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Abstract

Thermal stratification phenomenon is one of the primary causes of thermal fa-
tigue failure in pressurized water reactor (PWR) piping systems. This study
aims to investigate the transient thermal distribution characteristics in piping
structures induced by thermal stratification phenomena in reactor configura-
tions, and to identify thermal fatigue sensitive locations. Referencing the HDR
(Heiss Dampf Reaktor) piping thermal stratification experiments, a full-scale
simulation model of the HDR experimental reactor incorporating the reactor
pressure vessel (RPV) was established. In this research, the flow field was com-
puted using the large eddy simulation (LES) numerical method to account for
the effects of large-scale and small-scale turbulent motions on unsteady flow and
heat transfer processes, coupled with solid heat conduction equations, to com-
plete a conjugate heat transfer analysis of the horizontal piping system. The re-
sults demonstrate that the large eddy simulation method is suitable for thermal
stratification research, with predictions of flow field and structural temperature
distribution showing good agreement with experimental data. The study identi-
fied the location of maximum structural temperature fluctuation intensity when
thermal stratification occurs in horizontal pipes, which can serve as a sensitive
point for thermal fatigue analysis. The numerical simulation methodology and
analysis results of this study can provide references for structural integrity and
safety assessments of PWR piping systems and equipment.
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Abstract

Thermal stratification is one of the primary causes of thermal fatigue failure
in pressurized water reactor (PWR) piping systems. This study investigates
the transient thermal distribution characteristics in reactor structures induced
by thermal stratification to identify thermal fatigue-sensitive locations. Refer-
encing the Heiss Dampf Reaktor (HDR) pipeline thermal stratification experi-
ments, a full-scale HDR test reactor simulation model incorporating the reactor
pressure vessel (RPV) was established. The flow field was computed using
large eddy simulation (LES) to capture the influence of large- and small-scale
turbulent motions on unsteady flow and heat transfer processes, coupled with
solid heat conduction equations to complete conjugate heat transfer analysis
of the horizontal piping system. Results demonstrate that the LES method is
well-suited for thermal stratification research, with predictions of flow field and
structural temperature distributions showing good agreement with experimen-
tal data. The study identifies the location of maximum temperature fluctuation
intensity in the horizontal pipe during thermal stratification, which can serve as
a sensitive point for thermal fatigue analysis. The numerical simulation method-
ology and analytical results provide valuable references for structural integrity
and safety assessments of PWR, piping systems and components.
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1. Computational Model and Simulation Parameter Set-
tings

1.1 Geometric Model

In the German HDR project, researchers constructed a full-scale reactor struc-
ture and conducted extensive experimental studies on thermal stratification in
horizontal pipelines. Referencing the HDR experiments [14-19], a simplified
HDR test reactor model was established as shown in [FIGURE:1]. The model
comprises three main components: the reactor pressure vessel (RPV), piping
components, and the internal flow domain. The Q25 cross-section of the hori-
zontal pipe was selected as a typical section for subsequent result analysis and
comparison. At the initial moment, the pressure vessel and piping were filled
with stationary high-temperature, high-pressure fluid. Coolant was injected
through the lower end of the vertical pipe, flowed through the horizontal pipe
section, and finally entered the pressure vessel.

1.2 Mesh Generation

Professional meshing software ICEM CFD was employed to generate high-
quality structured grids for the HDR test reactor and internal flow region.
Since the numerical simulation focused on the horizontal pipe section where
thermal stratification occurs, local mesh refinement was applied to both the
pipe structure and internal flow field. Considering LES requirements, the first
layer grid height in the pipe region was controlled at 0.1 mm to ensure the
dimensionless wall distance y* was approximately 2. The boundary layer mesh
consisted of 25 layers with a growth factor of 1.1. The final model contained
6.57 million grid cells, including 1.19 million cells for the pipe structure and 4.7
million cells for the internal flow region. The global mesh and detailed views
of the bend and pipe inlet are shown in [FIGURE:2].

