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Laminar-turbulent transition flow can be observed in thermal engineering applications,

but the flow resistance and heat transfer characteristics are not fully understood. In this

work, flow and heat transfer for the laminar-turbulent transition in a rectangular channel

were predicted by a four-equation transition turbulent model. A set of correlations for the

heat transfer coefficient in a rectangular channel were developed and implemented in the

RELAP5/MOD3.1 code to make it capable of analyzing a plate-type fuel assembly with

rectangular coolant channels. The improved RELAP5/MOD3.1 code was employed to

analyze the SBLOCA along with the SBO scenario for an integrated pressurized reactor,

illustrating the effects of model modification on the evolution of the accident.

Keywords: laminar-turbulent transition, rectangular channel, RELAP5 code, station blockout, CFD simulation

1. INTRODUCTION

Rectangular channels have been widely used in thermal engineering applications, such as nuclear
reactors with a plate-type fuel element (Tian et al., 2018) and high-efficiency heat exchangers
(Xu et al., 2018), due to their characteristics of high heat transfer capacity and easy manufacture.
The height of the channel is generally smaller than 3 mm, which can increase the heat transfer
capacity. Furthermore, the wetted area concentrations for heat transfer in heat exchange facilities
with rectangular channels are greater than for those with circular channels, resulting in a high
volumetric energy density, which will benefit the miniaturization of heat-exchanger equipment.

Most heat exchangers operate in the regime of turbulent flow to reach a high heat transfer
coefficient; however, there are still many heat exchangers that operate in the laminar-turbulent
transition regime. In the startup period or accident scenario of a nuclear power plant, the coolant
experiences flow regimes from laminar to turbulent flow with the transition regime between
them (Shi et al., 2016). Besides, a power plant may experience the transition flow regime when
updating it from the laminar regime (Silin et al., 2010a). For the internal flow in circular tubes,
the transition regime refers to the state with a Reynolds number between 2,300 and 4,000.
Experimental investigations have been carried out to evaluate the heat transfer coefficient and
pressure drop for internal and external transition flow (Whan and Rothfus, 1959). Cioncolini and
Santini (2006) obtained the heat transfer coefficient for transition flow in helically coiled pipes.
Draad et al. (1998) compared the heat transfer characteristics of the laminar-turbulent transition
for Newtonian and non-Newtonian fluids by experiment. Bertsche et al. (2016) investigated the
heat transfer coefficients for liquid in a circular tube with Prandtl numbers varying from 7 to 41,
finding that the Gnielinski correlation was of high accuracy for a Reynolds number between 1,000

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2020.00067
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2020.00067&domain=pdf&date_stamp=2020-05-27
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://creativecommons.org/licenses/by/4.0/
mailto:wangzhenying@cgnpc.com.cn
https://doi.org/10.3389/fenrg.2020.00067
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00067/full
http://loop.frontiersin.org/people/867405/overview
http://loop.frontiersin.org/people/523455/overview


Wang et al. Laminar-Turbulent Transition in Rectangular Channels

and 4,000. Silin et al. (2010a,b) carried out experimental work to
study the heat transfer characteristics in the laminar to turbulent
transition regime for water flowing in a rectangular channel.

Based on these experimental and theoretical investigations,
the heat transfer and flow resistance correlations can be
developed. Gnielinski (1976) proposed a correlation with
satisfactory accuracy in the Reynolds number range between
3,000 and 106. Interpolation functions were proposed to satisfy
the requirement of continuity in code development (Churchill,
1977). In the safety analysis codes for nuclear power plants,
such as RELAP5 and TRACE, the heat transfer and resistance
coefficients were obtained by data interpolation from the laminar
and fully turbulent regimes. In general, the mechanisms for the
laminar-turbulent transition were not well-resolved from the
experimental work, and the current system analysis codes cannot
predict the heat transfer and flow resistance characteristics for
laminar-turbulent transition flow, although they are significant
for the design and safety analysis of nuclear power plants.

Recently, with the development of CFD technology and of
knowledge on the mechanisms of transition intermittency, which
is defined as the ratio of the mean duration of turbulent flow
to the total duration, Abraham et al. (2011) investigated the
characteristics of laminar-turbulent transition flow by using
CFD technology. In these works, mechanical models for the
intermittency and the transition onset criteria were proposed
to model the transition intermittency along with the traditional
two-equation SST k-ω model.

