
AIP Advances 11, 025025 (2021); https://doi.org/10.1063/5.0028978 11, 025025

© 2021 Author(s).

A comparative study of heat transfer
characteristics of wall jet with boundary
layer transition using six low-Reynolds
number k–  models
Cite as: AIP Advances 11, 025025 (2021); https://doi.org/10.1063/5.0028978
Submitted: 09 September 2020 . Accepted: 16 January 2021 . Published Online: 12 February 2021

 Xin Nie, Zehui Zhu, Haibo Liao, Ming Lü, and Jiangrong Xu

COLLECTIONS

Paper published as part of the special topic on Chemical Physics, Energy, Fluids and Plasmas, Materials Science

and Mathematical Physics

ARTICLES YOU MAY BE INTERESTED IN

Flow and thermal characteristics of three-dimensional turbulent wall jet
Physics of Fluids 33, 025108 (2021); https://doi.org/10.1063/5.0031138

Bubble characteristics and turbulent dissipation rate in horizontal bubbly pipe flow
AIP Advances 11, 025125 (2021); https://doi.org/10.1063/5.0035816

Label-free monitoring of immuno-specific interactions of adsorbed multilayer of proteins
Biointerphases 16, 011009 (2021); https://doi.org/10.1116/6.0000669

https://images.scitation.org/redirect.spark?MID=176720&plid=1486011&setID=378289&channelID=0&CID=538682&banID=520405030&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=21da1d28a7c316e5a1e849b56105f7c8034f735f&location=
https://doi.org/10.1063/5.0028978
https://doi.org/10.1063/5.0028978
http://orcid.org/0000-0001-6635-0327
https://aip.scitation.org/author/Nie%2C+Xin
https://aip.scitation.org/author/Zhu%2C+Zehui
https://aip.scitation.org/author/Liao%2C+Haibo
https://aip.scitation.org/author/L%C3%BC%2C+Ming
https://aip.scitation.org/author/Xu%2C+Jiangrong
/topic/special-collections/cp2019?SeriesKey=adv
/topic/special-collections/eng2019?SeriesKey=adv
/topic/special-collections/fp2019?SeriesKey=adv
/topic/special-collections/ms2019?SeriesKey=adv
/topic/special-collections/mp2019?SeriesKey=adv
https://doi.org/10.1063/5.0028978
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0028978
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0028978&domain=aip.scitation.org&date_stamp=2021-02-12
https://aip.scitation.org/doi/10.1063/5.0031138
https://doi.org/10.1063/5.0031138
https://aip.scitation.org/doi/10.1063/5.0035816
https://doi.org/10.1063/5.0035816
https://aip.scitation.org/doi/10.1116/6.0000669
https://doi.org/10.1116/6.0000669


AIP Advances ARTICLE scitation.org/journal/adv

A comparative study of heat transfer
characteristics of wall jet with boundary layer
transition using six low-Reynolds number
k –ε models

Cite as: AIP Advances 11, 025025 (2021); doi: 10.1063/5.0028978
Submitted: 9 September 2020 • Accepted: 16 January 2021 •
Published Online: 12 February 2021

Xin Nie,1,a) Zehui Zhu,1 Haibo Liao,1 Ming Lü,1 and Jiangrong Xu2

AFFILIATIONS
1School of Mechanical Engineering, Hangzhou Dianzi University, Hangzhou 310018, China
2School of Science, Hangzhou Dianzi University, Hangzhou 310018, China

a)Author to whom correspondence should be addressed: nx2000@hdu.edu.cn. Tel.: +0086 13067984653

ABSTRACT
A Low-Reynolds Number (LRN) k–ε model can well simulate the transition characteristics of the momentum boundary layer, but so far, there
are few studies on the influence of boundary layer transition on heat transfer characteristics by using the LRN k–ε model. Due to the larger
degree of flexibility and controllability of flow parameters than the conventional boundary layer, a wall jet is an ideal flow configuration to
research the transition of the boundary layer. To investigate the performance of the LRN k–ε model in simulating the heat transfer charac-
teristics of the wall jet with boundary layer transition, six versions of LRN k–ε models are used to simulate a three-dimensional wall jet with
boundary layer transition and the computational results were compared with experimental data. It is found that the Abe–Kondoh–Nagano
(AKN) and Yang–Shih (YS) models can accurately simulate the flow field and heat transfer of the laminar boundary layer due to the use of the
Kolmogorov scale in the developing region. Compared with the YS model, the AKN model is capable of predicting the influence of boundary
layer transition on the heat transfer process in good agreement with experimental results over the whole domain. From the calculation results,
it is found that Abid and Change and Hsieh and Chen models are more appropriate for simulating the heat transfer in the fully turbulent
region of the wall jet. The damping function f μ of the Lam–Bremhorst and Launder–Sharma models approaches a constant value near the
wall, which does not meet the wall limiting conditions and leads to a negative impact on the simulation of heat transfer near the wall.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0028978., s

