 

and the riser ducts is always larger than the thermal boundary layer thickness, the characteristic length should 12 

be the heated cavity height. But the natural convection heat transfer coefficient in the turbulent flow regime has 13 

almost no geometrical size effect as shown in Table 5.  14 

 15 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 
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(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 13 Simulated Heated Pate Temperature Profiles with Various Cavity Convection Correlations 1 

 2 

 

(a) PlR=1.0, NACEF 

 

(b) RiR=1.0, NACEF 

 

(c) PlR=1.0, NSTF 

 

(d) RiR=1.0, NSTF 

Fig. 14 Simulated Riser Wall Temperature Profiles with Various Cavity Convection Correlations 3 

 4 

Shin et al.’s correlation (2017) was selected as the reference correlation because it was developed from the test 5 

results at the same rectangular duct as NACEF’s rise ducts. In the prediction of the heated plate temperature, 6 

Shin et al.’s correlation (2017) over- or under-predicts the heated plate temperature profiles of NACEF and 7 
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NSTF within ±10%, respectively. The differences between the test results and the numerical results are 1 

reasonable, considering the simplified GAMMA+ model to simulate the test facilities, the non-uniform flow 2 

distribution in the riser ducts, the uncertainty (7%) of Shin et al.’s correlation (2017) and the uncertainty (8%) 3 

of the heat removal rate at NACEF test condition. 4 

All the results indicate that the mixed convection in the riser duct is very important and should be considered 5 

in the extrapolation of the thermo-fluid behavior from the scale-down test results. Since the heat transfer 6 

coefficient of the riser duct is the function of the air flow velocity in the riser duct and temperature difference 7 

between the duct wall and the air flow as shown in Table 4 and 5, the heat transfer coefficients ratio cannot be 8 

expressed by the length ratio shown in Table 2. Shin et al. (2018) added the mixed convection correlation using 9 

the buoyancy number based on the heat flux from their rectangular duct test results (Shin et al, 2017) as the 10 

following equation.  11 

 12 

 

𝑁𝑢𝑎𝑖𝑟

𝑁𝑢𝐹

= 𝑓(𝐵𝑜𝑞) = [{
(9.232 × 10−5 𝐵𝑜𝑞⁄ )

4.033

1 + (9.232 × 10−5 𝐵𝑜𝑞⁄ )
4.033}

4.742

+ (0.4756(104𝐵𝑜𝑞)
0.3326

)
4.742

]

0.2109

 

 

(31) 

The buoyancy number Boq and the Grashof number Grq are given as the follows 13 

 14 

 

𝐵𝑜𝑞 =
𝐺𝑟𝑞

𝑅𝑒𝑎𝑖𝑟
3 𝑃𝑟𝑎𝑖𝑟

0.5 , 𝐺𝑟𝑎𝑖𝑟 =
𝑔𝛽𝑎𝑖𝑟𝑞"𝑟𝑖𝑠𝑒𝑟𝑑𝑟𝑖𝑠𝑒𝑟

4

𝑘𝑎𝑖𝑟𝜈𝑎𝑖𝑟
2  

 

(32) 

The buoyancy number based on the heat flux should be used to determine the scale effect on the mixed 15 

convection. Using the relations in Table 2, the ratio of the buoyancy number between model and prototype 16 

becomes 17 

 18 

 (𝐵𝑜𝑞)
𝑅

= (
𝑔𝛽𝑎𝑖𝑟𝑞"𝑟𝑖𝑠𝑒𝑟𝑑𝑟𝑖𝑠𝑒𝑟

4

𝑘𝑎𝑖𝑟𝜈𝑎𝑖𝑟
2 )

𝑅

(
𝑢𝑎𝑖𝑟𝑑𝑟𝑖𝑠𝑒𝑟

𝜈𝑎𝑖𝑟

)
𝑅

−3

(𝑃𝑟𝑎𝑖𝑟)𝑅
−0.5 = 𝑞"𝑅𝑢𝑅

−3 (33) 