In our previous paper, the concept for an integrated modular
reactor was proposed for the application of a submarine, where
there were strong demands for miniaturization and volumetric
energy density (Jiang et al., 2018). To obtain a high rate of
volumetric heat release, plate-type fuels were employed in the
fuel assembly. During the design and safety analysis, it was
found that the current system codes, RELAP5, just employed a
linear interpolation to tackle the flow resistance and heat transfer
coefficient in the transition regime, which is oversimplified.
Furthermore, there is no model to consider the effects of a
rectangular channel geometry on the flow and heat transfer
characteristics in RELAP5, which would also introduce high
deviations and uncertainties in the safety analysis procedure. In
the current work, the transition SST model was employed to
predict the heat transfer and flow resistance of transition flow in
rectangular channels. An empirical formula was developed based
on the CFD results and was used to improve the reactor system
code, RELAP5. A typical scenario, an accident involving a small
break loss of coolant with station blockout, for an integrated
small modular reactor was simulated by using the improved
RELAP5 code to show the improvement offered by and necessity
of model improvement.

2. METHOD

2.1. Numerical Models for a Transition SST
Model
The most commonly used turbulent model is the Reynolds
Averaged Navier-Stokes (RANS) model, due to its high
robustness and economy. However, it cannot predict the

laminar-turbulent transition since it does not consider transition
intermittency. Abraham et al. (2011) carried out a series of
studies on the development and validation of a transition SST
turbulent model for transition flow in a circular channel. In the
transition SST model, the intermittency and the momentum-
thickness Reynolds number were modeled by two additional
partial differential equations along with the modified SST k-ω
equations. In the current work, this model was employed to
predict the flow and heat transfer characteristics in rectangular
channels. Here we introduce this model briefly. The governing
equations for the transition SST turbulent model are given as
(ANSYS Inc., 2017):

∂

∂t
(ργ)+

∂

∂xi
(ρuiγ) =

∂

∂xj
((µ +

µt

σγ

)
∂γ

∂xj
)+ Pγ (1)

∂
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(ρReθ t)+

∂

∂xi
(ρuiReθ t) =

∂
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(σθ t(µ + µt)

∂Reθ t

∂xj
)+ Pθ t (2)

FIGURE 1 | Model validation. (A) Validation of the friction factor. (B) Validation

of the heat transfer coefficient.
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The definitions of the parameters used in these equations can be
found in the nomenclature.

To ensure the numerical stability of the iteration process, the
transition SST models were solved alternately along with the
governing equations for mass, momentum, and energy by using
the coupled strategy (ANSYS Inc., 2017). The grid thickness of
the first layer in the wall direction is about 0.006 mm, and the
grid expansion ratio in the wall-normal direction is carefully
controlled to be < 1.05. The grid size along the flow direction
is kept at 0.06 mm. The selected mesh is carefully checked to
make sure that the calculated result is mesh-independent. In this
condition, the y+ values for the near-wall cells were < 1.0 for all
Reynolds numbers, which met the calculation standard. All these
equations were solved using the commercial CFD code ANSYS
Fluent 18.1.

2.2. Model Validation
The capacity of the transition SST model for predicting the flow
and heat transfer characteristics in the transition intermittency
regime was validated by the experimental data of Cioncolini
and Santini (2006) and Silin et al. (2010a,b). In Cioncolini and
Santini’s experiment, the friction factors for fully developed flow
from laminar to turbulent regimes in a circular tube with an inner
diameter of 6.06 mm were measured. In Silin et al.’s work, the
local heat transfer coefficients for transition flow in a rectangular
channel of 60 mm width and 2.7 mm thickness were measured.
The boundary condition is set as the experiment. The inlet is
set as the velocity inlet with the corresponding Reynold number
ranging from 1,564 to 3,010. The outlet is set as the pressure
outlet. A uniform heat flux is given at the wall. A comparison
between the results calculated by the transition SST model and
the experimental data are shown in Figure 1.