1.3 Boundary Conditions and Solution Parameter Settings

The numerical simulation conditions reference the HDR T33.19 test group [19].
At the experimental initial state, the pressure vessel and piping were filled with
stationary fluid at 210°C and 2.24 MPa, reaching stable conditions. At a certain
moment, low-temperature coolant began injecting from the lower end of the
vertical pipe at 60.5°C with an average velocity of 0.106 m/s. Corresponding
boundary conditions for the numerical simulation were set as follows: the lower
end of the vertical pipe was assigned a velocity inlet boundary with random
perturbations introduced through the vortex method, and the inlet temperature
was set as constant. The upper outlet of the pressure vessel was designated as a
pressure outlet boundary with gauge pressure set to zero, backflow temperature
of 210°C, reference pressure of 2.24 MPa, and the reference pressure location
at the center of the upper outlet. Both hot and cold fluids coexisted in the
pipe. Hot fluid heated the pipe while cold fluid flowing through removed some
heat. Since the internal fluid temperature was significantly higher than the
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ambient gas and the fluid thermal conductivity was much greater than that of
the external environment, heat exchange between the pipe and external ambient
gas was minimal and could be neglected; thus, adiabatic boundary conditions
were applied to all external solid walls. Heat transferred from hot fluid to solid
and then to cold fluid, with coupled heat exchange occurring between internal
fluid and pipe, so conjugate heat transfer boundary conditions were applied at
fluid-solid interfaces.

The numerical analysis time step was determined by the Courant condition given
in Equation (1):

u-dt
T

CFL =

where u is the average inlet velocity, dt is the simulation time step, and dz is
the minimum grid size along the flow direction. The total physical simulation
duration was 280 s, with a time step of 0.01 s. The numerical computation em-
ployed the SIMPLE algorithm, with pressure interpolation using the PRESTO!
scheme and momentum and energy equations discretized using the bounded
central differencing method. The turbulence model was large eddy simulation
with the dynamic Smagorinsky-Lilly subgrid-scale model. Convergence residu-
als were set to 1075 for momentum and continuity equations and 107° for the
energy equation.

For the studied conditions, the temperature difference between hot and cold flu-
ids was large, causing significant density variations that invalidated the Boussi-
nesq approximation. To accurately model the strong effects of density dif-
ferences between fluids at different temperatures, a full buoyancy model was
adopted, with fluid density, viscosity, specific heat capacity, and thermal con-
ductivity expressed as polynomial functions of temperature [30]. The fluid prop-
erty variation curves at 2.24 MPa are shown in [FIGURE:3]. The solid material
was bainitic steel with a density of 7,850 kg - m™3, specific heat capacity of 510
J-kg™! - K™!, and thermal conductivity of 46.4 W-+m~' - K~! at 200°C.

Referencing the thermocouple arrangement in the HDR experiments, eight mon-
itoring points were placed in the Q25 cross-section as shown in

. The monitoring points were divided into two categories: the first category was
located in the near-wall flow region at a normal distance of 10 mm from the pipe
inner wall; the second category was located on the pipe inner wall surface, where
the circumferential angle 6 represents the position in the YZ plane. The height
direction of the pipe cross-section was defined as follows: the bottom inner wall
surface served as the zero reference point, with vertical distance along the Z-axis
from this reference point defined as height, denoted as H in the figure.
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Figure 1: Figure 4

2. Numerical Results and Analysis

Temperature distributions at the mid-plane of the horizontal pipe at different
times are shown in [FIGURE:5], revealing the evolution of stratified flow in the
pipe. At t = 70 s, cold fluid deposited in the lower portion of the pipe under
gravity and flowed along the bottom, creating a temperature gradient in the
pipe cross-section. At t = 80 s, distinct thermal stratification appeared in the
horizontal pipe, with cold fluid flowing along the bottom and hot fluid occupy-
ing the upper space due to buoyancy effects. Irregular flow profiles appeared at
the hot-cold fluid interface, accompanied by thermal striping phenomena that
caused rapid temperature oscillations at the interface. Temperature contours at
t = 160 s and t = 260 s show smoother temperature profiles at the hot-cold in-
terface, with the mixed layer height remaining approximately constant, forming
relatively stable stratified flow with small temperature fluctuation amplitudes.
During the cold water injection process in the horizontal piping system, ther-
mal stratification occurred (around 70 s) and persisted until cold water injection
ceased. The total physical simulation duration was 280 s, with thermal stratifi-
cation existing throughout the 70-280 s period.

illustrates the flow characteristics of thermal stratification in the pipe at the
typical moment ¢ = 100 s. [FIGURE:6(a)] shows streamlines at the pipe outlet,
where cold fluid exits below and deposits at the bottom of the RPV, while hot
fluid above creates a recirculation flow into the upper space of the horizontal
pipe. [FIGURE:6(b)] presents velocity vectors in the hot-cold interface region
(arrow length represents velocity magnitude), showing that below the dashed
line, cold fluid flows toward the pipe outlet at relatively high velocity. Due to
the significant relative velocity between hot and cold fluids, a shear layer exists
at the interface, causing high-velocity cold fluid to entrain some hot fluid toward
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Figure 2: Figure 6

the outlet. These results reveal that during thermal stratification in horizontal
pipes, hot fluid in the upper space forms a recirculation zone, and the strat-
ification eventually reaches a quasi-steady state with approximately constant
stratification height, consistent with experimental observations by WOLF et
al. [15,19].