 19 

Since the ratio of the riser air flow temperature is 1 in Table 2, the ratio of the buoyancy number can be expressed 20 

by the length ratio from the test conditions. The ratios for 𝑅𝑖𝑅 = 1.0 and 𝑃𝑙𝑅 = 1.0 are proportional to 𝑙𝑅
−2 21 

and 𝑙𝑅
−3, respectively. Figure 15 shows the predicted the mixed convection effect of the calculated (𝐵𝑜𝑞)

𝑅
 22 
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overlapped with Shin et al. (2018)’s correlation. The calculated Boq can be easily used to estimate the scale 1 

effect on the mixed convection in the riser duct.  2 

 3 

 4 

Fig. 15 Mixed Convection Effect of the Calculated qBo Based on the Heat Flux-based Correlation 5 

 6 

Figure 16 shows the radiation fraction on the heated plate from the GAMMA+ simulation results. These 7 

numerical results show that the radiation across the cavity is the governing mechanism in the cavity to determine 8 

the heated plate temperature. The higher heated plate temperature results in the larger radiation fraction on the 9 

heated plate. The radiation fraction on the reactor vessel in the real scale is smaller than that on the heated plate 10 

in the scale-down test facilities, because the riser wall temperature in the real scale is lower than that in the 11 

scale-down test conditions. 12 

Therefore, the assumption that the radiation fraction on the heated plate in the scale-down test is the same as 13 

that in the prototype is conservative enough to extrapolate the heated plate temperature. From Eq. 9, the heated 14 

temperature difference can be extrapolated as the following equation. 15 

 16 

 (𝑇ℎ
4 − 𝑇𝑅𝐹

4 )𝑅 = 𝑅𝑅𝑞"ℎ,𝑅 = 𝑞"𝑅 (34) 
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 1 

 2 

Fig. 16 Simulated Radiation Fraction on the Heated plate at the NACEF and NSTF Test Conditions 3 

 4 

Table 6 summarizes the improved scaling laws for air-cooled RCCS with considering the mixed convection 5 

effect in the riser duct and extrapolating the reactor vessel temperature. The function of the buoyancy number 6 

is shown in Eq. 31. The reason why the ratio of the mixed convection is not necessary is that the heat transfer 7 

regime in the prototype is always the pure forced convection (𝑓(𝐵𝑜𝑞) = 1.0) as shown in Figure 15. 8 

 9 

Table 6 Improved Scaling Methodology for air-cooled RCCS 10 

Ratio of 

variables 

Ratio in terms of height scale 
Rationale 

0.1RRi  0.1RPl  

𝑇𝑅 1 1 Enforced 

(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝑅 1 1 Enforced 

𝑅𝑖𝑅 1 𝐿ℎ,𝑅
−1  𝑅𝑖 =

𝑔𝛽𝑖(𝑇𝑜 − 𝑇𝑖)𝐿ℎ

𝑢𝑖
2  

𝑃𝑙𝑅  𝐿ℎ,𝑅
−0.5 1 𝑃𝑙 =

𝑘(𝑇𝑜 − 𝑇𝑖)

𝑊𝑞"ℎ
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𝑢𝑅 𝐿ℎ,𝑅
0.5  𝐿ℎ,𝑅  

𝑞"𝑅 𝐿ℎ,𝑅
−0.5 1  

(𝐵𝑜𝑞)
𝑅 𝐿ℎ,𝑅

−2

 
𝐿ℎ,𝑅

−3

 
 

Rh  𝐿ℎ,𝑅
0.4 𝑓(𝐵𝑜𝑞,𝑚) 𝐿ℎ,𝑅

0.8 𝑓(𝐵𝑜𝑞,𝑚) mixed convection
 

(𝑇𝑟𝑖𝑠𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑅 𝐿ℎ,𝑅
−0.9 𝑓(𝐵𝑜𝑞,𝑚)

−1
 𝐿ℎ,𝑅

−0.8 𝑓(𝐵𝑜𝑞,𝑚)
−1

 𝑞"𝑅 ℎ𝑅⁄  

(𝑇ℎ
4 − 𝑇𝑟𝑖𝑠𝑒𝑟

4 )𝑅 
𝐿ℎ,𝑅

−0.5 1 
Radiation dominant 

𝑞"𝑟𝑎𝑑 ∝ 𝑞"𝑅
 

 1 

6. Conclusion 2 

 3 

The test matrix for the comparative study was focused on the scale effect of the heated riser height. Comparison 4 

with the test results and the post-test analysis results showed that the mixed convection in the riser duct and the 5 

radiation similarity were very important to estimate scale effect.  6 

The mixed convection, the heat flux distribution, the enclosed cavity convection, and the developing region in 7 

the riser flow were introduced to simulate NSTF and NACEF test results. The calculation results showed that 8 