2.3. Development of Correlations for
Transition Flow in a Rectangular Channel
In RELAP5 code, three flow regimes are considered in the
estimation of single-phase flow resistance and the heat transfer
coefficient, including the laminar, laminar-turbulent transition,
and turbulent flow regimes. The Darcy-Weisbach friction factor
is used to compute the flow resistance in tubes (Colebrook, 1939).

f =























64
Re
{

−2 log10

[

ǫ
3.7dh

+
2.51
Re

(

1.14− 2 log10

(

ǫ
dh

−
21.25
Re0.9

))]}−2

0 ≤ Re ≤ 2200

Re ≥ 3000

(5)

For the transition regime with Reynolds number between 2,200
and 3,000, an interpolation strategy is used, that is,

FIGURE 2 | Assessments of friction factor and heat transfer correlations. (A)

Assess the RELAPS5 and Blasius correlation for friction transfer. (B) Assess

the RELAPS5 and Gnielinski correlation for heat transfer. (C) Assess the new

developed correlation for heat transfer.
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f =

(

3.75−
8250

Re

)

(fT,3000 − fL,2200)+ fL,2200 (6)

where fT,3000 and fL,2200 are the friction factor at Reynolds
numbers of 3,000 and 2,200, calculated by turbulent and
laminar models, respectively. As for the heat transfer coefficient,
RELAP5 employs the Dittus-Boelter equation when Re > 3,000
(Dittus and Boelter, 1985) and a constant laminar heat transfer
coefficient at Re < 2,100. In the transition regime with 2, 100 ≤

Re ≤ 3, 000, linear interpolation is employed to obtain the heat
transfer coefficient.

The accuracy of the correlations used in RELAP5 for the
friction factor and heat transfer coefficient should be estimated
before being utilized to the conditions of a rectangular channel.
The friction factor and Nusselt number obtained from CFD
simulations are compared with the RELAP5 correlations, as
shown in Figures 2A,B. Other than the RELAP5 correlations,
the Gnielinski equation and the Blasius equation (Trinh, 2010)
for the heat transfer coefficient and friction factor in the
turbulent regime, respectively, are also employed as references.
The deviations between the reference data fromCFD and the data
from the RELAP5 equations are significant, which means that
the original empirical correlations for flow resistance and heat
transfer in RELAP5 are not applicable for a rectangular channel
under the transition condition. The set of Blasius equations
(using the Blasius equation for Re ≥ 3,000, the laminar model
for Re≤ 2,200, and linear interpolation otherwise) can give good
accuracy with a largest deviation of < 8 %, which means that
the set of Blasius equations are qualified to predict the friction
factor in rectangular channels with acceptable accuracy. Dittus-
Boelter and Gnielinski correlations predict similar results when
the Nusselt number is larger than 30; however, they both fail in
the transition regime. Thus, a new set of heat transfer correlations
should be developed.

It can be obtained from the analytical solution for laminar flow
heat transfer in the rectangular channel that the Nusselt number
equals 4.32 for a rectangular channel with a unit aspect ratio and
equals 8.23 for a channel with an infinite aspect ratio (infinite
plate). Besides, the Nusselt number in the laminar regime is
independent of the Reynolds number and Prandtl number; thus,
from data fitting, the correlation for the laminar Nusselt number
can be obtained, which is

Nu = 8.23
(

1+ 103α−2.97
)−0.0933

(7)

For the fully turbulent regime, the heat transfer correlation is

Nu = 0.007Re0.95Pr0.4
(

1+ 103α−2.97
)−0.0933

(8)

For the transition regime, it is

Nu =

[

−0.04255

(

Re

100

)3

+ 3.433

(

Re

100

)2

− 90.47

(

Re

100

)

+ 786.2] Pr0.4
(

1+ 103α−2.97
)−0.0933

(9)

The demarcation point between the transition and laminar
regimes is determined by the largest intersection point of
Equations (7) and (9); while the discreteness point between the
transition and turbulent regimes is determined by the smallest
intersection point of Equations (8) and (9). The applicable range
of the proposed correlations covers an aspect ratio from 15:1 to
30:1 and a channel height from 1 to 2 mm. The newly developed
heat transfer correlations were also assessed against the CFD data
and showed a maximum deviation of < 5% (Figure 2C).

FIGURE 3 | Structure of the RELAP5/MOD3.1 code.