I. INTRODUCTION

A wall jet, formed by a high momentum fluid ejecting from a
narrow slot along a flat plate, is a very common flow phenomenon
and has been widely used in fluid heat transfer applications, such
as electronic component cooling, defrosting and defogging of auto-
motive windshield, and cooling of turbine vanes.1–3 It consists of
two main parts: the inner shear layer near the wall similar to
the wall boundary layer and the outer shear layer away from the
wall.4 The development of the momentum boundary layer in the
inner shear layer of the wall jet has a great influence on heat and
mass transfer processes.5 Specifically, in the initial stage of the jet

development, during the transition from the laminar boundary
layer to the turbulent boundary layer, the flow and heat transfer
will change significantly.5 Earlier, Launder and Rodi6 have men-
tioned that the wall jet is an ideal flow configuration for resolving
these intricate interactions that dominate the conventional turbu-
lent boundary layer because it offers a larger degree of flexibility and
controllability of parameters than a boundary layer does. Therefore,
the research on the boundary layer flow field of the wall jet, espe-
cially the heat transfer characteristics of the thermal boundary layer,
is still the focus of experimental and numerical research.

Abdulnour et al.7 summarized the previous experimental
heat transfer studies8–10 on the wall jet and pointed out that
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the measurement positions in these studies are all located in the
range of x/w > 30, where the wall jet is in the fully turbulent region.
However, combined with the motivation at that time, automotive
defroster applications, the local heat transfer in the developing tur-
bulent region (0 < x/w < 13) of the wall jet was more concerned.
Hence, Abdulnour et al.7 measured the flow field and temperature
field near the jet nozzle (0 < x/w < 15) using a hot wire anemometer, a
microthermocouple, and infrared measuring devices. Furthermore,
they provided the convection heat transfer coefficients and compiled
the distribution of isothermal data points in the thermal boundary
layer as shown in Fig. 1, which reflects an entire process of bound-
ary layer transition of the wall jet. The work of Abdulnour et al.7 fills
in the gaps of previous experiments and provides validation data for
numerical simulations.

Over the past few years, previous researchers have carried out a
lot of numerical simulation studies on the wall jet using turbulence
models or the direct numerical simulation method.2,11–13 Among
those turbulence models, the Low-Reynolds Number (LRN) k–ε
models have been widely used to predict the wall jet due to their sim-
plicity and capability of resolving the entire boundary layer includ-
ing the viscous sublayer region near the wall. In the low-Reynolds
number k–ε model, the damping function f μ is used to make turbu-
lent transport equations valid in the region of low Reynolds number
near the wall so that the viscous sublayer near the wall can be directly
solved. Compared with the k–ε model that uses the wall function
to bridge the viscous and buffer layers, the low-Reynolds number
k–ε model has theoretical advantages to the numerical simulation
of the flow field and the heat transfer in the boundary layer.14 A
review of transition predictions using four low-Reynolds number k–
ε models has been provided by Abid.15 Abid15 concluded that the
low-Reynolds number k–ε models are capable of predicting the qual-
itative aspects of transition and the start and end of transition were
found to depend on the damp function f μ.

In the past, the low-Reynolds number k–ε models have been
widely used to simulate the flow physics of wall jets in the fully
turbulent region and the boundary layer transition,11,13,15 but the
capability of low-Reynolds number k–ε models to predict the heat

FIG. 1. Schematic configuration of the wall jet.

transfer characteristics of the wall jet with boundary layer transi-
tion has received little attention. In order to bridge this gap, the six
low-Reynolds number k–ε models and the standard k–ε model with
an enhanced wall function provided in the commercial computa-
tion fluid dynamics software FLUENT version 14.0 are used to carry
out numerical simulations of the wall jets that were studied exper-
imentally by Abdulnour et al.7 The simulated and experimentally
measured transitional flow and heat transfer characteristics in the
initial stage of the wall boundary layer were analyzed and evaluated
in detail to provide a reliable reference for the selection of models in
the field of low-Reynolds number wall jet research.