The temperature distribution characteristics at the Q25 cross-section were in-
vestigated, with
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Figure 3: Figure 7

showing the variation of near-wall fluid mean temperature with monitoring point
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height. Numerical results represent statistical averages of temperature from 240
s to 280 s. In the height range H = 140-200 mm, a large temperature gradi-
ent exists in the flow field, with near-wall fluid mean temperature increasing
sharply with height, indicating mixing between hot and cold fluids in this re-
gion. Both ends of the temperature distribution curve are approximately hor-
izontal, with hot fluid in the upper pipe region and cold fluid in the lower
region, where near-wall fluid mean temperature remains nearly constant. The
numerical results show good agreement with experimental data from WOLF
et al. [19], demonstrating that conjugate heat transfer analysis based on LES
can accurately predict temperature distribution patterns in pipe cross-sections,
validating the accuracy of the LES numerical computation.

[FIGURE:8] presents temperature time history curves for different monitoring
points in the near-wall region and on the pipe inner wall at the Q25 cross-
section. The temperature difference shows a trend of initially increasing and
then stabilizing. After flow initiation, at approximately ¢ = 70 s, cold fluid
reached the Q25 cross-section, and temperatures at monitoring points at 95°
100°, and 105° began to decrease, with points near the bottom of the horizontal
pipe cooling faster. Eventually, monitoring point temperatures reached steady
state with fluctuations around the stable value. Comparing [FIGURE:8(a)] and
[FIGURE:8(b)] reveals that temperature fluctuations in the near-wall fluid re-
gion induce pulsations in wall temperature, though pipe inner wall temperature
fluctuations are significantly attenuated compared to fluid temperature fluctua-
tions.

Temperature fluctuation intensity is quantified by the root-mean-square tem-
perature T'r,,g defined in Equation (2):

T _ \/Z?l(Ti B Tmean>2
RMS —

n

where Tr,,g represents temperature fluctuation intensity. The RMS tempera-
ture was calculated for near-wall fluid and pipe inner wall temperatures between
240-280 s, as shown in

Temperature fluctuation intensity initially increases then decreases with in-
creasing circumferential angle 6. Both near-wall fluid and pipe inner wall tem-
perature fluctuations reach maximum values around 105°, with pipe inner wall
temperature fluctuations being much smaller than near-wall fluid temperature
fluctuations. At the 105° position, the height H is 147.1 mm, and according to

, the location of maximum temperature fluctuation intensity lies in the mixing
region between hot and cold fluids, near the cold fluid layer at the bottom of the
pipe. During thermal stratification, a shear layer exists between hot and cold
fluids, and Kelvin-Helmholtz instability theory indicates that such shear layers
cause thermal striping phenomena in the mixing region, inducing temperature
fluctuations [19,32]. The cold fluid at the bottom of the pipe has higher flow
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velocity, and turbulent vortices cause larger temperature fluctuations in fluid
near the cold fluid region. Therefore, fluid temperature fluctuations are most
intense at the 105° position in the pipe cross-section. Temperature fluctuations
in the pipe wall cause transient variations in structural thermal stress; when
fluctuation intensity is high, it can lead to structural thermal fatigue and crack-
ing, affecting pipe service life and jeopardizing reactor normal operation. Thus,
investigation of temperature fluctuations is of significant importance. In nuclear
engineering, locations most prone to fatigue problems are of primary concern.
Based on
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Figure 6: Figure 9

, the region of most intense temperature fluctuation in the typical pipe cross-
section Q25 after thermal stratification occurs is at the 105° position, which is
identified as the thermal fatigue-sensitive point for this cross-section. Applying
this analysis method to different pipe cross-sections can identify locations of
maximum temperature fluctuation in each cross-section, ultimately determining
thermal fatigue-sensitive points for the operating condition.