Frontiers in Energy Research | www.frontiersin.org 4 May 2020 | Volume 8 | Article 67

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Wang et al. Laminar-Turbulent Transition in Rectangular Channels

3. RESULTS

3.1. Structure of the RELAP5/MOD3.1 Code
and Model Modification
The RELAP5/MOD3.1 code is written in the FORTRAN
language with more than 600 subroutines with a top-down
structure, as illustrated in Figure 3. The main program, “relap5,”
calls the “inputd” and “tranctl” subroutines to read the input
cards and to perform the transient calculation, respectively.
Among the subroutines called by the “tran” subroutine, the
“dittus” subroutine is used to calculate the single-phase heat
transfer coefficients for the regimes from laminar to turbulent.
The “fwdrag” subroutine is called to compute the wall drag
force. By default, the correlations for a circular tube are used
in these subroutines. As is already known, these correlations for
a circular tube are not applicable for the rectangular channel.
However, these subroutines should not be replaced since they
will still be used in other circular components, such as heat
exchangers and pipes. Thus, two new subroutines for heat
transfer and flow resistance in the rectangular channel are added
to the RELAP5 code and are named “dittusrectangular” and
“fwdragrectangular.”

The rectangular channel is modeled by the pipe component
in RELAP5 even though the cross-section is not circular. One
more word is added to the pipe card to identify the shape of
the pipe cross-section. Besides, a word describing the geometry
information is also added to the boundary condition card for
the heat structure to help to select the correlations for heat
transfer; that is, the thermal boundary of the heat structure is
circular or rectangular. The “inputd” subroutine is called by
the main program to read the input cards of the problem.
Among the subroutines called by “inputd,” the “rhtcmp” and
“rpipe” subroutines are used to read the information for the heat
structure and pipe components, respectively. Thus, these two
subroutines were modified to make them applicable to the new
cards of the heat structure and pipe with one additional word for
geometry information. After the abovemodification to the source
code and the input card, the RELAP5/MOD3.1 code can be used
to analyze a reactor with rectangular channels.

3.2. Application of RELAP5/MOD3.1 Code
to an SBLOCA With SBO Scenario for an
Integrated Modular Reactor
IP200 is an integrated pressurized water reactor with its main
facilities in the reactor pressure vessel (RPV) to minimize the
length of connecting pipes and to enhance the inherent safety.
Plate-type fuel assemblies are placed at the bottom of the RPV,
and once-through steam generators are installed in the upper part
of the RPV around the core, symmetrically. The rising section
above the active zone and the downcomer below the steam
generators are used as the hot leg and cold leg, respectively. A
plenum is built by the steam at the top of the RPV, working
as the pressurizer. Compared with other traditional reactors
used on land, such as AP1000 and EPR1000, IP200 has the
advantages of small size and high volumetric rate of heat release.
The schematic diagram and main design parameters of IP200

FIGURE 4 | Comparisons between the original and improved

RELAP5/MOD3.1 codes. (A) Pressure in pressurizer. (B) Mass flow rate in the

core. (C) Coolant temperature at core inlet and outlet.
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can be found in Jiang et al. (2018). The passive safety system
(PSS) is critical for the safety of IP200 since the volumetric heat
release is significantly high, especially under accident conditions.
However, in the safety analysis related to the PSS of IP200,
RELAP5 code with correlations for a circular tube and rod bundle
were employed in the simulations (Jiang et al., 2018). In this
work, the improved RELAP5/MOD3.1 code was used to assess
the PSS of IP200. The typical accident scenario, a small break
loss of coolant accident (SBLOCA) along with Station Blockout
(SBO), was applied to evaluate the performance of the PSS.

The RELAP5 nodalization model for the IP200 PSS can be
found in our previous paper on the safety analysis of the IP200
reactor (Jiang et al., 2018). In the current work, the SBLOCAwith
SBO accident was analyzed with the improved RELAP5/MOD3.1
code to evaluate the effectiveness and performance of the PSS.
In the first 1000.0 s, the reactor operates in the full-power
steady state. At the 1000.0 s, the valve on the vent pipe of
the pressurizer is opened by accident, and the station blockout
occurs. Meanwhile, the reactor scrams, and both the coolant
pumps and feedwater pumps shut down. During the accident,
there are three different flow regimes in a rectangular channel in
the core: the turbulent, transition, and laminar flow regimes. The
core cooling and the residual heat removal fully depend on the
PSS. The accident sequences of the SBLOCA plus SBO scenario
were modeled by the original RELAP5/MOD3.1 code and by the
improved code with new heat transfer and flow resistance models
for rectangular channels. The results are compared in Figure 4.
The comparison shows that themodifications on the heat transfer
and flow resistance models make significant differences to the
accident evolution after SBLOCA and SBO.