The six low-Reynolds k–ε models tested were those developed
by Launder and Sharma;16 Lam and Bremhorst;17 Abid;15 Yang and
Shih;18 Abe, Kondoh and Nagano;19 and Change, Hsieh, and Chen,20

respectively.

II. MATHEMATICAL MODEL
In the present study, it is assumed that the fluid (air) is essen-

tially incompressible and Newtonian with temperature-dependent
fluid properties. The wall jet flow is also assumed to be in a time-
averaged quasi-steady state.

Therefore, the continuity equation is

∂Ui

∂Xi
= 0, (1)

and the Reynolds averaged Navier–Stokes equation is

Ui
∂Uj

∂xi
= −

1
ρ
∂P
∂xi

+
∂

∂xi
(ν

∂Ui

∂xj
− uiuj). (2)

The time-averaged energy equation is

Ui
∂T
∂xi
=

∂

∂xi
(

λ
cpρ

∂T
∂xj
−
uit
cp
). (3)

In the above equation, the Reynolds stress terms are assumed
to be proportional to the local mean velocity gradients through
Boussinesq’s eddy transport approximation,

uiuj = 2/3kδij − νt(
∂Ui

∂xj
+
∂Uj

∂xi
), (4)

uit = −αt
∂T
∂xj

, (5)

where the turbulent eddy viscosity and turbulent thermal diffusivity
are given by

νt =
Cμfμk2

ε
, (6)

αt =
νt
σt

. (7)

The transport equations for the k–ε model are

Ui
∂k
∂xi
=

∂

∂xj
[(ν +

νt
σk
)
∂k
∂xj
] + Pk − ε̃ −D, (8)
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TABLE I. Summary of model constants and D and E terms in governing equations.

Model D E Wall BC Cμ C1 C2 σk σε

SKE 0 0 Wall functions 0.09 1.44 1.92 1 1.3
AB 0 0 εw = ν(∂

2k
∂y2 ) 0.09 1.45 1.83 1 1.4

LB 0 0 εw = ν(∂
2k

∂y2 ) 0.09 1.44 1.92 1 1.3

LS 2ν(∂
√

k
∂y )

2
2ννt(∂

2U
∂y2 )

2
ε̃w = 0 0.09 1.44 1.92 1 1.3

YS 0 ννt(∂
2U

∂y2 )
2

εw = ν(∂
2k

∂y2 ) 0.09 1.44 1.92 1 1.3

AKN 0 0 εw = ν(∂
√

k
∂y )

2
0.09 1.44 1.9 1.4 1.4

CHC 0 0 εw = ν(∂
2k

∂y2 ) 0.09 1.44 1.92 1 1.3

Ui
∂ε̃
∂xi
=

∂

∂xj
[(ν +

νt
σε
)
∂ε̃
∂xj
] + Cε1f1

1
Tt

Pk − Cε2f2
ε̃
Tt

+ E, (9)

where ui is the fluctuation velocity, t is the fluctuation tempera-
ture, and the model parameters f μ, f 1, f 2, ε̃, D, and E vary with
the different models; f μ, f 1, and f 2 are the damping functions of
the local turbulent Reynolds number, ε̃ is the modified isotropic
dissipation rate related to ε, D and E are additional source items,
and Pk is the turbulent kinetic energy production term. In the low-
Reynolds number k–ε model, the turbulent eddy viscosity coefficient
is defined by Eq. (6), where Cμ is a constant and f μ is a damping
function. The turbulent thermal diffusivity coefficient αt is obtained
using Eq. (7) with turbulent Prandtl number σt . The Prandtl num-
ber and turbulent Prandtl number are taken to be 0.71 and 0.9 for
air,21 respectively. Tt in Eq. (9) is the turbulence timescale expressed
as k/ε.

The low-Reynolds number region is characterized by the direct
effect of molecular viscosity on turbulent momentum. When the
turbulent Reynolds number Ret is less than 150, the effect of molecu-
lar viscosity is more significant, commonly known as low-Reynolds
number flow. The following is a brief introduction to the six low-
Reynolds number k–ε models used in this paper:

Launder and Sharma model16(hereafter referred to as LS): The
LS model, which uses Ret (defined as k2/ε) to construct the functions
f μ and f 2, was first proposed by Jones and Launder and modified
by Launder and Sharma. Due to the advantages of zero Neumann
boundary condition22 and in order to obtain a satisfactory distribu-
tion of turbulent kinetic energy near the wall, the additional terms
D and E are added in the turbulent kinetic energy and dissipation
equation.