Conclusions

This study performed conjugate heat transfer analysis of thermal stratification
in the horizontal pipe of the HDR test reactor using large eddy simulation,
correctly capturing the unsteady temperature distribution characteristics of the
pipe structure. The conclusions are as follows:
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1) Conjugate heat transfer analysis of horizontal pipe thermal stratification
based on the LES method can satisfactorily predict cross-sectional temper-
ature distribution and correctly capture flow field and pipe wall tempera-
ture fluctuation information, validating the reliability of the LES method
for investigating pipe thermal stratification problems.

2) Based on the current computational model, the location of maximum tem-
perature fluctuation in the pipe cross-section during thermal stratification
can be reasonably predicted. Considering that local thermal stress is pro-
portional to temperature oscillation, the thermal fatigue-sensitive point
can be identified. The computational results can provide references for
subsequent pipe thermal stress analysis and fatigue life assessment. The
numerical simulation methodology and analytical results of this study can
serve as a valuable reference for thermal fatigue analysis and structural re-
liability evaluation of piping systems and components in nuclear reactors.

References

[1] ZHANG Yixiong, YANG Yu. Thermal stratification study for pressurizer
surge line[J]. Nuclear power engineering, 2006, 27(6): 13-17 (in Chinese).

[2] TANG Peng, LIU Zhiwei, QIAO Hongwei, et al. Reliability analysis for
stress intensity of pressurizer surge line subjected to thermal stratification phe-
nomenon[J]. Nuclear power engineering, 2019, 40(S1): 100-103 (in Chinese).

[3] FAN Shuchun, WANG Jianjun, ZHENG Hongtao, et al. Analysis of thermal
stratification effect in surge line of pressurizer in nuclear power plants[J]. Nuclear
power engineering, 2015, 36(3): 28-30 (in Chinese).

[4] GUO Chao, WEN Lijing, LIU Yusheng, et al. Numerical simulation of ther-
mal stratification in pressurized water reactor pressurizer surge line under tran-
sient condition[J]. Atomic energy science and technology, 2015, 49(1): 58-63 (in
Chinese).

[5] WANG Xinjun, AT Honglei, ZHANG Yixiong, et al. Application of heat
conduction inverse problem in thermal stratification test for pressurizer surge
line[J]. Nuclear power engineering, 2020, 41(S2): 74-78 (in Chinese).

[6]) NRC U S. Thermal stresses in piping connected to reactor coolant systems[J].
NRC Bulletin, 1988(88-08): 2-3.

[7] NRC U S. Pressurizer surge line thermal stratification[J]. NRC Bulletin,
1988(88-11): 3-4.

[8] ENSEL C, COLAS A, BARTHEZ M. Stress analysis of a 900 MW pressur-
izer surge line including stratification effects[J]. Nuclear engineering and design,
1995, 153(2/3): 197-203.

chinarxiv.org/items/chinaxiv-202511.00035 Machine Translation


https://chinarxiv.org/items/chinaxiv-202511.00035

ChinaRxiv [f)]

[9] BIENTUSSA K W, RECK H. Piping specific analysis of stresses due to ther-
mal stratification[J]. Nuclear engineering and design, 1999, 190(1/2): 239-249.

[10] YU Xiaofei, ZHANG Yixiong. Thermal stratification and fatigue stress
analysis for pressurizer surge line[J]. Nuclear power engineering, 2011, 32(1):
6-9, 20 (in Chinese).

[11] SAUER G. Simple formulae for the approximate computation of axial
stresses in pipes due to thermal stratification[J]. International journal of pres-
sure vessels and piping, 1996, 69(3): 213-223.

[12] KAMAYA M. Assessment of thermal fatigue damage caused by local fluid
temperature fluctuation (part I: characteristics of constraint and stress caused
by thermal striation and stratification)[J]. Nuclear engineering and design, 2014,
268: 121-138.

[13] KUMAR R, JADHAV P A, GUPTA S K, et al. Evaluation of thermal
stratification induced stress in pipe and its impact on fatigue design[J]. Procedia
engineering, 2014, 86: 342-349.

[14] TALJA A, HANSJOSTEN E. Results of thermal stratification tests in a
horizontal pipe line at the HDR-facility[J]. Nuclear engineering and design, 1990,
118(1): 29-41.

[15] WOLF L. Thermal stratification tests in horizontal feedwater piping/15th
US NRC Water Reactor Safety Information Meeting[C]. [S. 1]: [s. n.], 1987:
437-464.