After the initiation of SBLOCA, the pressure in the RPV
plunges sharply due to the leakage of vapor from the break.
The rate of depressurization then decreases when the two-phase
blowdown begins. Meanwhile, the pressure in the containment
increases. The valves on the vent pipe and on the sump pipe
open when the pressure difference between the RPV and the
containment reaches 0.2 and 0.02 MPa, respectively. After that,
the natural circulation for the fluid in the RPV and containment
can be built. The pressure in the RPV decreases with the
injection of cold water from the containment, while the coolant
temperature at the inlet of the core plummets since the cold water
injection will flow past the primary side of the steam generator to
the inlet of the core. The discharged vapor and two-phasemixture
from the RPV to the containment will be cooled by the ultimate
heat exchanger, by which long-term cooling can be established.

It can be seen that there are significant differences between
the results from the original RELAP5/MOD3.1 code and the
improved code; these are caused by the changes in the models for
flow resistance and heat transfer. In general, as can be observed
from Figures 2A,B, the models in the original RELAP5 code
over-estimated the friction factor for all flow regimes and over-
estimated the heat transfer coefficient in the transition flow
regime. The over-prediction of heat transfer would affect the
temperature in the fuel but has negligible effects on the total
energy released to the coolant, especially in the quasi-steady
long-term cooling stage. However, the over-estimation of the
friction factor would increase the flow resistance in a core with
rectangular channels, which would reduce the coolant flow rate,

especially under the natural circulation period. This conclusion
can be obtained from Figure 4B; the mass flow rate in the
core predicted by the improved code is larger than that by
the original code, which leads to a decline in the temperature
increase in the core, as shown in Figure 4C. From the above
application of the improved RELAP5/MOD3.1 code, we find
that the improved code can predict the accident evolution more
reasonably. Quantitative assessment of this improved code is
not presented in this paper since there are no experimental
data for IP200 or other types of reactors with a plate-type fuel
assembly available.

4. DISCUSSION

In this work, the flow and heat transfer characteristics
for the laminar-turbulent transition were predicted by a
CFD methodology with a four-equation transition turbulent
model. A set of heat transfer coefficient correlations were
developed. The models for the friction factor and heat transfer
coefficient in RELAP5/MOD3.1 code were modified to make
it applicable for the safety analysis of a reactor with a plate-
type fuel assembly. After the modification to the code, it was
applied to analyze the SBLOCA with SBO scenario in an
integrated pressurized reactor. The following conclusions can
be drawn.

1. A combination of the Blasius equation and the laminar friction
factor model can predict the flow resistance in rectangular
channels with satisfactory accuracy.

2. A set of heat transfer correlations for coolant flow in a
rectangular channel under all flow regimes was proposed
and compiled into the RELAP5/MOD3.1 code to extend the
applicability and accuracy of this code for safety analysis for a
reactor with a plate-type fuel assembly.

3. The SBLOCA with SBO accident for an integrated pressurized
reactor was analyzed by the improved RELAP5/MOD3.1
code to demonstrate the impacts of model modification on
accident evolution.
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NOMENCLATURE

ǫ Turbulent eddy diffusivity for momentun transfer

γ Transition intermittency

ρ Density

µ Dynamic viscosity

µt Turbulent dynamic viscosity

Reθ t Momentum-thickness Reynolds number

k Turbulence kinetic energy

ω Specific dissipation rate

Pi Source term for γ and Reθ t, i = γ , θ t

ui Velocity component, i=1, 2, 3

Gi Generation terms for k and ω, i = k,ω

Yi Dissipation terms for k and ω, i = k,ω

Si Source terms for k and ω, i = k,ω

Ŵi Effective diffusivity k and ω, i = k,ω

σi Turbulent Prandtl number for γ , Reθ t, i = γ , θ t

f Fraction factor

Nu Nusselt number

Re Reynolds number

Pr Prandtl number

ǫ Surface roughness

dh Hydraulic diameter

α Width-height ratio of the rectangular channel

OTSG Once-Through Steam Generator

SBLOCA Small-Break Loss Of Coolant Accident

SBO Station Blockout

HX Heat exchanger

y+ Non-dimensional wall distance

T Temperature

λ Thermal conductivity

p Pressure

LES Large Eddy Simulation

PSS Passive Safety System

SRS Scale-Resolved Simulation

RANS Reynolds Averaged Navier-Stokes
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