Lam and Bremhorst model17 (hereafter referred to as LB): The
LB model uses Ret and Rey (defined as yk0.5/ν) to construct the func-
tions, f μ, f 1, and f 2 and does not include additional terms in the
k and ε equation. This model was proved to be valid through the
fully turbulent, semilaminar, and laminar regions of the flow by
application to fully development pipe flow.

Abid model15 (hereafter referred to as AB model): The AB
model was designed for forecasting the process of transition from
the laminar to turbulent flow and showed a good capability for
predicting bypass transition on a flat plate.

Yang and Shih model18 (hereafter referred to as YS model): The
YS model was proposed to accurately capture the near-wall flows in
the wall bound turbulent boundary layer. In this model, the Kol-
mogorov timescale is added to turbulent timescale, which ensures
that there is no singularity at the wall, and the introduction of a
pseudo-dissipation rate is avoided. Hence, the timescale of the YS
model can be expressed as follows:

Tt = k/ε + Ck(ν/ε)
1/2,

where Ck is the Kolmogorov constant and taken to be 1.
Abe, Kondoh, and Nagano19 model (hereafter referred to as

AKN model): The AKN model is a modified version of the low-
Reynolds number two-equation heat-transfer model proposed by
Nagano et al., in which the main improvement is to replace fric-
tion velocity uτ with the Kolmogorov velocity scale uε = (νε)1/4 so
that the AKN model can account for the near-wall and low-Reynolds
number effects in both attached and detached flows.

Change, Hsieh, and Chen20 model (hereafter referred to as
CHC model): The CHC model is capable of correctly predicting the
near-wall limiting flow behavior while avoiding occurrence of the
singular difficulty near the reattachment point as applying to the
recirculating flow in sudden-expansion pipe.

The damping functions f μ, f 1, and f 2 are varied with differ-
ent low-Reynolds number k–ε models (see Table II for details). It
is noted that the friction velocity uτ is not included in the damping
function definition of the above six low-Reynolds number models,
and so those models can be used for the flow with boundary transi-
tion separation. The relevant model constants Cε1, Cε2, Cμ, σk, and
σε in some of the models are also modified, which are different from
the standard k–ε model (see Table I for details).

III. PROBLEM DESCRIPTION
A. Simulation details and boundary conditions

The schematic diagram of the numerical simulation domain
of the wall jet is shown in Fig. 1. The grid divisions and bound-
ary conditions were consistent with experiments,7 with the following
specific settings: the nozzle width was w = 20 mm; the nozzle throat
thickness in the X direction was 19 mm; the horizontal length of the
bottom wall was x = 16w; the bottom wall was divided into three
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FIG. 2. Grid distribution for the jet slot.

parts: 0 ≤ x1 < 1.5w part was specified as an adiabatic wall; the wall
section 1.5w ≤ x2 < 14.2w part was specified as an isothermal wall,
and the temperature is 45 ○C; and the wall section x3 ≥ 14.2w part
was specified as an adiabatic wall. The vertical height of the domain
is Y = 5w, and the jet temperature is the same as room temperature
set at 22 ○C; therefore, select the air properties of 22 ○C. The inlet
Reynolds number is 7700, where the characteristic length was the
nozzle width set as 0.02 m and the characteristic velocity was the
average inlet velocity U0 set as 6.1 m/s. Meanwhile, the turbulence
intensity and length scale at the nozzle exit were set to be 5% and
0.07w, respectively. Hence, the initial value k at the nozzle exit was
calculated from k = 1.5 ⋅ (I ⋅U)2 and the initial value ε was calculated
from ε = (k3/2

⋅ C3/4
μ )/0.07w. The boundary condition for turbulent

kinetic energy is k = 0 at the solid wall. But the specific boundary

condition for the turbulent dissipation rate at the solid wall is var-
ied with different low-Reynolds number k–ε models (see Table I for
details).