[16] WOLF L, SCHYGULLA U. Experimental results of HDR-TEMR thermal
stratification test in horizontal feedwater lines[C]//Transactions of the 9th Inter-
national Conference on Structural Mechanics in Reactor Technology. London,
UK: TASMiRT, 1987: 361-366.

[17] WOLF L, SCHYGULLA U, HAFFNER W, et al. Results of thermal mix-
ing tests at the HDR-facility and comparisons with best-estimate and simple
codes[J]. Nuclear engineering and design, 1987, 99: 311-318.

[18] HAFNER W, WOLF L. Derivation of mixing parameters from the HDR-
thermal mixing experiments[J]. International journal of pressure vessels and
piping, 1988, 33(1): 41-57.

[19] WOLF L, HAFNER W, GEISS M, et al. Results of HDR-experiments for
pipe loads under thermally stratified flow conditions[J]. Nuclear engineering and
design, 1992, 137(3): 387-404.

[20] KIM J H, ROIDT R M, DEARDORFF A F. Thermal stratification and
reactor piping integrity[J]. Nuclear engineering and design, 1993, 139(1): 83-95.

[21] YUY J, LEE T H, SOHN Y S, et al. Thermal stratification of surge line in
PWR nuclear power plant[R]. New York, NY (United States): American Society
of Mechanical Engineers, 1995.

chinarxiv.org/items/chinaxiv-202511.00035 Machine Translation


https://chinarxiv.org/items/chinaxiv-202511.00035

ChinaRxiv [f)]

[22] YU Y J, PARK S H, SOHN G H, et al. Structural evaluation of ther-
mal stratification for PWR surge line[J]. Nuclear engineering and design, 1997,
178(2): 211-220.

[23] REZENDE H C, NAVARRO M A. Thermal stratification in nuclear reac-
tor piping system|[C]//Annals of the Assembly for International Heat Transfer
Conference. [S. L]: [s. n.], 2006.

[24] NAVARRO M A, REZENDE H C, DOS SANTOS A A C, et al. Numerical
and experimental simulation of the thermal stratification in a horizontal pipe[J].
International journal of transport phenomena, 2008, 10(3): 215-221.

[25] REZENDE H C, SANTOS A A C, NAVARRO M A, et al. Verification and
validation of a thermal stratification experiment CFD simulation[J]. Nuclear
engineering and design, 2012, 248: 72-81.

[26] ABOU-RJEILY Y, BAROIS G. Numerical prediction of stratified pipe flows
in PWRs[J]. Nuclear engineering and design, 1994, 147(1): 47-51.

[27] JO J C, KIM Y I, CHOI S K. Numerical analysis of thermal stratification in
a circular pipe[J]. Journal of pressure vessel technology, 2001, 123(4): 517-524.

[28] MA Fuyin, WU Jiuhui, WANG Guangji. Double-sided fluid-structure cou-
pling dynamic thermal analysis method[J]. Chinese journal of applied mechanics,
2013(6): 894-898 (in Chinese).

[29] BOROS I, ASZODI A. Analysis of thermal stratification in the primary
circuit of a VVER-440 reactor with the CFX code[J]. Nuclear engineering and
design, 2008, 238(3): 453-459.

[30] JO J C, KANG D G. CFD analysis of thermally stratified flow and conjugate
heat transfer in a PWR pressurizer surge line[J]. Journal of pressure vessel
technology, 2010, 132(2): 021301.

[31] KANG D G, JHUNG M J, CHANG S H. Fluid-structure interaction analysis
for pressurizer surge line subjected to thermal stratification[J]. Nuclear engineer-
ing and design, 2011, 241(1): 257-269.

[32] OREA D, VAGHETTO R, NGUYEN T, et al. Experimental measurements
of flow mixing in cold leg of a pressurized water reactor[J]. Annals of nuclear
energy, 2020, 140: 107137.

(Edited by ZHANG Lu)

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202511.00035 Machine Translation


https://chinarxiv.org/items/chinaxiv-202511.00035

	Large Eddy Simulation of Thermal Stratification in the HDR Experimental Reactor Pressure Vessel-Horizontal Piping System (Postprint)
	Abstract
	Full Text
	Preamble
	Abstract
	1. Computational Model and Simulation Parameter Settings
	1.1 Geometric Model
	1.2 Mesh Generation
	1.3 Boundary Conditions and Solution Parameter Settings

	2. Numerical Results and Analysis
	Conclusions
	References