GAMMA+ was satisfactory and predicted the temperature profiles was in a good agreement with the 9 

experimental data. The difference between the calculated and measured temperature profiles were reasonable, 10 

considering the uncertainty of the heat removal rate by the air flow, non-uniform flow distribution in the riser 11 

duct, and the simplified GAMMA+ input model including the two dimensional radiation and the overpredicted 12 

thermal conduction in the riser walls. 13 

In the case of the reference condition, the heat transfer regime is always the forced turbulent convection, but 14 

the scale-down test results show that the heat transfer regime of the riser duct air flow lies in the mixed 15 

convection rather than the natural convection or the forced convection. A modified scaling law is derived 16 

considering this effect. It is recommended that the buoyancy number based on heat flux should be used to 17 

consider the mixed convection effect for the air-cooled RCCS scaling law. No difference in the radiation 18 

fractions between the prototype and the scale-down test results is the conservative assumption to extrapolate 19 

the prototype vessel temperature from the scale-down test results. The improved scaling law can be applied to 20 

the case that the test facility should have only the scale-down height. The radiation condition in the cavity and 21 

the riser duct design should also be the same as the prototype. In the future, the mixed convection correlation 22 

of the riser duct needs to be developed with considering the developing region. It will give us the more accurate 23 

extrapolation of the wall temperature profiles from the scale-down test results. 24 

 25 

Nomenclature 26 
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𝐴 area  1 

𝐵𝑜 buoyancy number of riser air flow 2 

𝑐𝑝 specific heat 3 

𝑑 hydraulic diameter  4 

𝑓𝑖𝑙𝑚 film (summation average of bulk and surface temperature) 5 

𝑔 gravity 6 

H height ratio 7 

h heat transfer coefficient 8 

𝐺𝑟 Grashof number for riser air flow 9 

𝑘 thermal conductivity 10 

L height 11 

𝑙 local length of the naturally circulating air flow 12 

𝑁𝑢 Nusselt number 13 

𝑃 heated perimeter 14 

𝑝 pressure 15 

𝑃𝑙 Plank number 16 

𝑃𝑟 Prandtl number 17 

𝑞" heat flux 18 

𝑅 Radiation number (radiation fraction) 19 

𝑅𝑎 Rayleigh number in the cavity convection 20 

𝑅𝑒 Reynolds number  21 

𝑅𝑖 Richardson number of riser air flow 22 

𝑇 temperature 23 

𝑢 riser air flow velocity 24 

𝑣 air flow velocity in the cavity 25 

𝑊 distance between the heated plate and the riser duct 26 

𝑋 characteristic length for cavity convection 27 

𝑧 local height  28 

 29 

Greek Letters 30 

𝛽 thermal expansion coefficient  31 

𝜀 emissivity 32 

𝜃 temperature difference between the local temperature and the reference temperature 33 
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𝜇 viscosity 1 

𝜈 kinetic viscosity 2 

𝜌 density 3 

𝜎 Boltzmann constant 4 

 5 

Subscript 6 

𝑎𝑖𝑟 riser air flow 7 

𝑎𝑣𝑔 average 8 

𝑐𝑎𝑣𝑖𝑡𝑦 cavity  9 

𝑐𝑜𝑛𝑣 convection  10 

𝐹 forced convection  11 

ℎ heated plate  12 

𝑖 inlet of riser air flow 13 

𝑘 component 14 

𝑚 scale-down model 15 

𝑁 free convection (natural convection) 16 

𝑜 outlet of riser air flow 17 

𝑞 heat flux based dimensionless number 18 

𝑅 ratio of model and prototype 19 

𝑟𝑎𝑑 radiation 20 

𝑅𝐹 front surface of riser duct 21 

𝑟𝑖𝑠𝑒𝑟 riser wall 22 

s structure 23 

𝑇𝑜𝑡 total 24 
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