B. Numerical scheme and grid independence study
In the present work, the semi-implicit method for pressure-

linked equations (SIMPLE) is followed to handle the velocity
and pressure coupling. The power-law upwind and second-order
central-difference schemes are used to discretize the convective and
diffusive terms, respectively.11 The convergence criteria are speci-
fied as follows: the normalized residuals of all dependent variables
must be less than 10−6. After reaching the criteria, we set the residual
value to 10−7 and calculate 5000 steps of iteration again. Comparing

FIG. 3. Grid independence study.
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the temperature and flow field at x/w = 10.8 and x/w = 12.7, when
the maximum difference between the results is not more than 0.1%,
it can be considered that the calculation has converged. The con-
vergence results of k–ε models are used as the initial field for all
low-Reynolds number models. Figure 2 shows the entire and local
view of grid distribution for the jet slot.

To resolve the near wall region with large gradients satisfacto-
rily, finer computational grids were set near the wall and the distance
of the first grid near the wall Yplus was taken as a different value in
different literature studies.11,13,21 In this paper, we set up three to five
grid layers in the bottom layer (Yplus < 5) of viscous laminar flow
near the wall to ensure that the first near-wall grid points lie in the
viscous sublayer for low-Reynolds number k–ε models.

For all experiment conditions and models, the grid indepen-
dence study has been carried out for the wall jet at three grid sizes,
viz., 95 × 437 × 145 (6 019 675), 124 × 545 × 183 (12 367 140), and
146 × 607 × 203 (17 990 266). As shown in Fig. 3, the velocity distri-
bution of the flow field and the temperature distribution of the whole
thermal boundary calculated by the AKN model19 in the self-similar
region x/w = 12.7 and x/w = 10.8 were compared with the exper-
imental data, respectively, and it can be seen that the calculation
results of three sizes of grids have a good consistency.

Yplus is the distance normal to the wall in the outer layer (where
u/um = 0.5) and was used for the dimensionless distance in the Y
direction; θ is the dimensionless temperature, Tinf is the jet tem-
perature, and Twall is the wall temperature. When the computing

FIG. 4. Comparison of the velocity profile with experimental data.
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resources are allowed, the dense node distribution of the grid should
be selected as much as possible. Considering the available comput-
ing resources and the cycle of numerical simulation, the grid size of
124 × 545 × 183 (12 367 140) is considered for simulation finally.

IV. RESULTS AND DISCUSSION
A. Discussion on the flow field and developing
boundary layer characteristics of the wall jet

Figure 4 shows a comparison of dimensionless velocity profiles
for the wall jet at different streamwise positions predicted by six low-
Reynolds number k–ε models with experimental data. The upper
right corner is a locally enlarged view of the absolute velocity field
near the wall.

It is seen from Fig. 4 that most of the models tested capture the
shape of the dimensionless velocity profile in the self-similar region
(x/w > 7.62) quite well but have some difference with experimental
data in the developing region (0.127 ≤ x/w ≤ 3.81).

In the wall jet developing region, there exists a great velocity
gradient near the wall, which leads to a higher viscous shear stress
and a thinner laminar boundary layer. It can be verified from the
streamwise rms intensity distribution near the nozzle measured by
Abdulnour et al.7 Due to the strong three-dimensional nonlinear
effect of the flow field near the nozzle, the linear eddy viscosity
turbulence model based on Boussinesq hypothesis has some devi-
ations.23 It is noted that the YS model shows very good agreement
with experimental data in the developing region. For most turbu-
lence models used in this paper, the definition of the modified damp-
ing function f 1 of the production term in the dissipation equation is
equal to 1 (see Table II for details). Instead, the modified damping
function f 1 in the YS model is expressed as f1 = 1/Re0.5

t + 1, which
makes up for the deficiency of Boussinesq’s linear eddy viscosity
hypothesis to some extent.23

Abdulnour et al.7 pointed out that a self-preserving form of the
jet was established for x/w ≥ 6.9, which means that the wall jet enters
the self-similar region and the dimensionless velocity profile does
not change with the streamwise distance. In the self-similar region,
the wall jet gradually enters the stage of fully turbulent development,
which can also be confirmed by the measurement results of stream-
wise rms intensity distribution in the self-similar region in the study
by Abdulnour et al.7 With the development of the turbulent wall
jet, the dimensionless velocity profile predicted by all turbulence
models gets closer to experimental data. Among those models, the
computational results obtained from the AB model, CHC model,
and the standard k–ε model using the enhanced wall function are
in excellent agreement with the experimental data in the self-similar
region.

As important turbulent scalars describing the state of the
boundary layer,24 it is necessary to combine the turbulent kinetic
energy and dissipation rate to further discuss the capabilities of
six low-Reynolds number k–ε models for predicting the develop-
ing boundary layer characteristics of the wall jet. Figures 5 and
6 show turbulent kinetic energy and dissipation rate profiles for
the wall jet at different streamwise positions predicted by six low-
Reynolds number k–ε models. The upper right or left corner is a
locally enlarged view of the turbulent kinetic energy and dissipation
rate profile near the wall.

It is seen from Figs. 5 and 6 that the turbulent kinetic energy
and dissipation rate profiles predicted by all low-Reynolds number
k–ε models have two extremes when the streamwise distance is x/w
≥ 3.18, where the transition from laminar to turbulent flow has
already begun in the boundary layer. One extreme is located in the
outer shear layer far away from the wall, and the velocity reaches a
maximum here; the other located in the inner shear layer near the
wall is caused by the burst of turbulent vortices near the viscous
bottom.14

TABLE II. Summary of damping functions appearing in the governing equations.

Model fμ f1 f2

SKE 1.0 1.0 1.0

AB
tanh(0.008Rey)

×(1 + 4/Re0.75
t )

1.0
1 − 2{exp(−Re2

t /36)
⋅ [1 − exp(−Rey/12)]}/9

LB
(1 − exp(−0.0165Rey))2

×(1 + 20.5/Ret)
1 + (0.005/fμ)3 1 − exp(−Re2

t )

LS exp[−3.4/(1 + Ret/50)2
] 1.0 1 − 0.3 exp(−Re2

t )

YS

(1 + 1/Re0.5
t )[1 − exp(−1.5 × 10−4

⋅Rey − 5 × 10−7Re3
y

−10−10Re5
y)]

0.5
(1 + Re0.5

t )

Re0.5
t /(1 + Re0.5

t ) Re0.5
t /(1 + Re0.5

t )

AKN
{1 + (5/Re0.75

t ) exp[−(Ret/

200)2
]} ⋅ [1 − exp(−y∗/14)]2

1.0
{1 − 0.3 exp[−(Ret/6.5)2

]}

⋅[1 − exp(−y∗/3.1)]2

CHC
[1 − exp(−0.0215Rey)]2

⋅(1 + 31.66/Re1.25
y )

1.0
[1 − 0.01 exp(−Re2

t )]

⋅[1 − exp(−0.0631Rey)]
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When the streamwise distance is located in 0.127 ≤ x/w ≤ 3.81,
the state of the boundary layer in the inner shear layer is almost
laminar, which can also be verified from the streamwise rms inten-
sity distribution measured by Abdulnour et al.7 The turbulent
kinetic energy and dissipation rate profile near the wall predicted
by most low-Reynolds number k–ε models show an extreme value
since x/w ≥ 1.27 and lead to a premature estimation of boundary
layer transition. Instead, the prediction results of the YS model and
the AKN model do not show obvious extreme values but approxi-
mate to zero, which is consistent with the flow characteristics of the
laminar boundary layer. The better capabilities of YS and AKN mod-
els for predicting boundary layer transition in the wall jet may be due
to the use of the Kolmogorov scale.

Diez et al.25 mentioned that the Kolmogorov scale arguably
represents the smallest scales in the flow where viscous dissipa-
tion dominates and where the energy cascade ends. Rathore and
Das11,13,21 have reported the advantage of the YS model using the
Kolmogorov timescale in predicting the turbulent kinetic energy
near the wall many times. On the other hand, Masahide Ina-
gaki26 reported the effectiveness of the improved wall-damping
function by using the Kolmogorov velocity scale instead of fric-
tion velocity in the Reynolds Averaged Navier-Stokes equations
(RANS) model and tried to employ this wall-damping function
in large eddy simulation (LES).

In the meantime, it is noted that the velocity gradient near the
wall predicted by YS and AKN models is almost coincident and

FIG. 5. Calculation results of turbulent kinetic energy of the wall jet.
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bigger than that predicted by other low-Reynolds number k–ε mod-
els at the streamwise distance of 1.27 ≤ x/w ≤ 3.81, which further
shows the flow characteristic of the laminar boundary layer (see the
locally enlarged view in Fig. 4 for details). However, the turbulent
kinetic energy and dissipation rate near the wall predicted by the YS
model are relatively small in the wall jet developing region so that the
decay of the jet gets slower and the laminar boundary layer region
gets longer and thicker, which leads to the transition to the turbu-
lent boundary layer slower (see the locally enlarged view in Figs. 4–6
for details).

The turbulent dissipation rate ε predicted by the LS model has
an abnormally large extremum near the wall, which may lead to
faster decay than other low-Reynolds number k–ε models and an
adverse effect on calculation results (see the locally enlarged view in

Figs. 4 and 6 for details). Similar problems are also mentioned in the
literature.14,27

B. Discussion on the calculation results
of the temperature field near the wall and the heat
transfer process

Figure 7 shows the dimensionless temperature profiles
in the entire thermal boundary layer. The upper left corner
shows the dimensionless temperature profiles in the thermal
sublayer.

It is well-known that velocity and temperature vary linearly
in the viscous and thermal sublayer. Compared with other low-
Reynolds number k–ε models, YS and AKN models can predict an

FIG. 6. Calculation results of the turbulent dissipation rate of the wall jet.
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FIG. 7. Comparison of non-dimensional near-wall temperature profiles in and
throughout the thermal boundary layer with experimental data.

obvious linear decay of temperature in the thermal sublayer and
have an excellent agreement with experimental data (see the locally
enlarged view in Fig. 7 for details). Meanwhile, it is interesting to
note that the dimensionless temperature profiles predicted by YS
and AKN models are almost coincident at streamwise distances of
x/w = 2.22 and x/w = 3.18 just like the velocity gradient near the
wall at streamwise distances of 1.27 ≤ x/w ≤ 3.81 (see the locally
enlarged view in Fig. 4 for details). In heat transfer modeling, for
six low-Reynolds number k–ε models, the turbulent thermal diffu-
sivity coefficient at is obtained using Eq. (7) with turbulent Prandtl
number σt .

Sommer et al.28 mentioned that in incompressible non-buoyant
flows, turbulent heat fluxes were directly determined from turbulent
momentum fluxes, which further argued that the prediction results
of velocity near the wall have a significant impact on heat transfer.
Due to a relatively longer and thicker laminar boundary layer region,
the YS model underestimated the thermal diffusivity between flu-
ids, which leads to an obvious difference between the dimensionless
temperature profiles predicted by the YS model and experimental
data at a streamwise distance of x/w = 8.26 (see the locally enlarged
view in Fig. 7 for details). In the meantime, the dimensionless tem-
perature profiles obtained from the AB model, CHC model, and the
standard k–ε model using the enhanced wall function get closer to
experimental data at streamwise distances of x/w = 8.26 and x/w

= 13.02 just like dimensionless velocity profiles in the similar region
of the wall jet. Due to the abnormally large turbulent dissipation
rate ε near the wall, the turbulent eddy viscosity calculated by the
LS model will become smaller and, furthermore, the turbulent ther-
mal diffusivity gets smaller near the wall, which leads to the dimen-
sionless temperature profiles predicted by the LS model that show
an obvious nonlinear distribution (see the locally enlarged view in
Fig. 7 for details). Among those models, the AKN model shows an
excellent agreement with experimental data in the thermal boundary
layer whether the wall jet is in the developing region or self-similar
region.

In order to further investigate the capabilities of low-Reynolds
number k–ε models for predicting the influence of boundary layer
transition on the entire heat transfer process, this paper gives a com-
parison of the convection heat transfer coefficient hx with experi-
mental data as shown in Fig. 8. hx was calculated from the following
expression:

h(x) =
−λ(∂T/∂y)y→0

(Twall − Tjet)
,

where Twall is the wall temperature, Tjet is the jet temperature, and λ
is the thermal conductivity.

According to the experimental data, the heat transfer coeffi-
cient is very high near the nozzle exit due to higher jet momen-
tum. The jet momentum decreases downstream due to the exchange
of momentum with the surrounding fluid. Subsequently, the heat
transfer coefficient begins to rise due to boundary layer transi-
tion and tends to be flat. At the streamwise distance of 0 ≤ x/w
≤ 3.81, YS and AKN models capture the shape of hx quite well
due to the accurate calculation results of the temperature gradient
in the thermal sublayer. It is noted that the heat transfer coeffi-
cient begins to rise around x/w = 4 from experimental data, which
means that the boundary layer is transiting from laminar to tur-
bulent flow. The AKN model can accurately capture the location
of transition and have a good agreement with experimental data.

FIG. 8. Comparison of the convection heat transfer coefficient with experimental
data.
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On the contrary, as previously mentioned, the YS model overesti-
mated the development of the laminar boundary layer due to the
relatively small turbulent kinetic energy and dissipation rate in the
wall jet developing region, which leads to a smaller heat transfer
coefficient and a relatively backward location of transition around
x/w = 6.3.

Except for the YS and AKN model, the other models over-
estimated the magnitudes of hx due to the excessive temperature
gradient in the thermal sublayer and almost cannot predict the
influence of boundary layer transition on heat transfer. Abid men-
tioned that the position of boundary layer transition predicted by
low-Reynolds number k–ε models depends on the damp function
f μ.15 Petal et al.29 summarized the previous low-Reynolds number
k–ε models, and based on the theory of dimensional analysis, they
pointed out that the limiting conditions of near wall turbulence have
the following relations: when y → 0, −u′v′ ∝ y3, k ∝ y2, νt ∝ y3,
ε → εw, and f μ → y−1. According to the formula in Table I, when
the distance from the wall is close to 0, the most critical damping
functions f μ of different low-Reynolds number k–ε models have dif-
ferent characteristics. For AB, AKN, CHC, and YS models, f μ → y−1

meets the wall limiting conditions. However, for LB and LS mod-
els, f μ → constant does not meet the wall limiting conditions, which
may lead to the smaller turbulent viscosity νt calculated by LB and
LS models [see formula (6)] and further cause smaller αt [see for-
mula (7)]. As previously mentioned, the relatively small turbulent
thermal diffusivity calculated by the LS model due to the abnor-
mally large turbulent dissipation rate ε near the wall also leads to
an obvious lager heat transfer coefficient than experimental data.
To a large extent, the calculation results of different low-Reynolds
number k–ε models are influenced by these damping functions,
source terms, and constant coefficient of models in the transport
equation.

Obviously, except the AKN model, the other five low-Reynolds
number k–ε models fail to predict the influence of boundary layer
transition on the entire heat transfer process.

V. CONCLUSION
A comparative study of heat transfer characteristics of the wall

jet with boundary layer transition was carried out using six low-
Reynolds number k–ε models. The calculation results were com-
pared with the available experimental data. Some of the specific
conclusions are summarized as follows:

● In the wall jet developing region, AKN and YS models can
accurately simulate the flow field and heat transfer of the
laminar boundary layer due to the use of the Kolmogorov
scale.

● The YS model can capture the shape of the dimensionless
velocity profile quite well near the nozzle exit in the develop-
ing region due to the modified damping function f 1. How-
ever, the position of boundary layer transition predicted by
the YS model is relatively backward, which leads to a longer
and thicker laminar boundary layer region and a small heat
transfer coefficient.

● Regarding the relative performance of various low-Reynolds
number k–ε models tested, the AKN model is capable of
predicting the influence of boundary layer transition on

the heat transfer process in good agreement with experimen-
tal results over the whole domain.

● Although AB and CHC models fail to simulate the influence
of boundary layer transition on the heat transfer process, the
flow and temperature field predicted by AB and CHC mod-
els in the self-similar region have a good agreement with
experimental data, which means that AB and CHC models
are more appropriate for simulating the heat transfer in the
fully turbulent region of the wall jet.

● The damping function f μ in the LB and LS models does not
meet the wall limiting conditions, which leads to a nega-
tive impact on the simulation of heat transfer near the wall.
The abnormally large turbulent dissipation rate ε near the
wall leads to a bigger deviation between the LS model and
experimental data.

NOMENCLATURE

Cε1, Cε2, and Cμ turbulence model constants
Cp specific heat
D and E additional source items
f μ, f 1, and f 2 damping functions
h surface heat transfer coefficient
I turbulence intensity
k turbulent kinetic energy
P static pressure
Pk turbulent kinetic energy production term
T temperature
Tt turbulence timescale
t fluctuation temperature
U time-averaged velocity
ui fluctuation velocity
x, y coordinates
Yplus dimensionless distance Yplus = uτyρ/μ
ε̃ modified isotropic dissipation rate related to ε
w nozzle width

Greek symbols
μ and μt Laminar and eddy viscosities
ν and νt Laminar and eddy kinematic viscosities
α thermal conductivity
αt turbulent thermal diffusivity
ρ density
ε turbulent dissipation rate
σk, σε, and σt turbulent Prandtl numbers

Dimensionless group
Re jet Reynolds number based on jet inlet velocity

and hydraulic diameter, Re = ρujw/μt
ReT and Rey turbulence Reynolds numbers
δ the distance normal to the wall in the outer layer

Subscripts
Tinf jet temperature
Twall wall temperature
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The data that support the findings of this study are available
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